
	

 

 

 

 

 

 

 

 

 

Copyright 

by 

Yichen Lin 

2012 

 

 

	
	 	



	

The Dissertation Committee for Yichen Lin Certifies that this is the approved 

version of the following dissertation: 

 

 
ALTERED SPERMATOGENESIS OF DEATH LIGAND GENE 

DEFICIENT MICE AND THE INFLUENCE OF PHTHALATES IN 
GERM CELL APOPTOSIS AND ENHANCED TESTICULAR 

CANCER PROGRESSION 

 

 

 

 

 
Committee:	
 

John H. Richburg, Supervisor 

Shawn B. Bratton 

Edward M. Mills 

Bob G. Sanders 

Casey W. Wright 



	

ALTERED SPERMATOGENESIS OF DEATH LIGAND GENE 
DEFICIENT MICE AND THE INFLUENCE OF PHTHALATES IN 

GERM CELL APOPTOSIS AND ENHANCED TESTICULAR 
CANCER PROGRESSION 

 

 

by 

Yichen Lin, B.S; M.S 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

May 2012 



	

 

 

 

 

Dedication 

 

 

 

I dedicate this dissertation to Dr. Pei-Li Yao  

and my son George Deyuan Lin. 

 I also dedicate to my parents;  

Mr. Ho-Jin Lin and Mrs. Ming-lung Do  

who supported me throughout the process.  

 

 

 

 

 

 

 

 

 

 

 



v	
	

Acknowledgements 

 
 

I would like to thanks my mentor, Dr. John H. Richburg for giving me an 

opportunity to work in his lab and for his guidance in becoming a great scientist. He 

encouraged and fully supported me to finish t the last year of my PhD study. This 

dissertation could not have been finished without his advising. Also, I would like to thank 

Dr. Shawn Bratton, Dr. Edward Mills, Dr. Bob Sanders, and Dr. Casey Wright for 

serving on my committee. They all have provided helpful suggestions during my 

graduate study. 

  I would also like to thank my fellow lab members for their help and 

friendship: Dr. Caitlin Murphy, Jessica Dwyer, James Harman, Angela Stermer, and 

Emily Lao. Special thanks go to Jessica Dwyer who worked with me over several years 

improve my English in both oral and writing in many papers, seminars, and dissertation; 

she is great teacher. Thanks to Emily Lao for helping me refine my presentation before 

my defense. I am also grateful to some members in Dr. Bratton’s lab: Ting-Chun Yeh, 

Miao-Der (Sophie) Chen, Chu-Chiao “Crystal” Wu, and Kuei-Ting “Michelle” Yang, for 

their help and friendship. I also want to thank Ms. Joanne Click for helping me improve 

my English and correcting the grammatical errors in my dissertation. She has also 

supported and encouraged me during the challenges of life.  

 I would like to thank to Dr. Pei-Li Yao, who is the most important person to me 

for 14 years now. She has been providing me support and encouragement during my 

study in graduate school, in science, and in life. I could not have started or finished at 

University of Texas at Austin without her. Last, I would also like to thank to my parents, 

sister, and my son, Ho-Jin Lin, Ming-Lune Do, Feilica Lin, and George Deyuan Lin, who 

have continuously given me their support and encouragement.	

 
 



vi	
	

ALTERED SPERMATOGENESIS OF DEATH LIGAND GENE 
DEFICIENT MICE AND THE INFLUENCE OF PHTHALATES IN 

GERM CELL APOPTOSIS AND ENHANCED TESTICULAR 
CANCER PROGRESSION 

 

 

Yichen Lin, Ph.D. 

The University of Texas at Austin, 2012 

 

Supervisor:  John H. Richburg 

 
Testicular germ cell apoptosis is a process that begins in early development and 

continues in the adult testis.  It is important during spermatogenesis for maintaining 

homeostasis of different types of germ cells. The number of sperm produced depends on 

the supportive capacity of surrounding Sertoli cells, which provide nutrition and an 

adaptive environment for growth and development of the germ cells. There are two major 

pathways that regulate germ cell apoptosis: extrinsic and intrinsic. We hypothesize that 

Sertoli cells use the extrinsic pathway to eliminate germ cells when exposed to 

phthalates, a common Sertoli cell toxicant.   

Death ligands, which are involved in the extrinsic pathway, were used in this 

research to test this hypothesis. Here, we demonstrate that: 1) the loss of FasL and 

TRAIL protein expression results in decreased production of mature spermatids in the 

adult testis, likely as a result of alterations in germ cell homeostatsis during the first wave 

of spermatogenesis. 2) The high baseline incidence of germ cell apoptosis in peripubertal 
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FasL-/- and TRAIL-/- mice is correlated with increases in levels of TRAIL and FasL, 

respectively. 3) The decline in germ cell apoptosis observed after MEHP treatment in 

FasL-/- mice closely corresponds to the occurrence of increased levels of c-FLIP. 4) A 

more predominant role of FasL occurs in controlling the proper number of germ cells 

during the first wave of spermatogenesis in peri-pubertal mice. TRAIL is more critical for 

maintaining long-term homeostasis of the germ cell population in adult testis as well as in 

the reproductive function. 5) Several possible genes are involved in the altered 

spermatogenesis and development in the testis of gene-deficient mice. 6) Findings 

described in Chapter 6 indicate cellular mechanisms triggered by MEHP exposure that 

act to enhance tumor progression/metastasis in testicular embryonal carcinoma cells 

(NT2/D1). 

Taken together, these novel findings provide important mechanistic insights into the 

functional roles of FasL in the testis at distinct developmental periods and further indicate 

that FasL itself is required for the regulation of c-FLIP levels in the testis. Additionally, 

exposure to environmental toxicants, such as the phthalates, can enhance testicular cancer 

metastasis and invasion. 
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Chapter	1:	Introduction	
 

 

1.1 Overview of the testes 

 

Testes are important parts of the male reproductive organ. In the 

mammalian system, the paired testes are located in the scrotal sac below the main 

trunk of the organism.  The primary functions of testes are the production of 

sperm and the release of sex hormones, such as testosterone.  There are two major 

compartments in each testis: the seminiferous tubule and interstitial space (Figure 

1-1). The interstitial space includes Leydig cells and macrophages cells that reside 

in the space between tubules (Figure 1-2). The prominent cells in this area are 

Leydig cells that serve primarily to secrete testosterone [1].  

  The functional unit in the testis is the seminiferous tubule [2] that provides 

the environment for the spermatogonia to continuously form spermatozoa, a 

repetitive, ongoing process for the male reproductive cycle that is known as 

spermatogenesis [3]. The seminiferous tubules are convoluted loops that both 

begin and end in the specialized region of the testis called the rété testis. The 

straight parts of the tubules lie mostly along the long axis of the testis. Walls of 

the seminiferous tubules are formed by the lymphatic endothelium, the peritubular 

myoid cells, and acellular elements [1]. The seminiferous tubules are composed of 



	

2	
	

Sertoli cells and germ cells. The Sertoli cells are irregular in shape and extend 

from the basal lamina; different types of germ cells are supported by the Sertoli 

cells. From the basal lamina to the lumen, germ cells at different stages of 

development are spermatogonia, spermatocytes, round spermatids, and elongated 

spermatids. A detailed description and explanation of the functions of Sertoli cells 

and germ cells are covered in sub- chapters of this study. 
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Figure 1.1 Morphology of the seminiferous tubule and interstitial space in 
mouse testis.  
The morphology of the seminiferous tubule and the interstitial space are shown in 
a 5μm cross-session of paraffin-embedded mouse testis from a 44-day-old 
C57BL/6J mouse with Periodic acid-Schiffs-Hematoxylin (PAS-H) staining. 
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Figure 1.2 Section of seminiferous tubules in an adult mouse testis with PAS-

H staining.  

The seminiferous tubule contains Sertoli cells, germ cells, basal lamina, and 

lumen. Leydig cells exist within the interstitial space. The blue line delineates 

different types of germ cells, including spermatogonia, round spermatocytes, 

elongated spermatocytes, and spermatids. 
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1.1.1 The Structure and function of Sertoli cells 
 

 
 Enrico Sertoli discovered the Sertoli cell in 1860 when he was an 18-year-

old student at the University of Pavia in Northern Italy [4]. He published his 

observations and this cell was later named “the cells of Sertoli” or “Sertoli cell.”  

The Sertoli cells are the main somatic cells in the seminiferous tubules. The size 

of Sertoli cells is from 75-100 µm, and the volume of Sertoli cells is about 2000-

3000 μm3 to 6000-7000 μm3[1,5]. The cells extend from the basement membrane 

to of the lumen of the seminiferous tubules (Figure 1-3).   The shape of Sertoli 

cells is columnar and the surface is irregular. Enrico Sertoli in his first publication 

used the term “mother cells” to suggest that the function of Sertoli cells is to 

support the development of germ cells [6,7]. Sertoli cells are important for 

spermatogenesis, the process of germ cell maturation. The major functions of 

Sertoli cells include: 1) providing supportive structure for spermatocytes and 

spermatids, 2) delivery of nutrients to the developing spermatozoa, and 3) 

mediating hormone effects [1,7]. 
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Figure 1.3 Diagram of a portion of a seminiferous tubule. The cytoplasm of 

Sertoli cells extends from the basement membrane to the lumen and is connected 

to different types of germ cells. Spermatogonia are surrounded by the basal 

lamina on one side and Sertoli cells on the other side. Round spermatocytes 

develop the acrosome around the nucleus and then become elongated and 

eventually form the tail structure. Elongated spermatids then become mature 

spermatozoa and are released into the lumen during spermiation. 
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1.1.2 Germ Cells and Spermatogenesis  

 

 Spermatogenesis is a process by which spermatozoa develop from stem 

cells [1]. Spermatogenesis can be envisioned as having three different phases: the 

proliferative phase (spermatogonia), the meiotic phase (spermatocytes), and the 

differentiation phase (spermatids) (Figure 1-4, 1-5) [1].  

 In the proliferative phase, the spermatogonia can undergo cell replication 

by mitosis to increase the number of cells for later meiosis and differentiation. 

There are three major types of spermatogonia: the spermatogonia stem cell (SSC), 

the proliferative spermatogonia, and the differentiating spermatogonia  [1].  

 Two different spermatogonial development models have been proposed 

[8]. In the first model, suggested by Huckins and Oakberg, the Asingle (As) 

spermatogonia refer to spermatogonia stem cells, which can renew themselves or 

divide to form the next Aparied (Apr) spermatogonia. In their model, Apr 

spermatogonia can further divide to form Aaligned (Aal) spermatogonia and then 

continue to differentiate into type A1 spermatogonia. Further, A2 to A4 

spermatogonia can continue to develop from A1 spermatogonia, and then enter the 

next phase of intermediate (In) spermatogonia. Type B spermatogonia develop 

from In spermatogonia and continue the process of meiosis. 

 Another model, proposed by Clermont and Bustos-Obregon, suggests that 

As and Apr are spermatogonia stem cells, called A0. This phase of spermatogonia 
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is thought to maintain quiescence until the loss of proliferative spermatogonia 

stem cells causes the stimulation of a proliferation signal to A0 that, in turn, starts 

the generation of proliferative spermatogonia stem cells [8]. In the first model 

uses A1 to A4 spermatogonia to represent the renewal of stem cells while the 

second model uses A1 instead of A1 to A4 to represent the same stages of stem 

cell renewal. Following the A1 phase are phases A2, A3, and A4, which can 

continue to develop into type B spermatogonia or can dedifferentiate to A1 

spermatogonia.  

 After the proliferative phase, the most mature spermatogonia become 

primary spermatocytes by the process of the meiotic phase. The type B 

spermatogonia will divide into preleptotene spermatocytes (PI), and the PI cells 

will then be the last cells in the cell cycle to have the S-(synthetic) phase. The 

morphology of type B spermatogonia and PI are only slightly different: the size of 

type B spermatogonia is about 30% smaller than PI spermatocytes, and type B 

spermatogonia has more chromatin than PI spermatocytes [1].  

In the meiotic phase, the morphology of nuclear changes is the main 

characteristic that distinguishes different types of spermatocytes.  In this phase, PI 

spermatocytes will lose nuclei chromatin and subsequently form chromatin thread 

in leptotene (L). The chromatin threads are condensed, but the chromosomes are 

not yet paired. The chromosomes pair in the zygotene (Z) cells, and the pairing 

apparatus, called the synaptonemal complex, can be observed only by electron 
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microscopy. When zygotene cells become pachytene (P) cells, the chromosomes 

are almost fully paired and genetic material starts to cross over or exchange. In 

this stage, the sex chromatic may be observed. The diplotene (Di) cells constitute 

the largest primary spermatocytes and germ cells and have the largest 

interchromosomal clear areas.  

The meiosis phase starts with diplotene cells and via the metaphase, 

anaphase, and telophase the diplotene cells become secondary spermatocytes (2) 

that are considered to be meiosis I (M-I). The second meiosis (M-II) can quickly 

proceed and form spermatids. The meiosis I cells (metaphase I, anaphase I, and 

telophase I cells) are similar in size to the diplotene cells, but the meiosis II cells 

are smaller than the meiosis I. 

The spermiogenic phase is important for the development of a flagellum, 

the development of an acrosome, the nuclear condensation, and the elimination of 

cytoplasm. This process of cell transformation changes occurs without cell 

division. When round spermatids are formed, germ cells stop to divide and 

undergo a dramatic differentiation in the nucleus and the cytoplasm to form 

elongated spermatids. In order to become spermatozoa, the nuclear condensation, 

the formation of acrosomes, the development of tails, the formation of 

mitochondrial spiral, and the elimination of extraneous cytoplasm. The 

spermatozoa will be released from Sertoli cells into the lumen and enter the 

epididymis for ejaculation [1].  
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Figure 1.4 Diagram of mouse spermatogenesis.  

This figure shows the process of spermatogenesis from stem cell to spermatozoa. 

Ais to B is the spermatogonia phase. PI to 2o is the spermatocytes phase. 1 to 16 is 

the spermatids phase. A: Type A spermatogonia; Ais: Aisolated; Apr: Apaired; Aal : 

Aaligned; B: Type B spermatogonia; In: Intermediate; PI: Preleptoten spermatocytes;  

L: Leptotene ; Z: Zygotene; P: Pachytene ;D:Diplotene; 2o: Secondary 

spermatocytes. 
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Figure 1.5 Diagram of spermatogenesis  

Spermatogenesis is a process that starts from spermatogonia (stem cells) to form 

Spermatozoa.  Spermatogonia stem cells have the ability of self-renew and 

maintain a basic level of population of stem cells. Some spermatogonia can 

continue morphological development to become primary spermatocytes, and then 

the primary spermatocytes can undergo a one-way development process to form 

secondary spermatocytes, spermatids, and spermatozoa.  
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1.2 Apoptosis 

 

 Apoptosis is a process of program cell death.  By definition, it is a 

genetically directed process of cell self-destruction. The term apoptosis originated 

from the Greek word apoptōsis, which means a falling off. The first description of 

characteristics of apoptosis was published in the British Journal of Cancer in 

1972 by Dr. Kerr, Wyllie, and Currie [9]. Those characteristics include 

morphological changes in cell type, such as membrane blebbing, cell shrinkage, 

nuclear fragmentation, and chromatin condensation. The apoptosis process 

involves two main signaling pathways: the extrinsic pathway (death receptor 

pathway) and the intrinsic pathway (mitochondrial pathway). 

 

1.2.1 The intrinsic pathway 

 

 In the intrinsic or mitochondrial pathway, cytochrome c is stimulated to be 

released from the mitochondria in response to changes in the permeability of the 

outer membrane of the mitochondria, called mitochondrial outer membrane 

permeabilization (MOMP). The MOMP, in turn, induces the formation of the 

apoptosome complex following activation of a cascade of cysteinyl aspartate 

proteinases (caspases). This process can result in irreversible events in cell death. 

MOMP can be inhibited by the Bcl-2 family, which contains both anti-apoptotic 
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and pro-apoptotic proteins. Those proteins share some Bcl-2 homology domains 

(BH1~BH4). Bcl-2, Bcl-XL, Bcl-w, Bcl-B, Al, and Mcl1 belong to the anti-

apoptotic proteins, which include three or four BH regions. The pro-apoptotic 

proteins are Bax, Bak, Bcl-xs, Bok, Bid, Bim, Bik, Noxa, Puma, Bcl-Gs, Blk, 

Bmf, and Hrk, which share only the BH3 domain.[10] Bax and Bak appear to be 

required for MOMP and are present in most cells in inactive forms but can be 

triggered by other proteins, such as the BH-3 only proteins [11,12,13]. 

Cytochrome c, which can be released following the MOMP occurrence, binds to 

monomeric apoptotic protease activating factor-1 (APAF-1) and induces a 

conformational change in APAF-1 to form the apoptosome. The apoptosome then 

binds to pro-caspase 9 to initiate the intrinsic pathway [14,15].  Auto-cleavage is 

triggered by the oligomerization of pro-caspase 9 on the apoptosome so that pro-

caspase 9 can become active caspase 9, and active caspase 9 can continue to 

cleave the effector caspases, such as caspase 3 and caspase 7, eventually resulting 

in cell death (Figure 1-6). Caspase activity can be modulated by caspase-binding 

proteins of the inhibitor of the apoptosis proteins (IAPs) family, such as human X-

lined IAP (XIAP) [16,17]. Moreover, caspase inhibitors can be antagonized by the 

pro-apoptotic proteins, such as SMAC/DIABLO) [18,19]. 
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1.2.2 The extrinsic pathway 

 

The extrinsic signaling pathway is best characterized by the action of the 

tumor necrosis factor (TNF) superfamily of protein ligands on their cognate 

receptors [20]. The intrinsic pathway is distinguished by the release of 

cytochrome c from the mitochondria [21,22,23]. Common to both of these 

signaling pathways is the activation of a family of caspases that results in 

characteristic structural, biochemical, and morphological changes associated with 

cellular apoptosis [24]. A conformational change is induced in the cell membrane 

when death ligands bind to the receptors on the cell surface, and other protein 

molecules join this process of cell death (Figure 1-6).  

Fas ligand (FasL/CD95L/TNFSF6) and Fas receptor (Fas/CD95/TNFRSF6) 

are the best understood proteins of the tumor necrosis factor (TNF) superfamily of 

ligands and receptors [25]. Engagement of homotrimers of Fas by homotrimers of 

FasL recruits the adapter protein, Fas associated death domain protein (FADD), to 

bind to Fas [26]. FADD serves, through its C-terminal death domain (DD), to 

couple Fas receptors to the “initiator” enzyme pro-caspase-8 (also named FADD-

like interleukin 1-beta converting enzyme, FLICE) through the mutual association 

of N-terminal death effector domains (DED) that exist in both FADD and pro-

caspase-8. This complex of Fas, FADD and pro-caspase-8 is referred to as the 

death-inducing signaling complex (DISC) [27,28]. The close apposition of two 
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molecules of pro-caspase-8 allows for their further proteolytic processing which 

results in the formation of the active caspase-8 enzyme [29]. Active caspase-8 can 

then cleave other distinct “downstream” caspase enzyme family members, 

resulting in a caspase-cascade that cleaves substrates necessary for the instigation 

of apoptosis (Figure 1-7). The initiation of this caspase cascade at the DISC is 

regulated by the cellular FLICE inhibitor, c-FLIP (c-FLIP, CFLAR), which lacks 

proteolytic caspase activity [30,31,32]. In this way, c-FLIP prevents the 

recruitment and subsequent activation of caspase-8. Although this simplified 

description of death receptor-mediated signaling is widely accepted, there are 

many nuances to its regulation and even evidence of various non-apoptotic 

functions involved in the activation of Fas or by FasL itself [33] Nevertheless, the 

extent of the recruitment of either procaspase-8 or c-FLIP to the DISC is a 

common key determinant for the events keyed off by death receptor activation. 

When the DISC is formatted, pro-caspase-8/pro-caspase-10 (but pro-caspe-10 is 

not available in mice) can cleave and activate the initiator caspases without being 

blocked by c-FLIP. The initiator caspases then activate a second group of 

caspases, as known as effector caspases (pro-caspase 3 ,6, 7; the same effectors in 

the intrinsic pathway), by proteolytic cleavage at specific sites. Activated caspase-

3 cleaves a variety of cellular substrates, such as DNA repair enzymes, cellular 

and nuclear structural proteins, and endonuclease inhibitors. Then cell death 

occurs. 
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Another member of the TNF family, tumor necrosis factor related apoptosis-

inducing ligand (TRAIL/Apo2L/TNFSF10) [34], is also expressed in human and 

rodent testis [35,36,37]. TRAIL is a type II transmembrane protein that binds to 

two receptors in humans, DR4 (TRAIL-R1/TNFRSF10A) and DR5 (TRAIL-R2/ 

TNFRSF10B), whereas there is only one receptor in mice, called TRAIL-R 

(MK/mDR5), and it is equally homologous to both human death receptors. 

[38,39]. The interaction between TRAIL and DR5 triggers a signaling pathway 

similar to the Fas-FasL system by transmitting signals through DISC, the 

activation of caspase 8; subsequently, the effector caspases are activated (Figure 

1-7) [40]. 
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Figure 1.6 The scheme of apoptosis pathway  

Intrinsic pathway: BH3 molecules release after cell stimulation (DNA damage, 
UV, etc), and release Bax/Bak from the Bcl-2 family. Bax/Bak can induce 
mitochondrial outer membrane permeabilization (MOMP) that can cause 
cytochrome c release from mitochondria, and further bind to APAF-1 to make 
conformation changes. Then this structure recruits caspse-9 to form an 
apoptosome, and it can activate the effector to process cell death. Apoptosome is 
also regulated by IAPs, which can be inhibited by Smac/DIABLO. The detail 
extrinsic pathway is described in Figure 1-7. 
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Figure 1.7 The extrinsic apoptosis pathway  

 FasL (TRAIL/TNF) and Fas (TRAIL-R/TNFR) belong to the TNF superfamily. 

First, FasL forms trimmers and then binds to Fas on the cell surface and becomes 

a cluster structure. This structure recruits FADD via recognition of the DD 

domain, and FADD then attracts the pro-caspase-8 through DED domain. The 

death-induced signaling complex (DISC) is then formed and pro-caspase-8 

becomes activated caspase-8. Activated caspase-8 can further activate pro-

caspase-3 to turn on cell death. 
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1.2.3 Testicular  function of germ cell apoptosis 

 

A low level of spontaneous germ cell apoptosis occurs in the testis of adult 

mammals under various physiological conditions. It is generally believed that 

apoptosis of germ cells serves as a mechanism to delete damaged cells as well as 

to limit the size of the germ cell population to match the supportive capacity of 

the Sertoli cells [41,42,43]. During the peripubertal period, a time when the first 

wave of spermatogenesis is nearing completion, a significantly higher rate of 

apoptosis is seen [1,44]. The mechanisms that control the “physiological” 

testicular germ cell apoptosis in both adult and peripubertal animals have not been 

clearly established. Many articles show that both intrinsic and extrinsic pathways 

may play important roles in the regulation of germ cell apoptosis [45].  

 

1.2.3.1 Regulation of the intrinsic pathway during male germ cell development 

 

 When primordial germ cells (PGCs) migrate to the genital ridge from the 

base of the allantois in the embryonic stage, excess cells are generated to regulate 

apoptosis, and this process is controlled mainly by Bcl-xL and Bax [46]. A 

deficiency of Bax or an overexpression of Bcl-x and Bcl-2 can cause infertility in 

male transgenic mice by the over-accumulation of spermatogonia and 

spermatocytes in the first wave of spermatogenesis following the later death of 
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robotic germ cells [46,47,48]. Low levels of Bcl-xL show increased germ cell 

death similar to Bax over-expression while Bcl-2 deficient mice display normal 

spermatogenesis [49]. The loss of the Bcl-x function can be rescued by deletion of 

both copies of the Bax gene, resulting in a restoration of germ cell survival [46]. 

Therefore, a balance between anti-apoptotic and pro-apoptotic proteins is 

important in contributing to the normal development of spermatogenesis. 

 

1.2.3.2 Regulation by extrinsic pathway during male germ cell development 

 

It has been reported that up-regulation of the Fas receptor is associated with 

spermatocyte apoptosis during the first wave of spermatogenesis [50].  However, 

mice with point mutation of the Fas gene, referred to as homozygous for the 

lymphoproliferation  spontaneous muataion (Faslpr), or with point mutation of the 

FasL gene, referred to as generalized lymphoproliferative disease (gld), are fertile 

with normal spermatogenesis [43]. It appears that the lpr mutation has either no 

effect or, due to tissue-specific regulation or a unique system, is present to restore 

proper levels of Fas. Both testis weight and spermatid heads increase in gld mice, 

but some incidence of germ cell apoptosis occurs [51].  Fas/FasL apoptosis 

system is involved in human hypospermatogenesis, such as maturation arrest (MA) 

and Sertoli cell only syndrome (SCO). The up-regulation of FasL is shown in the 

testis of patients with SCO and MA, which suggests that Fas/FasL may be 
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associated with hypospermatogenesis [52]. It has also been suggested that altered 

meiotic and postmeiotic germ cell maturation may be due to increased Fas 

expression to eliminate defective germ cells in humans [53]. However, the 

detailed mechanism of the extrinsic pathway associated with germ cell 

development remains unclear. 
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1.3 Toxicant injury model in the testis – Mono-(2-ethylhexyl) phthalate 

(MEHP) injury model 

 

1.3.1 Phthalates 

 

 Phthalates are a group of synthetic chemicals, such as plasticizers, that are 

widely used in industry to give flexibility to polyvinyl chloride (PVC) products, 

such as plastic bags, food packaging, blood-storage containers, medical devices, 

and children’s toys [54,55,56]. Phthalates not only exist in PVC products but also 

can be found in cosmetics, perfumes, and pesticides [55,57,58]. Phthalates are not 

chemically bound to PVC products and be released from products into indoor air, 

foodstuff, and other materials. Therefore, humans may be easily exposed to 

Phthalate compounds in living environments by direct contact or indirect 

contamination. Phthalates have known to cause respiratory tract diseases, such as 

allergy [55,59,60].  

  Phthalates have been broadly studied in animals following oral exposure; 

however, there is limited information about humans [61,62]. To date, the 

evaluation of environmental phthalate exposure to humans is unclear. Although 

most studies are based on animal models with a few reports on human [63], 

results show a positive correlation between phthalate exposure and reproductive 

disorders. Phthalates have known to induce toxicity responses in the liver, kidney, 
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thyroid gland and reductive organs (testis and Ovaries) based on acute and 

chronic treatment in rodents. In non-cancer effects studies, the data suggest that 

treatments with phthalates are sensitive to reproductive/developmental tracts with 

adverse effects [64]. Andrade and his colleagues reported the effects of DEHP on 

sexual development of male and female offspring in rodent models, and results 

show that changes in androgenic functioning are more sensitive endpoints and 

include a significant delay in the onset of puberty (preputial separation) at doses 

of 15 mg/kg/day and higher [65,66,67,68,69]. Another group of scientists studied 

the effects of DEHP on Leydig cell androgen and estradiol biosynthesis in male 

rats and found that significant decreases in serum testosterone and leutenizing 

hormone (LH) concentrations resulted from in utero exposure [70,71,72]. 

Additionally, decreases in semen quality and quantity may be associated with 

phthalate exposure in humans [73,74], and can impact perinatal testicular and 

genital development [75]. 

Most studies have focused on di(2-ehtylhexyl)phthalate (DEHP) because it 

is the most common phthalate used in plastic products, and most reproductive 

system research is based on the DEHP exposure model, such as cases described in 

the previous paragraph. In 2002, The Food and Drug Administration (FDA) 

published a risk assessment for DEHP by comparing tolerable intake (TI; 

calculated as 600-800 µg/kg/day parenteral and 40 µg/kg/day orally) to exposure 

dosage. However, the scientific Committee on Toxicity, Eco-toxicity and the 



	

24	
	

Environment of European Commission established a lower dose for tolerable 

daily intake (TDI) for DEHP 37 µg/kg/day and while the U.S. Environmental 

Protection Agency set an even lower reference dose at 20 µg/kg/day. In 2006, the 

National Toxicology Program reported the minimal concern dose for reproductive 

toxicity for DEHP to be even lower at 1-30 µg/kg/day. Due to the FDA’s use of 

the classical risk assessment to evaluate the impact of DEHP, other researchers 

and agencies have expressed concern that the FDA may have under-evaluated the 

toxicity of DEHP, especially in endocrine disrupting compounds (EDCs).  

 DEHP is a diester of phthalic acid and the branched-chain 2-ethylhexanol 

and is easy to accumulate in fatty acid, such as adipocytes, due to its lipophilic 

property [76,77]. DEHP is hydrolyzed to mono-(2-ethylhexyl)phthalate (MEHP) 

and 2-ethylhexyanol (2-EH) by lipase and esterase in the intestines, pancreas, 

liver, kidney, and testes [56,78]. MEHP can further oxidize into different sub-

metabolic products (mono-(5-carboxy-2-ethylpentyl)phthalate, mono-(2-ethyl-5-

oxohexyl)phthalate, and mono-(2-ethyl-5-hydroxyhexyl)phthalate)  by 

cytochrome p450, alcohol dehydrogenases, and aldehyde dehydrogenase.  

Therefore, the concentration of MEHP is required by the activity of these 

enzymes in the metabolic rate of DEHP [79].  
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1.3.2  Cellular response and testicular injury with MEHP exposure 

 

MEHP, the primary metabolic product of DEHP, which can induce 

testicular toxicity, has been investigated in animals and humans [75,78,79,80]. 

Two	studies	have	addressed	this	issue.	The	first	study	documented	relatively	

good	 reproducibility	 of	 urinary	 phthalate	 monoester	 levels	 in	 two	 first‐

morning	 urine	 specimens	 collected	 for	 two	 consecutive	 days	 from	 46	

African‐American	 women;	 day‐to‐day	 intra‐class	 correlation	 coefficients	

ranged	 from	 0.5	 to	 0.8	 [81].	 Recently,	 the	 temporal	 variability	 in	 urinary	

phthalate	metabolite	 levels	 among	 11	men	who	 collected	 up	 to	 nine	 urine	

samples	 each	 during	 a	 three	 month	 period	 was	 evaluated	 [82].	 The severe 

vacuolation of Sertoli cell cytoplasm and early sloughing of spermatids and 

spermatocytes can be observed in the testis in rodents after DEHP/MEHP 

exposure [79,83,84].  Further studies have demonstrated that the Sertoli cells are 

initial and primary targets that result in disruption of the balance, connection, and 

interaction between Sertoli cells and germ cells [84,85,86,87]. DEHP and MEHP 

can also inhibit Sertoli cell proliferation in neonatal rats resulting in a decrease in 

the number of Sertoli cells in the testis and alteration of the supportive capacity of 

Sertoli cells during spermatogenesis [88,89,90]. It has been reported that MEHP 

can reduce Follicle-stimulating hormone (FSH)-stimulated cAMP accumulation 

in Sertoli cells in rodents and can alter gene expression in Sertoli cells 
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[91,92,93,94]. In addition, MEHP can decrease the level of transferrin and 

androgen binding protein (ABP) in Sertoli cells and reduce fluid secretion in 

seminiferous tubules, which can impair germ cells development and 

differentiation [95,96]. Not only Sertoli cells are injured by MEHP exposure but 

also the function of steroidgenesis of Leydig cells are impaired following 

DEHP/MEHP treatment, which may impact the male reproductive system. The 

number and size of Leydig cells are decreased by DEHP exposure in young rats, 

resulting in a decrease in the level of testosterone [97].    High dose MEHP (250 

µM) can directly inhibit the production of testosterone in primary rat Leydig cells, 

which may be regulated by steroidogenic acute regulatory (StAR) protein. 

However, even a low dose of MEHP (25-100 µM) can stimulate basal steroid 

synthesis in mouse Leydig tumor cells, suggesting that  anti-steroidgenic effects 

of DEHP may prematurely initiate the onset of puberty and theoretically affect the 

hypothalamic-pituitary-gonadal axis by MEHP exposure [98].  

 

1.3.3 Model of MEHP-induced germ cell apoptosis  

 

 Apoptosis naturally occurs during germ cell development in the testis and 

is involved in both the extrinsic and intrinsic apoptotic pathways. Germ cell 

apoptosis is important for controlling the appropriate number of germ cells so that 

each Sertoli cell can provide efficient nutrition and an adequate environment for 
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growth [42,99,100]. When germ cells are abnormal or have been injured by 

environmental toxicants, apoptosis is triggered to eliminate the abnormal cells 

[101]. We hypothesize that the Fas/FasL signaling may play a primary role to 

reduce damaged germ cells in response to MEHP exposure in the testis. The 

mechanism of MEHP may induce Sertoli cell injury and lead to an increase in the 

incidence of testicular germ cells apoptosis [43,51,102,103,104,105]. Although 

Sertoli cells express a basal level of FasL, the expression of FasL protein is 

increased when Sertoli cells are treated with MEHP. The ability of Sertoli cells to 

support a certain number of germ cells is reduced after injury by toxicants and 

more FasL can bind to Fas to form trimer superstructure so that cell death occurs 

via the classical extrinsic apoptotic pathway, described in session 1.2.2 (Figure 1-

7). Gld mice, with a point mutation in C terminal of FasL gene, show a significant 

reduction in apoptosis after MEHP treatment, thus indicating that the Fas/FasL 

signaling system may participate in the apoptosis of toxicant-induced germ cells 

[51]. However, details about the mechanism of MEHP induced FasL expression 

in Sertoli cells remain unclear. If another death ligand TRAIL is involved in the 

toxicant induced model, that mechanism is also not well understood. Even though 

the effects of phthalates on human health are controversial due to variations in 

exposure time, dosage, and different animal models, it is important to unmask the 

issue of how phthalates may cause health problems in humans  [60,73]. Therefore, 

it is important to understand the details of regulation of death ligands expression 
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after MEHP exposure, and how these processes relate to Sertoli cell injury and 

germ cell apoptosis.  
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1.4 Testicular cancer and testicular dysgenesis syndrome 

 

Testicular cancer is most prevalent in young adult men ages 15-40 years 

(about 1~2% of all cancers in men) and is approximately 5 times more common in 

Caucasians than in other races [106,107,108]. Correlations of this disease has 

been reported to occur with other common testicular disorders that likely arise 

from shared mechanisms, such as poor semen quality and reduced sperm numbers, 

undescended testis, and hypospadias [109]. The incidence of these diseases has 

dramatically increased over the past 50 years, and it has been hypothesized that 

environmental influences, rather than genetic defects, account for this increase 

[109]. Together, cryptorchidism, hypospadias, subfertility, and testicular germ 

cell tumor are thought to comprise testicular dysgenesis syndrome (TDS) 

[109,110]. Therefore, a better understanding of the underlying mechanisms that 

lead to testicular cancer development and/or testicular tumor progression induced 

by environmental toxicants may offer insights into the etiology of other testicular 

diseases. Phthalates have been shown to induce hepatotoxicity and cause 

hepatocelluar tumorigenesis through several mechanisms [111,112,113], but little 

is known about the incidence of testicular cancer formation or the mechanism(s) 

that accounts for tumor promotion triggered by environmental stimuli. Recently, it 

has been shown that in utero dibutyl phthalate (DBP) exposure to rats exhibits 

similar pathologies to human TDS, such as cryptorchidism, hypospadias, 



	

30	
	

infertility, reduced spermatogenesis, and multinucleated gonocytes [114,115]. 

MEHP exposure also results in a decrease in testosterone levels and insulin-like 

factor 3 expression which are directly associated with clinical features of TDS 

[116,117]. 
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1.5 Dissertation aims 
 

 
 Spermatogenesis is a process critical for germ cell division and 

morphologic development for the formation of spermatozoa. For a normal 

function of spermatogenesis it is important to understand how the Sertoli cells 

maintain a homeostasis environment for germ cell development. Germ cell 

apoptosis occurs during the period of testis development. First, we will discuss 

how apoptosis in a mouse model impacts spermatogenesis when there is a loss of 

a death ligand (FasL/TRAIL) (Chapter3~5).  As introduced in previous sections, 

spermatogenesis may be disrupted by environmental toxicants, such as phthalates.  

Based on this idea, we will use the MEHP model to test whether total loss of a 

death ligand can provide better protection from toxicant treatments and how loss 

of a death ligand may influence the extrinsic pathway when one of the death 

ligands is absent (Chapter 3~5). In previous studies we showed that expression of 

c-Myc gene can be altered following MEHP exposure in the testes. Recent reports 

also discuss how environmental toxicants may cause or enhance the results of 

TDS in male reproduction. These findings have led us to hypothesize that MEHP 

may enhance the progression of testicular cancer, which is a TDS (Chapter 6).    

  The novel observation in this dissertation is that 1) The loss a death ligand 

can cause even more germ cell death in the testis, which infers that the death 

ligand may respond to environmental stress by eliminating abnormal germ cells. 
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The loss of a death ligand may also play another role during the first wave of 

spermatogenesis. 2) The apoptotic rate is decreased in FasL gene deficient mice 

with MEHP treatment and that reduction in the apoptosis of germ cells may be 

due to the loss of FasL in Sertoli cells that promotes the expression c-FLIP in 

germ cells. 3) We found that MEHP may have the ability to alter adhesion 

molecules and promote invasion and migration in testicular cancer cells. 

Therefore, this dissertation provides a more detailed understanding about how the 

death of ligands can influence germ cell apoptosis during normal development of 

testis as well as during treatment for environment toxicants. We also point out 

factors that many toxicologists may overlook when toxicants are not classified as 

carcinogens and those toxicants are, therefore, considered safe below certain 

exposure concentrations. For example, in instances where testicular cancer 

patients continue to be exposed to environmental toxicants, the development of 

the tumor may enhance progression over a shorter period of time.    
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Chapter 2 .Materials and Methods 
 

 

2.1  Animals 

 

All mice used in this study were maintained at the University of Texas 

Animal Resource Center. Mice were housed at a constant temperature (22±0.5°C) 

at 35-70% humidity with a 12L:12D photoperiod. Mice were given standard lab 

chow and water ad libitum. All procedures involving mice were performed in 

accordance with the guidelines of the University of Texas at Austin’s Institutional 

Animal Care and Use Committee in compliance with guidelines established by 

the National Institutes of Health. Breeding pairs of wild-type C57BL/6J mice 

were purchased from The Jackson Laboratory (Bar Harbor, ME). Breeding pairs 

of FasL heterozygous mice (FasL+/-), that are on a C57BL/6 background, were 

provided by Dr. Saoussen Karray, INSERM, Paris, FR [118]. FasL gene deficient 

mice (FasL-/-) on a C57BL/6J background were generated by mating FasL+/- mice 

and their genotypes were confirmed by genomic PCR as described previously 

[118]. Breeding pairs of TRAIL gene deficient mice (TRAIL-/-) were provided by 

Amgen Inc. (Thousand Oaks, CA; originally created by the laboratory of Dr. Lisa 

M. Sedger)[119].  In order to characterize the basic testicular phenotype, 

C57BL/6J, FasL-/-, and TRAIL-/- mice were killed at PND 28 and PND 44 by CO2 
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inhalation. The testes were rapidly removed and either frozen in liquid nitrogen 

and stored at -80°C for protein analysis, or immersion-fixed overnight in Bouin’s 

solution (Polysciences, Inc., Warrington, PA), washed in 70% ethyl alcohol-

Li2CO3 saturated solution and embedded in paraffin for histology analysis.  

 

2.2  Cell line 

 

The human testicular embryonal carcinoma cell line, NTERA-2 cl. D1 

(NT2/D1), was purchased from American Type Culture Collection (ATCC, 

Manassas, VA), and cultured in Dulbecco’s modified Eagle’s media (DMEM, 

ATCC) supplemented with 10% fetal bovine serum and 1% penicillin-

streptomycin (all Invitrogen, Carlsbad, CA) at 37°C with 5% CO2.  

 

2.3  Total protein preparation for cell line and testis and western blot analysis  

 

Cultured cells were trypsinized with 0.25% trypsin-EDTA and centrifuged at 

1200 rpm for 5 minutes at 4 . Pellets were resuspended in homogenization 

buffer containing RIPA buffer (1% NP-40, 0.5% Sodium dexoycholate and 0.1% 

SDS in 1X PBS) with 100 μM Na3Vo4, 10μM E64 and protease inhibitor cocktail 

(Roche, Indianapolis, IN), and incubated on ice for 30 minutes. After 
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centrifugation at 14,000 rpm for 20 minuted 4 , the supernatant containing total 

proteins was collected and stored at -80 . 

 Testis were freshly collected from mice or stock samples from -80 ℃,	 and	

testis	were	 transferred	 to	 homogenizer	with	 500	 μl	 homogenization	 buffer	

on	 ice	 3	 ml	 RIPA	 buffer,	 90	 μl	 	 Aprotinin 0.3	 mg/ml 	 ,30	 μl	 Na3Vo4 (10	

mg/ml ,	15	μl	PMSF	 10mg/ml ,	0.6	μl	Leupertion	 10mg/ml ,	and	3	ul	E64.	

The	testis	were	ground	several	times,	and	a	small	fraction	were	collected	in	

the	Eppendorf	on	ice	for	30	minutes.	The	samples	were	centrifuged	at	14,000	

rpm	 for	 20	 minutes	 at	 4	 ℃,	 and	 the	 supernatant	 was	 collected	 and	

transferred	 to	new	Eppendorf	 tubes.	 	This	 step	was	repeated	several	 times	

until	the	lysate	became	clean.	The	supernatant	was	collected	and	stored	at	‐

80	℃.	

	 The concentration of total proteins was measured by the Lowery Method. 

The total proteins (30μg) were separated by gradient SDS page and transferred to 

PVDF membrane. Total cellular proteins were detected using primary antibodies 

against FasL (1:500, Santa Cruz Biotenchnology Inc., Santa Cruz, CA), TRAIL 

(1:250, Invitrogen), c-FLIP (1:1000, Enzo, NY), c-Myc, MMP-2, MMP-9 (1:1000, 

Abcam Inc., Cambridge, MA), -tubulin , -actin (1:500, Santa Cruz 

Biotenchnology Inc., Santa Cruz, CA) coupled with horseradish peroxidase-

conjugated secondary antibodies (1:5000, Santa Cruz Biotechnology Inc. or 
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1:1000, Cell Signaling Inc, MA). The ECL chemiluminescent substrate 

(Amersham Bioscicence, Piscataway, NJ) was used as the detection reagent and 

-tubulin or β-actin as the internal control for gel loading. Images of western 

blots were captured using a Kodak Gel Logic 100 Imaging system (Kodak, 

Rochester, New York). Densitometry for bands on western blots was determined 

by ImageJ software (National Institute of Mental Health, Bethesda, Maryland).  

All experiments were performed in triplicate and repeated at least three times.  

 

2.4  MEHP treatment  

 

MEHP exposure in peri-pubertal rodents has been reported to be a good 

model to test the interaction between Sertoli cells and germ cells by decreasing 

Sertoli cell support [103,120,121,122]. PND 28 FasL-/- and C57BL/6J mice were 

given a single dose of MEHP (1 g/kg, TCI America, Portland, OR) by oral gavage 

at a volume equal to 4 ml/kg, a standard procedure for investigating the 

consequences of MEHP-induced Sertoli cell injury [123]. Control animals 

received a similar volume of vehicle (corn oil). Both control and MEHP-treated 

mice were killed at 0, 6, 12 and 24 hours after MEHP exposure. 
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2.5 Physiologic characterization of the testis 

 

 The body and testis weights of mice at PND 28 and 44 were measured. The 

number of mice used by types: PND 28 C57BL/6J mice (n=26), FasL-/- mice 

(n=40), and TRAIL-/- mice (n=34); PND 44 C57BL/6J mice (n=8), FasL-/- mice 

(n=16), and TRAIL-/- mice (n=10). 

 

2.6 Testicular histopathology  

 

Cross-sections (5 µm) of paraffin-embedded testes were evaluated for 

morphological changes by using periodic acid-Schiffs-Hematoxylin (PAS-H) 

staining. Testis cross-sections were imaged using a Nikon E800 microscope and 

captured with a Canon 5D digital camera (Canon U.S.A. Inc., NY). The number 

of mice by type used for the evaluation of testicular morphology: PND 28 

C57BL/6J mice (n=7), FasL-/- mice (n=8), and TRAIL-/- mice (n=4); PND 44 

C57BL/6J mice (n=6), FasL-/- mice (n=6), and TRAIL-/- mice (n=3). 

 

2.7 Testicular spermatid head counts 

 

Testicular spermatid head counts were performed as previously described 

with slight modifications [51]. Briefly, testes from PND 44 mice were 
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homogenized in DMSO/saline solution containing 0.9% (w/v) NaCl and 10% (v/v) 

DMSO, and then homogenization-resistant spermatid heads were counted using a 

hemocytometer. The average number of spermatid heads was determined from 12 

C57BL/6J mouse testes, 13 FasL-/- mouse testes, and 8 TRAIL-/- mouse testes. 

Each testis sample was counted three times. The daily sperm production per testis 

was calculated by using 4.84 days as the time divisor [124].  

 

2.8 Terminal deoxy-nucleotidyl transferase-mediated digoxigenin-dUTP nick end 

labeling (TUNEL) assay 

 

Apoptotic fragmentation of DNA in mouse paraffin-embedded testis cross 

sections was determined by TUNEL analysis using the ApopTagTM kit (Chemicon, 

Temecula, CA).  The apoptotic index (AI) was calculated as the percentage of 

essentially round seminiferous tubules in a cross-section that contained more than 

three TUNEL-positive germ cells. At least two testicular cross-sections per mouse 

were analyzed. The apoptotic index was determined from 6 C57BL/6J mice and 7 

FasL-/- mice at PND 28 and 4 C57BL/6J mice and 5 FasL-/- mice at PND 44. The 

number of each group for MEHP-treated C57BL/6J mice: 0h (n=7), 1h (n=3), 3h 

(n=3), 6h (n=4), 12h (n=3) and 24h (n=3). The number of each group for MEHP-

treated FasL-/- mice: 0h (n=8), 1h (n=4), 3h (n=6), 6h (n=4), 12h (n=4) and 24h 

(n=3).  
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2.9  Immunohistochemistry 

 

Expression of cleaved caspase-9 in the germ cells was determined by 

immunohistochemstry. Cross-sections (5 µm) of paraffin-embedded testes from 

PND 28 C57BL/6J and FasL-/- mice were deparaffinized and rehydrated, and 

antigens were unmasked by heating in 10 mM sodium citrate solution. Sections 

were incubated with 3% H2O2 to block endogenous peroxidase activity and then 

incubated in blocking buffer containing 10% horse serum. The primary antibody 

used in this study was rabbit-anti-cleaved-caspase-9 (1:100, Cell Signaling, 

Danvers, MA). Sections were incubated in primary antibody at 4  overnight. 

Immuno-detection was performed by standard procedures using the VectaStain 

ABC kit (Vector Labs, Burlingame, CA) and DAB as the substrate (Vector Labs). 

At least two testicular cross-sections per mouse were analyzed. The number of 

each group for MEHP-treated C57BL/6J mice: 0h (n=3), 12h (n=3). The number 

of each group for MEHP-treated FasL-/- mice: 0h (n=4), 12h (n=3). All sections 

were observed using a Nikon E800 microscope. The percentage of cleaved 

caspase-9 positive germ cells was calculated as the number of positive germ 

cells/total germ cells x100. 
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2.10  Immunofluorescence 

 

Expression and localization of c-FLIP in testis cross sections was 

determined by immunofluorescence detection of c-FLIP antibody (rabbit-anti-c-

FLIP; 1:100, Cell Signaling). Cross-sections (5 µm) of paraffin-embedded testes 

from C57BL/6J and FasL-/- mice were deparaffinized, rehydrated, heated in 10 

mM sodium citrate and incubated in blocking buffer containing 10% horse serum, 

followed by overnight incubation in primary antibodies at 4 . Sections were then 

incubated in Alexa Fluor conjugated anti-rabbit antibody (1:500, Molecular 

Probes, Gaithersburg, MD) for 1 h and mounted in Vectashield Mounting 

Medium (Vector Labs). Fluorescent signals were detected using 

excitation/emission wavelength of 495 nm/521 nm. Images were captured by a 

Nikon E800 microscope captured with a Nikon Cool-SNAP digital camera, and 

processed using MetaMorph Imaging software (v. 4.1) (Downingtown, PA). Two 

testicular cross-sections per mouse were analyzed. The number of each group for 

MEHP-treated C57BL/6J mice: 0h (n=3), 12h (n=3). The number of each group 

for MEHP-treated FasL-/- mice: 0h (n=4), 12h (n=3). 
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2.11 Gelatin zymography   

 

The MMP-2 and MMP-9 gelatinolytic activity in media derived from 

NT2/D1 cells was assayed by gelatin zymography with minor modifications [122]. 

Briefly, 12 h after the addition of MEHP (200 μM) to 2x106 NT2/D1 cells, 

conditioned media were collected and directly applied to a 10% Zymogram gel 

(Invitrogen). After electrophoresis, the gels were washed twice for 15 min with 

2.5% Triton X-100 in 50mM Tris-HCl (pH 7.5) to remove the SDS and restore 

enzyme activity and incubated in developing buffer (50 mM Tris-HCl, pH 7.5, 

200 mM NaCl, 10 mM CaCl2 and 0.02% sodium azide) overnight at 37˚C. The 

gels were then stained with 30% methanol/10% acetic acid containing 0.5% (w/v) 

Coomassie Brilliant blue R-250 for 30 min and destained in the same solution 

without dye. Clear bands shown on the blue background indicated enzyme 

activity. 

 

2.12 Measurement of soluble  

 

MMP-2 levels - NT2/D1 cells (2x106) were exposed to MEHP for various 

time periods. The culture media were collected and centrifuged to remove cellular 

debris. The supernatant was rapidly frozen at -80˚C until assayed for MMP-2 by 
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ELISA (R&D Systems, Inc.) following the manufacture’s protocol. The cell 

number was counted to normalize the protein expression assayed by ELISA.  

 

2.13  Invasion assay   

 

The in vitro invasion assay was performed using transwell chambers with 

8 μm pores in the polycarbonate filters (Costar, Cambridge, MA) as previously 

described [125]. Transwell membranes were coated with Matrigel diluted in 

serum-free media (1:3 dilution, BD Biosciences, San Diego, CA). Non-treated or 

MEHP-treated NT2/D1 cells (1x105) were seeded on Matrigel and incubated at 

37˚C for 18 h. Membranes coated with Matrigel were wiped with Q-tips, fixed 

with methanol and stained with 20% Giemsa solution (sigma, St. Louis, MO). 

Cells attached to the lower surface of the filters were then counted under a light 

microscope (x200 magnification). Cells are photographed by Canon-5D digital 

camera attached to a light microscope. 

 

2.14 Migration assay   

 

Cell migration was estimated by a wound-healing test in NT2/D1 cells. 

Non-treated or MEHP-treated NT2/D1 cells (5x105) were seeded into 6-cm 

culture plates and grown to almost confluent cell monolayer. A pipette tip was 
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used to scratch cell monolayer to generate the cell-free zone in the middle of 

culture plates. Cell debris was removed by washing with PBS. Cells were then 

incubated at 37˚C for up to 36 h. The number of cells migrating into the cell-free 

zone was counted under a light microscope (x200 magnification). Cells were 

photographed by Canon-5D digital camera attached to a light microscope. 

 

2.15 Gelatinase inhibitor SB-3CT treatment in vitro 

 

It has been shown that SB-3CT is able to inhibit the activity of endogenous 

gentalinases, including MMP-2 [126]. NT2/D1 cells (5x105) were treated with 10 

μM of SB-3CT (Chemicon, Temecula, CA) in the presence of MEHP (200 μM) 

for 12 h. Treated cells were then used for invasion and migration assays. 

 

2.16 Microarray and data analysis  

 

Microarray analysis was performed using Human and Mouse Whole 

Genome OneArray v.5 manufactured by Phalanx Biotech Group (Belmont, CA), 

carrying 29,187 human genome probes (26423 probes for mouse)  and 1,088 

experimental control probes (872 control probes for mouse). Total RNA from 

mouse testis treated with MEHP for 12 hours, and from NT2/D1 cells treated with 

MEHP for 0, 3 and 24 h was isolated using Qiagen RNeasy kit (Qiagen, Valencia, 
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CA). Array hybridization, image processing, signal intensity acquisition and data 

normalization were performed by Phalanx Biotech Service Group. Normalized 

values for each data point were averaged using three biological replicates. 

Significant expression differences were defined as a p-value <0.05 and genes with 

a value greater than 2-fold or 4-fold change were selected by Cluster Software 

(Stanford University and Massachusetts Institute of Technology). Selected genes 

were grouped according to their biological function and clustered using a 

hierarchical cluster method (TreeView, Stanford University and Massachusetts 

Institute of Technology). 

 

2.17 Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) 

 

To confirm the results derived from the microarray analysis, 11 

differentially expressed genes were randomly selected from the cluster analysis, 

and their mRNA levels were measured by semi-quantitative RT-PCR. First strand 

cDNA was prepared using 5 μg of total RNA with Superscript II reverse 

transcriptase and oligo-dT primer (all Invitrogen). The primers used to amplify 

differentially expressed genes are listed in Table 2.1 Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was quantified as an internal control. PCR reaction was 

performed by 28 cycles of 92°C for 30 sec, 54°C for 1 min and 72°C for 30 sec 

followed by 72°C for 5 min with 1 unit of Taq DNA polymerase. PCR products 



	

45	
	

were separated on 1.5% agarose gel and images were captured using a Kodak Gel 

Logic 100 Imaging system. Densitometry for bands on PCR products was 

determined by ImageJ software. The relative expression level of each gene was 

normalized by the value of GAPDH.  

 

2.18 Statistical analysis 

 

In this study, the minimum number of animals necessary to achieve 

statistical significance were used after performing statistical power analysis 

(=0.05, =0.05) to test if the power of sample size was sufficient [127,128]. 

Statistical results were presented as the individual means  SEM. The data were 

subjected to a Student t-test or parametric one-way analysis of variance (ANOVA) 

and statistical significance using Fisher's protected least significant difference was 

considered to be achieved when p0.05. 
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Table 2.1 Nucleotide sequence of RT-PCR primers designed to generate MEHP-regulated genes  
 
   
Gene name Accession No. Primer sequence (5’→3’) 
Neurotensin (NTS) NM_006183.3 F: aagcacatgttccctcttgg 
  R: aagccctgctgtgacagatt 
Inhibitor of DNA binding 1 
(ID1) 

NM_002165.2 F: cggatctgagggagaacaag 

  R: ctgagaagcaccaaacgtga  
Vinculin (VCL) NM_014000.2 F: ctttgctgctacaggggaag 
  R: ggatatgggacgggaagttt 
Gap junction protein alpha 1 
(GJA1) 

NM_000165.3 F: atgagcagtctgcctttcgt 

  R: tctgcttcaagtgcatgtcc 
LFNG O-fucosylpeptide 3-
beta-N-
acetylglucosaminyltransferase 
(LFNG) 

NM_002304.2 F: cctgtgtcatagccccaagt 
R: ctccccactcagaagagctg 

Interleukin 17 receptor D 
(IL17RD) 

NM_017563.3   F: ctgtctctgccactgatgga 

  R: ccaagatctgctttgcatga 
   
Claudin 6 (CLDN6) NM_021195.4 F: ttttgtttctgcctcctgct 
  R: gcctccgcattagttccata 
β1-Catenin (CTNNB1) NM_001904.3 F: gaaacggctttcagttgagc 
  R: ctggccatatccaccagagt 
Methionyl-tRNA synthetase 
(MARS) 

NM_004990.2 F: cctgcagtatcctgctgaca 

  R: tccatcagcgcttgtatctg 
Matrix metalloproteinase 2 
(MMP2) 

NM_004530.4 F: atgacagctgcaccactgag 

  R: atttgttgcccaggaaagtg 
Inhibitor of DNA binding 3 
(DDIT3) 

NM_001195053.1 F: gcgcatgaaggagaaagaac 

Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) 

NM_002046.3 F: gagtcaacggatttggtcgt 
R: ttgattttggagggatctcg 

F: Forward; R: Reverse 
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Chapter 3:  FasL Gene–Deficient Mice Display a Limited Disruption in 

Spermatogenesis and Inhibition of Mono-(2-ethylhexyl) Phthalate–Induced 

Germ Cell Apoptosis 

 

(The data presented in this chapter were published in Toxicology	Science	 2010;	 114(2):335‐345.	

The	co‐authors,	Dr.	Pei‐Li	Yao	contributed	to	collect	part	of	data	and	Dr.	Richburg	was	

sponsor	for	this	research)  

 

3.1. Introduction and Rationale  

 
The mechanisms responsible for the control of physiological apoptosis of 

germ cells in the testis have not been clearly resolved, but the direct involvement 

of FasL/Fas signaling in triggering germ cell apoptosis has been described in 

rodents after exposure to the Sertoli cell toxicant mono-(2-ethylhexyl) phthalate 

(MEHP) [43,123]. The functional participation of FasL/Fas signaling in MEHP-

induced germ cell apoptosis has been shown experimentally by challenging gld 

(generalized lymphoproliferative disease) mutant mice with MEHP [51]. The gld 

mice have a mutation that causes a single amino acid change in FasL, preventing 

it from binding to and activating its receptor Fas [129]. Although these mice are 

fertile and show similar basal germ cell apoptotic rates as wild-type mice, a 

significant reduction in the incidence of germ cell apoptosis has been seen in the 

gld mice in response to MEHP exposure as compared to the C57BL/6J wild-type 
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mice [51]. However, since the protection from MEHP-induced germ cell 

apoptosis was not complete, it is thought that the mutant form of FasL in gld mice 

may retain some of its activity.  

In this chapter, to adequately test the hypothesis that FasL is required for the 

regulation of germ cell apoptosis during distinct peripubertal periods, we 

evaluated the testis of FasL gene deficient (FasL-/-) mice during the first wave of 

spermatogenesis (PND 28, the peripubertal age) as well as the period directly 

after the completion of the first wave of spermatogenesis (PND 44, adulthood). In 

addition, the sensitivity of PND 28 FasL-/- mice to the testicular effects MEHP 

exposure was characterized.  
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3.2. RESULTS 

 

3.2.1 Assessment of testicular parameters in FasL-/- and C57BL/6J wild-type mice 

In order to initially characterize the testis of FasL-/- mice, the body weights, 

testis weights, and testicular spermatid head counts were measured in peripubertal 

(PND 28) and adult (PND 44) mice (Table 3.1). No significant differences in 

body weights or testis weights were evident between FasL-/- and C57BL/6J mice 

at PND 28 (Table 3.1). In adults (PND 44), the body weights of FasL-/- were 

significantly increased compared to the C57BL/6J mice (22.150.27 g and 

19.50.54 g, respectively), while no differences were observed between their 

testis weights. The testis/body weight ratio in adult FasL-/- mice was not 

significantly decreased as compared to C57BL/6J mice (0.0035 and 0.0038, 

respectively). Measurements of spermatid head counts revealed that adult FasL-/- 

mice have significantly reduced mature spermatids (511.32%) as compared to 

C57BL/6J mice. 
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Table 3.1 Comparison of C57BL/6J wild-type and FasL-/- mice baseline testicular parameters a 

 

a Data represent the mean ± SEM, and numbers of examined mice and testis in each strain are indicated in parentheses. 

b p<0.05, by ANOVA followed by Fisher’s protected least significant differences test. 

Mouse strain Body weight (g) Testis weight (g) 
Spermatid heads/g 

testis/day 
(X106) 

 PND 28 PND 44 PND 28 PND 44 PND 44 

C57BL/6J 14.53±0.40 (26) 19.50±0.54 (8) 0.0528±0.0026 (26) 0.0744±0.0024 (8) 40.24±0.68 (12) 

FasL-/- 15.00±0.58 (40) 22.15±0.28 (16)b 0.0489±0.0028 (40) 0.0794±0.0017 (16) 21.06±0.11 (13)b 
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3.2.2 Abnormal testicular histopathology in young FasL-/- mice 

 

Evaluation of the histology of testicular cross sections from PND 28 FasL-/- mice 

revealed that 7 out of 10 FasL-/- mice had abnormal tubules and about 3% of the 

seminiferous tubules showed a significant loss of germ cells. However, only 1 out of 10 

C57BL/6J mice showed some similar abnormal tubules. The most severely affected 

seminiferous tubules were populated by only Sertoli cells and few spermatogonia (Fig 

3.1A-D). In contrast, the testes of adult PND 44 FasL-/- mice showed numerous germ 

cells and apparently normal histology (Fig 3.2A-D), despite the lower number of mature 

spermatids produced. These observations indicate that the seminiferous epithelium of 

adult FasL-/- mice is able to partially recover from the drastic germ cell loss seen in the 

peripubertal period. 

 

3.2.3 Increased basal apoptotic rate in germ cells in FasL-/- mice 

 

Contrary to our expectations, FasL-/- mice at both PND 28 (Fig 3.1E) and PND 44 

(Fig 3.2E) showed dramatic increases in the basal numbers of TUNEL-positive germ 

cells as compared to C57BL/6J wild-type mice. The testis of FasL-/- mice showed a basal 

germ cell apoptotic index (AI) of 20.58 at PND 28, and 5.26 at PND 44. The testis of 

C57BL/6J mice had a relatively low germ cell AI at both PND 28 (5.16) and PND 44 

(1.50). 
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Fig 3.1 Testicular histopathology of PND 28 C57BL/6J and FasL gene-deficient 
(FasL-/-) mice. Cross-sections (5 µm) of paraffin-embedded testis tissues were stained 
with periodic acid-Schiffs-Hematoxylin (PAS-H) staining (A-D) or TUNEL assay (E, F). 
A, B, E: C57BL/6J wild-type mice; C, D, F: FasL-/- mice; B, D: the magnification of one 
seminiferous tubule of A and C (boxed area). Arrow heads indicate Sertoli cell 
vacuolization. Arrows indicate TUNEL-positive germ cells (brown spots). The bar 
represents 100 µm. G: the germ cell apoptotic rate by TUNEL assay. PND 28 FasL-/- 
mice have a significantly increased incidence of TUNEL-positive germ cells (*<0.05, 
Student t-test) 
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Fig 3.2 Testicular histopathology in PND 44 C57BL/6J and FasL-/- mice. Cross-
sections (5 µm) of paraffin-embedded testis tissues from PND 44 mice were stained with 
PAS-H staining (A-D) and TUNEL assay (E, F). A, B, E: C57BL/6J mice; C, D, F: FasL-

/- mice; B, D: the magnification of one seminiferous tubule of A and C (boxed area). 
Arrows indicate TUNEL-positive germ cells (brown spots). The bar represents 100 µm. 
G: the apoptotic rate in germ cells by TUNEL assay. PND 44 FasL-/- mice have a 
significantly increased incidence of TUNEL-positive germ cells (*<0.05, Student t-test). 
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3.2.4 Germ cell apoptosis decreased in FasL-/- mice after MEHP exposure 

In order to evaluate the effect of MEHP on germ cell apoptosis, PND 28 FasL-/- and 

C57BL/6J mice were treated with 1 g/kg of MEHP for various time periods; a treatment 

paradigm that has been employed for the evaluation of death-receptor dependent germ 

cell apoptosis was used [76]. In C57BL/6J mice, increases in the number of apoptotic 

germ cells were apparent in a time-dependent manner after MEHP exposure (Fig 3.3); 

these findings were consistent with previous reports [51,122]. As described above, the 

basal AI in the testis of FasL-/- mice was 20±4.59, a level very near the maximal AI seen 

in MEHP treated C57BL/6J mice (Fig 3.1G). In response to MEHP exposure, this high 

basal AI FasL-/- mice was found to significantly decrease at 6 hours after exposure and 

remain at this decreased level at both the 12 and 24 hour time points (Fig 3.3). The 

maximal difference in the AI between the FasL-/- and C57BL/6J mice was observed at the 

12 hour time point with ~50% difference (10.09 and 23.86, respectively). 

 

3.2.5 MEHP exposure does not result in an increase in the cleavage of caspase 9 in  

FasL-/- mice. 

 In order to assess the participation of the intrinsic pathway in FasL-/- mice after 

MEHP exposure, we evaluated the level of cleaved caspase-9, the active form of this 

enzyme, in testicular cross-sections by immunohistochemistry. The level of cleaved 

caspase-9 decreased in C57BL/6J mice after MEHP treatment, but no significant 

differences were observed in FasL-/- mice (Fig. 3.4). 



	

55	
	

 

 
 
Fig 3.3 Germ cell apoptotic index (AI) in peripubertal FasL gene-deficient mice 
after MEHP exposure. The AI in mouse paraffin-embedded testis cross sections was 
determined by TUNEL assay. PND 28 mice were treated with MEHP for various periods 
of time. Testicular cross-sections show TUNEL-positive germ cells as brown spots 
(arrows) in MEHP-treated C57BL/6J mice (A) and FasL-/- mice (B) at 12 h of exposure. 
The bar represents 100 μm. (C) C57BL/6J wild-type mice displayed an increase in germ 
cell apoptosis at 12 h of MEHP exposure. The apoptotic rate of germ cell in FasL-/- mice 
significantly decreased after MEHP exposure (*<0.05, Student t-test). 
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Fig 3.4 Immunohistochemical detection of cleaved caspase-9 in mice testes. Cross-
sections (5 µm) of paraffin-embedded testis tissues from C57BL/6J and FasL-/- mice 
(PND 28) were analyzed. (A) Non-treated C57BL/6J mice; (B) C57BL/6J mice treated 
with MEHP for 12 h; (C) Non-treated C57BL/6J mice; (D) C57BL/6J mice treated with 
MEHP for 12 h. The arrows indicate the cleaved-caspase-9-positive germ cells. The bar 
represents 100 µm. (E) Testis cross-sections showed that the level of cleaved caspase-9 
was reduced in C57BL/6J mice after MEHP exposure but remained the same expression 
when FasL signaling was absent (*<0.05, Student t-test). 
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3.2.6  Expression of TRAIL protein in the testis of young FasL-/- mice  

 

Western blot analysis of testis samples from FasL-/- (PND 28) mice showed that the 

expression of TRAIL was 1.3-fold higher than that seen in C57BL/6J (PND 28) mice 

(Fig 3.5A and 3.5B). After MEHP exposure, TRAIL levels increased at 12 hours in the 

testis of C57BL/6J mice but no significant changes in TRAIL levels were measured in the 

testis of FasL-/- mice at any time point. 

 

3.2.7 Increased c-FLIP expression in FasL-/- mice after MEHP exposure 

 

Western blot analysis of testis samples from both C57BL/6J (PND 28) and FasL-/- 

(PND 28) mice indicated that the basal levels of c-FLIP was very low (Fig 3.5A and 

3.5C). However, in response to MEHP exposure, the levels of c-FLIP were found to be 

significantly increased in the FasL-/- mice (~2.3-fold) at each of the measured time points 

but not at any of the time points in C57BL/6J mice.  

 

3.2.8 Localization of c-FLIP in the seminiferous tubules 

 

 Immunofluorescence detection of c-FLIP in testis cross-sections revealed that it is 

localized within the cytoplasm of spermatocytes and round spermatids but not in 

spermatogonia in PND 28 C57BL/6J mouse testes (Fig 3.6A). However, PND 28 FasL-/- 

mice had a very low expression level of c-FLIP in the seminiferous tubule as compared to 
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C57BL/6J mice (Fig 3.6B). The c-FLIP expression in MEHP-treated C57BL/6J mice 

remained similar to that observed in non-treated mice (Fig 3.6C). However, its expression 

increased in treated- FasL-/- mouse testis compared to non-treated groups (Fig 3.6D). 
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Fig 3.5 Western blot analyses of TRAIL and c-FLIP protein expression in PND 28 
FasL gene-deficient mice. Total cellular proteins from whole testis tissues were detected 
using primary antibodies against TRAIL (1:250) and c-FLIP (1:1000). FasL-/- mice 
showed a significant increase in TRAIL expression compared to C57BL/6J mice. TRAIL 
expression in C57BL/6J wild-type mice was enhanced by 12 h MEHP exposure while 
there was no significant difference between control or MEHP-treated FasL-/- mice. 
C57BL/6J mice had a very low expression level of c-FLIP. FasL-/- mice showed a higher 
level of c-FLIP protein after MEHP treatment. A: western blot; B: the quantified 
measurement of TRAIL expression level; C: the quantified measurement of c-FLIP 
expression level. Significant differences between groups are denoted by bars with 
different letters (p<0.05, ANOVA). For example, if any bar shows the same letter, it 
means that they do not show significant between each other. 
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Fig 3.6 The expression and localization of c-FLIP in the seminiferous epithelium by 

immunofluorescence analysis. A: Non-treated C57BL/6J mice (PND 28), B: Non-

treated FasL-/- mice (PND 28), C: MEHP-treated C57BL/6J mice (PND 28), D: MEHP-

treated FasL-/- mice (PND 28). Testis cross-sections showed that c-FLIP is expressed in 

the cytoplasm of spermatocytes and spermatids. MEHP-treated FasL mice had a higher 

level of c-FLIP expression in the testis than non-treated mice. The bar represents 50 m. 
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3.3 Discussion 

 

The FasL/Fas signaling pathway has been described by our laboratory 

[51,122,123,130] and others [43,102,131] to serve as a means to regulate germ cell 

apoptosis in the testis as part of a physiologic mechanism to match germ cell numbers to 

the Sertoli cell supportive capacity. In agreement with this concept are our previous 

observations that gld mice expressing a mutant form of the FasL protein show a 

decreased sensitivity to germ cell apoptosis triggered by MEHP-induced Sertoli cell 

injury, as compared to wild-type mice [51]. Nevertheless, despite this clear indication of 

the participation of the Fas-signaling system after toxicant-induced Sertoli cell injury, the 

gld mice are fertile and show normal spermatogenesis indicating that this mutant form of 

FasL does not drastically disrupt the physiological control of apoptosis and functional 

spermatogenesis [51]. It is possible that the single amino acid mutant form of FasL in gld 

mice retains a limited ability to bind to and trigger Fas-mediated apoptosis but cannot 

activate Fas-signaling robustly after toxicant-induced Sertoli cell injury. Therefore, the 

intent of this study was to evaluate if the complete loss of the FasL expression in the 

testis would influence the normal physiologic regulation of germ cell apoptosis as well as 

alter the ability of germ cells to undergo apoptosis after MEHP-induced Sertoli cell injury.  

Although adult FasL-/- mice were fertile and displayed typical testis histology (Fig 

3.2C and 3.2D), these mice surprisingly showed a significant reduction in the number of 

mature sperm they produced. In contrast, we discovered that peripubertal (PND 28) mice 

displayed many seminiferous tubules with a drastic disorganization of the seminiferous 
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epithelium (Fig 3.1C and 3.1D). The histological analysis of these peripubertal FasL-/- 

mouse testis revealed a dramatic loss of germ cells (Fig 3.1C and 3.1D) in some 

seminiferous tubules as indicated by the absence of differentiating spermatocytes with 

only the presence of Sertoli cells and spermatogonia in the seminiferous epithelium. 

However, in adult FasL-/- mice, after the first wave of spermatogenesis was completed, a 

partial repopulation of these severely affected tubules apparently occurred (Fig 3.2C and 

3.2D) as indicated by near normal histology; although adult FasL-/- mice produced fewer 

mature elongated spermatids. These observations suggest a more prominent functional 

role of FasL in early testis development rather than in the adult testis and the maintenance 

of spermatogenesis.  

The incidence of germ cell apoptosis in FasL-/- (PND 28) mice is about 4 times 

higher than that of wild-type mice (Fig 3.1G). In adult FasL-/- (PND 44) mice, the basal 

germ cell apoptotic index (5.26) was lower than that seen in the peripubertal FasL-/- mice 

(20.58), but higher than age-matched adult wild-type C57BL/6J (PND 44) mice (1.5). 

This increase in the basal incidence of germ cell apoptosis may explain the slight 

decrease in testis weight measured in these peribuertal mice as well as the decrease in the 

number of spermatid produced in the adult FasL-/- mice (Table 3.1). On the other hand, 

these findings also suggest that compensatory mechanisms, such as other death 

ligands/receptors may exist in FasL-/- mice to regulate germ cell apoptosis, since it 

appears that MEHP exposure does not trigger the intrinsic apoptotic signaling (Fig 3.4).  

In order to understand how germ cell apoptosis is triggered in FasL-/- mice, we 

further evaluated the participation of TRAIL, another member of the TNF family. 
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Western blot analysis revealed that TRAIL is strongly expressed in the testis of 

peripubertal FasL-/- mice, but at relatively low levels in wild-type mice (Fig 3.5A and 

3.5B). Therefore, it is plausible that the increased level of TRAIL in peripubertal FasL-/- 

mice may account for, and provide in vivo evidence for, the observed high basal levels of 

germ cell apoptosis seen in these mice.  

In order to assess the sensitivity of FasL-/- mice to toxicant-triggered apoptosis, the 

MEHP-induced exposure model of prepubertal mice was used. MEHP specifically injures 

the Sertoli cells of the testis, inducing FasL expression, which leads to initiation of germ 

cell apoptosis through the extrinsic signaling pathway [103]. In wild-type mice, the basal 

level of germ cell apoptosis is low and is significantly induced after MEHP exposure (Fig 

3.3), which is consistent with our previous studies [51,122]. Since no increase in the 

cleavage of caspase-9 occurred in the testis of FasL-/- mice after MEHP exposure (Fig 

3.4), it does not appear that the intrinsic pathway participates in the initiation of germ cell 

apoptosis in the FasL-/- mice after Sertoli cell injury. We have also previously shown that 

peripubertal gld mice have a similar basal germ cell apoptotic index as the wild-type 

controls. However, in gld mice, the increase in MEHP-induced germ cell apoptosis is 

significantly diminished as compared to wild-type mice [51], indicating that the 

expression of the single amino acid mutation in FasL affords these mice only partial 

protection against germ cell apoptosis. However, the germ cells of FasL-/- mice showed a 

much different response to MEHP exposure than either C57BL/6J or gld mice. After 

exposure of FasL-/- mice to MEHP, a dramatic decrease in the high basal germ cell AI of 

20.58 to an AI of 8.04 occurred within 6 hours of MEHP exposure and remained at this 
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level for 24 hours (Fig 3.3). Since no significant changes in the levels of TRAIL protein 

were observed in FasL-/- mice after MEHP exposure (Fig 3.5), it would appear that the 

negative effect of MEHP on germ cell apoptosis in FasL-/- mice lies downstream of 

TRAIL.  

c-FLIP is a well-described inhibitor of caspase-8 [132], and we have previously 

suggested that c-FLIP is involved in regulating MEHP-triggered germ cell apoptosis 

[133]. The testis of the PND 28 C57BL/6J and FasL-/- mice were found to display low 

levels of c-FLIP, while large increases in the levels of c-FLIP were measured in the testis 

of only FasL-/- mice following MEHP treatment (Fig 3.5A, 3.5C and 3.6). Although 

increases in c-FLIP levels in FasL-/- mice after MEHP can provide a logical mechanism 

to account for the observed decreases in germ cell apoptosis, the mechanism underlying 

this specific increase in c-FLIP protein levels in these mice after MEHP exposure is not 

readily apparent.  

There are several intriguing reports suggesting that the FasL protein itself has an 

inverse influence on c-FLIP expression. These studies indicate that FasL induces the 

degradation of c-FLIP via the ubiquitin-proteasomal pathway after the simulation of 

nitric oxide (NO) or reactive oxygen species (ROS)[134,135]. Therefore, it would be 

expected that in FasL-/- mice, the absence of FasL and its negative influence on c-FLIP 

expression would allow for a buildup of c-FLIP in the cell. Moreover, our group 

previously reported that c-FLIP is induced in p53 gene-deficient (p53-/-) mice after 

MEHP exposure [136] and that c-FLIP is also induced as a result of the FasL/Fas 

interaction in vitro when p53 is not activated [133]. It appears that p53 serves as a 
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positive regulator to stimulate the FasL/Fas signaling pathway which facilitates the 

activation of caspase-8 and the degradation of c-FLIP following MEHP exposure, leading 

to an increase in germ cell apoptosis [136]. These data suggest that linkages may exist in 

the testis by which FasL/Fas signaling can influence p53-dependent processes that 

subsequently act to modulate the levels of c-FLIP in germ cells and their sensitivity to 

undergo death-receptor mediated apoptosis.  

Taken together, the present study demonstrates that: 1) loss of FasL protein 

expression results in decreased production of mature spermatids in the adult testis, likely 

as a result of alterations in germ cell homeostatsis during the first wave of 

spermatogenesis, 2) the high baseline incidence of germ cell apoptosis in peripubertal 

FasL-/- mice is correlated with increases in the levels of TRAIL and/or the decrease in the 

levels of c-FLIP and, 3) a decline in germ cell apoptosis observed after MEHP treatment 

in FasL-/- mice closely corresponds to the occurrence of increased levels. These novel 

findings provide new insights into the functional roles of FasL in the testis at distinct 

developmental periods and further indicate that FasL itself is required for the regulation 

of c-FLIP levels in the testis. 
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Chapter 4: TRAIL gene-deficient mice show a disorganization of spermatogenesis 

during the peripubertal period of testicular development 

 

 

4.1 Introductions and Rationale 

 

 We demonstrated in Chapter 3 a possible mechanism that increases the expression 

of FLAR in FasL gene-deficient mice to reduce the apoptotic index in the testis after 

MEHP treatment. In this chapter, the TRAIL gene-deficiency will be discussed to provide 

further information for a comparison with FasL gene-deficient mice.  

Another member of the TNF family, a tumor necrosis factor related to apoptosis-

inducing ligand (TRAIL/Apo2L/TNFSF10) [34], is expressed in human and rodent testis 

[35,36,37]. TRAIL is a Type II transmembrane protein that binds to two receptors in 

humans, DR4 (TRAIL-R1/TNFRSF10A) and DR5 (TRAIL-R2/ TNFRSF10B), whereas 

there is only one TRAIL death receptor in mice, called TRAIL-R (MK/mDR5), and it is 

equally homologous to both human death receptors. [38,39]. The interaction between 

TRAIL and DR5 triggers a signaling pathway similar to the Fas-FasL system by 

transmitting signals through DISC. [40]. In our lab, a previous study showed that the 

combined addition of recombinant TRAIL and anti-DR5 antibody (MD5) together caused 

significant increases in germ cell apoptosis in vitro, thereby implicating a role for TRAIL 

in testes [137]. Although recent studies have focused on the application of TRAIL in 

autoimmune diseases [138], anti-cancer therapy [139,140,141], and Type I diabetes  
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[142], the role of TRAIL in the immune system and its functional mechanisms are 

controversial [99]. TRAIL gene-deficient mice contain a partial deletion of exon 2 and a 

complete deletion in exon 3 in the TRAIL gene, resulting in spontaneous tumor formation 

[99,142,143,144]. 

In order to more rigorously define the role of the DR5/TRAIL signaling system in 

the physiological regulation of germ cells in the testis, we describe here the testicular 

phenotype of TRAIL gene-deficient mice. Since the highest level of “physiological” 

germ cell apoptosis in mice occurs during the peri-pubertal period, we include here a 

detailed evaluation of the testis of these gene-deficient mice both during the peri-pubertal 

period (28 days of age) as well as in adult mice (44 days of age). We also show in this 

chapter for the first time, evidence for the requirement of TRAIL for functional 

spermatogenesis. 
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4.2. Results 

 

4.2.1 Physiological characterization of the testis of  TRAIL-/- mice 

 

In order to understand the physiological differences between the wild type C57Bl/6J and 

TRAIL gene-deficient mice, the testis weight and body weight were recorded. At 28 days 

of age, C57BL/6J mice had a statistically higher testis/body weight ratio (g/kg) as 

compared with the TRAIL-/- mice (3.60.4, 3.30.2, and 3.50.1; respectively) (Figure 

4.1A, left group), while there were no differences in the body weight of the mice 

examined (Figure 4.1B, left group). In adults (44 days of age), no differences, however, 

were observed in the testis/body weight ratio in any of the mice examined (Figure 4.1A, 

right group). 

 

4.2.2 TRAIL-/- mice showed an increase in germ cell apoptosis 

 

Contrary to our expectations, TRAIL-/- mice were found to have a drastically greater 

increase in basal incidence in TUNEL-positive germ cells compared to wild-type 

C57BL/6J mice at both 28 days and 44 days of age (Figure 4.2). TRAIL-/- mice had a 

high germ cell apoptotic index at 28 days (21.54%) and continued to maintain a high 

incidence of germ cell apoptosis at 44 days of age (20.2%).  
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Figure 4.1 Physiological parameters of the testis in wild-type C57BL/6J mice and 

TRAIL gene-deficient mice. The testis weight and body weight of various strains of 

mice at 28 and 44 days were measured. A: The testis/body weight ratio. B: The body 

weight. Left group represents 28-day-old mice and the right group represents 44-day-old 

mice.  
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Figure 4.2 Apoptotic rate in germ cells of 28- and 44-day-old gene-deficient mice. 

The apoptotic rate in cross-sections from paraffin-embedded mouse testes was 

determined by TUNEL assay. At least two testicular cross-sections per mouse were 

analyzed. Left group represents 28-day-old mice and right group represents 44-day-old 

mice. 
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4.2.3 Differences in FasL protein expression in wild-type and gene deficient mice  

 

A comparison between C57BL/6J and TRAIL gene-deficient mice revealed differences in 

the expression pattern of TRAIL mice at 28 days and 44 days of age. In 28-day-old mice, 

FasL expression was significantly increased in TRAIL-/- mice (1.56-fold) (Figure 4.3, left 

group). At 44 days of age, no significant differences in FasL expression were observed 

(Figure 4.3, right group).  

 

4.2.4 Testicular histology revealed a spermatogenic delay, cell cycle arrest, and high 

germ cell apoptotic index in the testis of TRAIL-/- mice 

 

Evaluation of the testicular histology in peri-pubertal mice with an increased incidence of 

spermatocytes showed an arrest during the meiotic phase and spermatogenic 

disorganization was observed in 28-day-old TRAIL-/- mice (Figure 4.4C and 4.4D) as 

compared with the wild-type C57BL/6J mice (Figure 4.4A and 4.4B). The testis of adult 

44 day-old TRAIL-/- mice showed cell cycle arrests and disorganization of germ cells was 

observed (Figure 4.4G and 4.4H).  

 

4.2.5 Decreased spermatid head formation in gene deficient mice 

 

Measurements of spermatid head counts revealed that adult (44 day-old) FasL- and 

TRAIL-gene deficient mice had a dramatic decrease in the production of mature 
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spermatids compared with C57BL/6J mice (reduced to 51% and 39% of production in 

FasL-/- and TRAIL-/- mice, respectively) (Figure 4.5). 

 

4.2.6 TRAIL-/- mice had a prolonged pregnancy interval between litters 

 

In order to examine breeding success, the period of time between the day the mating cage 

was set up to the day of confirmed birth was recorded. The box-plot shows different 

pregnancy intervals among the gene-deficient mice. Wild-type C57BL/6J and FasL-/- 

mice showed similar pregnancy intervals (23 days and 21 days, respectively), while 

TRAIL-/- mice displayed the longest pregnancy interval (~29 days) (Figure 4.6). 
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Figure 4.3 Differences in FasL expression in TRAIL-/- mice at PND28. FasL 

expression in total cellular proteins from whole testis homogenates at 28 and 44 days 

were detected using primary antibodies against FasL (1:500). -actin was the loading 

control.  

C: C57BL/6J mice; T-/-: TRAIL-/- mice. 
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Figure 4.4 Testicular histopathology. Cross-sections (5 µm) of paraffin-embedded 

testis tissues were evaluated for morphological changes by using periodic acid-Schiffs-

Hematoxylin (PAS-H) staining. A, B, E, F: wild-type C57BL/6J mice; C D, G, H: 

TRAIL-/- mice. A-D: 28-day-old mice; and E-H: 44-day-old mice. Arrows indicate cell 

cycle arrest in spermatocytes in TRAIL-/- mice. The bar represents 100 µm.  
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Figure 4.5 The number of mature spermatid heads at 44 days. Testes from 44-day-

old mice were homogenized in DMSO/saline solution, and spermatid heads were counted 

using a hemocytometer. Each testis sample was counted three times.  
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Figure 4.6 The pregnancy interval of gene deficient mice. The interval between two 

litters was evaluated by maintaining the breeding pairs of various gene deficient mice 

strains. Each breeding pair was established as mating 6-week-old mice, and continued 

breeding for at least 4 litters. The hollow circle spot indicates the out-of-range results that 

were excluded from calculation in FasL-/- and TRAIL-/- mice. 
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4.3 Discussion 

 

 In Chapter 3, we discussed how the extrinsic pathway plays an important role during 

normal testis development and requires FasL-Fas stimulated signaling to initiate germ 

cell apoptosis [50,144,145]. In Chapter 4, in order to define the functional contribution of 

TRAIL/DR5 on normal testis development, as well as in controlling apoptosis of germ 

cells in the testis during spermatogenesis, we evaluated the testis of TRAIL-gene 

deficient mice during the peri-pubertal period (28 days of age) and during adulthood (44 

days of age).  

The testes and body weights of wild-type C57BL/6J and TRAIL-/- mice were 

examined (Figure 4.1). C57BL/6J mice had a higher testis/body weight ratio at 28 days. 

No significant differences were observed in the body weight of the various 28-day-old 

mice, but FasL-/- mice showed a slight increase in body weight at 44 days (Table 3.1). 

Similarly, it was shown that the loss of Bax, another proapoptotic protein, caused no 

significant changes in the testis weight of young mice [146]. However, the loss of Bcl-2 

resulted in a dramatic decrease in testis weight [147]. These findings suggest that the loss 

of anti-apoptotic proteins may be more detrimental than the loss of pro-apoptotic proteins 

for developmental functions in the testis.  

TRAIL-/- mice carry a partial deletion of exon 2 and a complete deletion of exon 3 in 

the TRAIL gene [142]. Interestingly, others have reported that HeLa cell line transfected 

with two alternative splicing transcripts of TRAIL (TRAIL- and TRAIL-) that revealed 

a decrease in DNA fragmentation and cell death due to the loss of exon 3, thereby 
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resulting in a truncated TRAIL protein lacking the extracellular domain in both splicing 

variants [148]. Our results show a different observation in that the mutation in the TRAIL 

gene was caused by an increase in germ cell apoptosis. It is possible that this increase in 

germ cell apoptosis may result from another death receptor signaling family member or 

may point to the participation of the intrinsic apoptotic signaling pathway in order to 

compensate for the loss of TRAIL and to maintain homeostasis during testis development. 

On the other hand, there are differences in the basal apoptotic rates between the young 

and adult mice. The 44-day-old TRAIL-/- mice continued to maintain a high apoptotic 

index, while the adult FasL-/- mice showed a significant decrease in germ cell apoptosis 

compared with levels observed at 28 days. These observations suggest that TRAIL may 

play a more dominant role than FasL in controlling the population of germ cells after the 

first wave of spermatogenesis, while FasL may be more critical during the peri-pubertal 

period than during adulthood.  

Recent studies have indicated that Fas is an important regulator of spermatocyte 

apoptosis in rats during the first wave of spermatogenesis as a mechanism to maintain 

appropriate populations of spermatocytes [50]. Interestingly, FasL-deficient mice (gld 

mice), carrying a single mutation in the c-terminus of the FasL protein, show an increase 

in germ cell apoptosis in 8 weeks old adult mice [51], suggesting that Fas system is not 

required for spermatogenesis in adult mice.  

Our results here indicate that those gene-deficient mice that lack one death ligand 

display no obvious morphological changes and no protection from apoptosis of testicular 

germ cells. In order to explain this, the protein levels of FasL and TRAIL were 
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determined by western blot analysis in the various deficient mice. Interestingly, at 28 

days, FasL-/- mice showed a higher level of TRAIL protein (Figure 3.5), while TRAIL-/- 

mice showed only a small increase in the FasL protein, a finding that is in agreement with 

the hypothesis that FasL and TRAIL can functionally compensate for the loss of the other 

in the testis during peri-pubertal age in vivo (Figure 4.3). Although these two death 

ligands appear to compensate for each other, we predicted that complete compensation 

would result in a wild type phenotype. However, the sperm counts were still lower 

compared to C57 (Figure 4.5). 

The histological analysis of testicular cross sections suggested that FasL and TRAIL 

expression may be critical for the development of germ cells during the peri-pubertal age. 

In 28-day-old FasL-/- mice, some seminiferous tubules showed a dramatic loss of germ 

cells (Figure 3.1, 4.4) that may have led to a delay in germ cell development. The 

abnormal spermatogenesis was caused by an absence of differential spermatocytes and 

only with Sertoli cells and spermatogonia in the seminiferous epithelium. However, at 44 

days old, after the first wave spermatogenesis, those immature tubules may have 

automatically repopulated in FasL-/- mice (Figure 3.2 and 4.4). An increase in cell cycle 

arrest was detected in spermatocytes in 28-day-old TRAIL-/- mice (Figure 4.4), but not in 

FasL-/- and wild-type mice (Figure 3.1 and 3.2). At 44 days, TRAIL-/- mice still showed 

cell cycle arrest and apoptosis (Figure 4.2 and 4.4) that were higher than C57BL/6J wild-

type or FasL-/- mice. These observations further suggest that TRAIL may be more 

important than FasL for long term maintenance of spermatogenesis by controlling germ 

cell apoptosis, as mentioned above.  
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Finally, in order to determine whether the loss of either FasL or TRAIL can alter the 

ability of reproduction, the numbers of mature spermatid heads were counted in the 

different gene-deficient mice. Adult (44-day-old) FasL-/- mice displayed a decrease in 

mature spermatid formation (Figure 4.5), which could be due to the increase in apoptosis 

seen at 28 days (Figure 4.2). Adult TRAIL-/- mice produced the lowest number of mature 

spermatid heads, possibly due to the continued high germ cell apoptotic rate as well as 

cell cycle arrest. The decreased number of spermatid heads did not dramatically influence 

the productivity of these death-ligands deficient mice. However, recent reports suggest a 

lower reproductive efficiency in humans with decreased sperm counts because humans 

require a minimum number of sperm in order to maintain a normal reproductive function 

[149,150]. Even though all of the gene-deficient mice were fertile, the female mice 

showed different intervals between pregnancies. TRAIL-/- female mice had the longest 

delay between pregnancies (~29 days) compared to C57BL/6J wild-type mice (~23 days) 

(Figure 4.6). These observations suggest that the loss of TRAIL causes difficulty in 

reproduction, possibly resulting from lower levels of mature spermatids, but how this 

processes influences of intervals between pregnancies in the female remains unknown.  

Taken together, the findings presented in this study provide evidence for the first time 

that FasL and TRAIL may partly compensate for each other to regulate germ cell 

apoptosis during the first wave of spermatogenesis. These findings also point to a more 

predominant role of FasL than TRAIL in controlling the proper number of germ cells 

during the first wave of spermatogenesis that occurs in peri-pubertal mice. TRAIL is 
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more critical for maintaining long-term homeostasis of the germ cell population in the 

adult testis as well as in the reproductive function. 
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Chapter 5: A comparison of FasL and TRAIL gene deficient mice during 

development and following MEHP treatment 

 

5.1 Introduction and Rationale 

 

 In Chapter 3, we identified c-FLIP as a potential mechanism responsible for the 

decrease in apoptosis in FasL gene deficient mice after MEHP exposure.  We continued 

to examine the normal physiological function of another death ligand, TRAIL, using 

TRAIL gene deficient mice. To test whether TRAIL is also involved the regulation of c-

FLIP after MEHP exposure, the germ cell apoptosis were measured in TRAIL-/- mice 

with/without MEHP exposure.  

From previous results, both FasL and TRAIL gene deficient mice had decreased 

testis/body weight ratios and spermatid head counts, but showed an increase in germ cell 

apoptosis during the first wave of spermatogenesis. To further understand the delay in 

spermatogenesis in both FasL and TRAIL gene deficient mice, we performed a 

microarray analysis to compare the gene profiles of death ligand gene deficient and wild-

type mice. 
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5.2. Results 

 

5.2.1 Germ cell apoptosis not significnat increased in TRAIL-/- mice after MEHP 

exposure  

 

To evaluate the effect of MEHP on germ cell apoptosis, PND 28 TRAIL-/-, FasL-/-, 

and C57BL/6J mice were treated with 1 g/kg of MEHP for various time periods. In 

TRAIL-/- mice, increases in the number of apoptotic germ cells were apparent in a time-

dependent manner starting from the high basal apoptotic index (AI) after MEHP exposure 

(Fig 5.1). Findings consistent with the previous study, an increased expression of FasL 

can increase germ cell apoptosis after MEHP exposure. [51,122].  As described in 

previous chapters (Chapters 3 and 4), the basal AI in the testis of FasL-/- and TRAIL-/- 

mice were significantly higher compared with C57BL/6J mice (20.58%, 21.54%, and 

5.16%, respectively). In response to MEHP exposure, the high basal AI in TRAIL-/- mice 

was found to increase significantly at 6 hours after exposure and remained at that high 

level at both the 12 and 24-hour time points (Fig 5.1). The maximal difference in the AI 

between the two types of gene deficient mice was observed at 12-hour time points with 

+/- ~50% difference (FasL-/- mice decreased from 20.58% to 10.09%; TRAIL-/- mice 

increased from 21.54% to 31.96%). The maximal difference in the AI between the FasL-/- 

and C57BL/6J mice was observed at the 12-hour time point with ~50% difference (10.09 

and 23.86, respectively). 



	

84	
	

5.2.2 No obvious increase in c-FLIP expression in TRAIL-/- mice compared to FasL-/- 

mice following MEHP exposure 

 

Western blot analysis of testis samples from 28-day-old C57BL/6J, TRAIL-/- and 

FasL-/- mice indicated that the basal levels of c-FLIP were very low (Fig 5.2). As 

discussed in Chapter 3, FasL-/- mice responded to MEHP exposure with increased the 

levels of c-FLIP, while TRAIL-/- mice were found to have only slightly increased levels 

at each of the measured time points.  
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Figure 5.1 Germ cell apoptotic index (AI) in peri-pubertal TRAIL and FasL gene-

deficient mice after MEHP exposure. The AI in mouse paraffin-embedded testis cross 

sections were determined by TUNEL assay. PND 28 mice were treated with MEHP for 

various periods of time. C57BL/6J wild-type mice and TRAIL-/- mice displayed an 

increase in germ cell apoptosis at 12 hours of MEHP exposure. The apoptotic rate of 

germ cell in FasL-/- mice was significantly lower after MEHP exposure compared with 

C57BL/6J mice (* and # <0.05, Student t-test; * indicate FasL-/- vs C57; # indicate 

TRAIL-/- vs C57). 
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Figure 5.2 Western blot analyses of c-FLIP protein expression in PND 28 C57BL/6J, 

FasL gene-deficient, and TRAIL gene-deficient mice. Total cellular proteins from 

whole testis tissues were detected using primary antibodies against c-FLIP (1:1000). 

C57BL/6J mice had a very low expression level of c-FLIP. FasL-/- mice showed a higher 

level of c-FLIP protein after MEHP treatment, which   TRAIL-/- mice demonstrated only 

a gradual increase following MEHP treatment.  



	

87	
	

5.2.3 Microarray analysis of FasL and TRAIL gene deficient mice 

 

 Out of nearly 28,000 putative probes, there were 281 genes, with 99 genes 

unknown, in the FasL-/- mice that had a 4-fold difference as compared to C57BL/6J mice 

(Table 5.1). There were 200 genes, with 70 unknown, in TRAIL-/- mice that showed 4-

fold changes as compared with C57BL/6J mice (Table 5.2). FasL-/- and TRAIL-/- mice 

shared in common 169 genes with 4-fold changes, including 65 unknown genes, 

compared with C57BL/6J mice (Table 5.3). There were 104 genes grouped in 7 

categories by their functions in the testis, including biosynthesis, cytoskeletal, immune, 

metabolism, signal transduction, spermatogenesis/development, and unknown (Table 5.4 

and Fig 5.3). The delayed of spermatogenesis was observed in FasL and TRAIL gene 

deficient mice, as described in previous chapters. These results led us to check those 

genes that showed a difference with C57BL/6J and that may be involved in the 

spermatogenesis/development categories (Fig 5.4). 

 Among the 7 categories, spermatogenesis/development appears to be the major 

group to show strongly altered gene expression in death ligand gene deficient mice (Fig 

5.3). The genes include a disintergrin and metallopeptidase domain 7 (Adam7), arginine 

decarboxylase (Adc), complement component 4 binding protein (C4bp), CUB and zona 

pellucida-like domain 1 (Cuzd1), cyclin-dependent kinase 5, regulatory subunit 1 (p35) 

(cdk5r1), cyclin, basic protein of sperm head cytoskeleton 2 (cylc2), cysteine-rich 

secretory protein 1 (Crisp1), fascin homolog 3, actin-bundling protein, testicular  (Fscn3), 

germ cell-specific gene 1 (Gsg1), neuropeptide Y (Npy) outer dense fiber of sperm tails 
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3B (Odf3b), REX1, RNA exonulcease 1 homolog (Rexo1), serine peptidase inhibitor, 

Kazal type 8 (Spink8), serine peptidase inhibitor, Kunitz type 3(Spint3), sperm 

maturation 1 (Spem1), spermatogenesis and centriole associated 1 (Spatc1), 

spermatogenesis associated 18 (Spata 18), spermatogenesis associated 3 (Spata3), tctex1 

domain containing 1 (Tcte1d1), testicular haploid expressed gene (Theg), testis-specific 

serine kinase 3 (Tssk3), testis-specific serine kinase 6 (Tssk6), ubiquitin-like (Ubqlnl), 

ubiquitin-like 4B (Ubl4b). 
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Table 5.1 

Genes significantly different between C57BL/6J and FasL gene deficient mice 

Fold change 

Array ID Gene Entrez_gene (Log2 scale)
P-

value 
RefSeq 

PH_mM_0008100 Agpat2 67512 -3.11 0.00 NM_026212.1 
PH_mM_0013901 Oxct2a 64059 -3.35 0.00 NM_022033.3 
PH_mM_0014490 Adam4 11498 -2.00 0.00 NM_009620.1 
mMC019261 Adam7 11500 5.23 0.00 NM_007402.2 
PH_mM_0007832 Abhd16b 241850 -2.61 0.00 NM_183181.2 
mMC018239 Acta1 11459 2.39 0.00 NM_009606.2 
PH_mM_0007685 Acbd7 78245 3.31 0.00 NM_030063.2 
PH_mM_0012448 Arl2bp 107566 -2.24 0.00 NM_024269.3 
mMR026559 Arl9 384185 -2.85 0.00 NM_206935.1 
mMC010060 Akr1b7 11997 2.70 0.00 NM_009731.2 
PH_mM_0004216 Ahsg 11625 2.36 0.00 NM_013465.1 
PH_mM_0001251 Agt 11606 -2.33 0.00 NM_007428.3 
mMC005531 Adc 242669 -3.40 0.00 NM_172875.2 
mMR026859 Atg4a 666468 2.11 0.00 NM_174875.3 
PH_mM_0014216 Bcmo1 63857 -2.66 0.00 NM_001163028.1 
mMC013786 Calml4 75600 -2.54 0.00 NM_138304.2 
mMC010796 Cad 69719 2.11 0.00 NM_023525.1 
PH_mM_0014563 Ces5a 67935 6.64 0.00 NM_001003951.1 
mMC013527 Ceacam10 26366 3.80 0.00 NM_007675.4 
mMC003243 Casp7 12369 -3.39 0.00 NM_007611.2 
mMC024713 Ctnna3 216033 -2.14 0.00 NM_001164376.1 
PH_mM_0003640 Cd164l2 69655 -2.02 0.00 NM_027152.1 
mMC026451 Cd52 23833 6.64 0.00 NM_013706.2 
mMC000821 Cd96 84544 -2.09 0.00 NM_032465.2 
PH_mM_0004772 Cwh43 231293 3.60 0.00 NM_181323.2 
PH_mM_0011226 Cby3 76653 -3.97 0.00 XM_484016.4 
PH_mM_0009165 Ch25h 12642 3.38 0.00 NM_009890.1 
PH_mM_0012528 Cpsf4l 52670 -2.38 0.00 NM_029794.2 
PH_mM_0009005 Cdrt4 66338 -2.61 0.00 NM_025496.1 
PH_mM_0003221 Ccdc159 67119 -2.14 0.00 NM_025977.3 
PH_mM_0008848 Ccdc57 71276 -2.59 0.00 NM_027745.1 
PH_mM_0009593 Col1a2 12843 3.10 0.00 NM_007743.2 
PH_mM_0004326 C4bp 12269 3.43 0.00 NM_007576.3 
mMC009101 Cuzd1 16433 4.96 0.00 NM_008411.3 
mMR031232 Cux2 13048 -2.28 0.00 NM_007804.2 
PH_mM_0001409 Cdk5r1 12569 3.25 0.00 NM_009871.2 
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Table 5.1-continued 
Fold change 

Array ID Gene Entrez_gene (Log2 scale)
P-

value
RefSeq 

PH_mM_0000031 Cylc2 74914 -2.03 0.00 NM_001162865.1
mMC018400 Cstl1 228756 -3.19 0.00 NM_177655.3 
PH_mM_0003392 Crisp1 11571 6.64 0.00 NM_009638.3 
PH_mM_0013099 Cyp2a12 13085 -3.06 0.00 NM_133657.1 
PH_mM_0005867 Defb2 13215 5.38 0.00 NM_010030.1 
PH_mM_0008623 Defb21 403172 -2.86 0.00 NM_207276.2 
mMC007896 Defb37 353320 5.64 0.00 NM_181683.2 
PH_mM_0009190 Defb38 360212 5.51 0.00 NM_183036.1 
mMC002785 Defb40 360217 6.56 0.00 NM_183039.3 
PH_mM_0005654 Defb42 619548 4.20 0.00 NM_001034910.3
PH_mM_0008476 Dnajb8 56691 -2.52 0.00 NM_019964.1 
PH_mM_0009718 Dnajc5b 66326 -2.28 0.00 NM_001163537.1
PH_mM_0007033 Dydc2 71200 -3.38 0.00 NM_027717.1 
mMC023498 Elf3 13710 2.01 0.00 NM_001163131.1
PH_mM_0005876 Efcab1 66793 -2.28 0.00 NM_025769.3 
PH_mM_0009631 Eddm3b 219026 2.07 0.00 NM_203508.1 
mMC006344 Esrp1 207920 2.00 0.00 NM_194055.2 
mMC013655 Fasl 14103 -2.34 0.00 NM_010177.3 
PH_mM_0003129 Fez1 235180 -2.24 0.00 NM_183171.4 
PH_mM_0007905 Fscn3 56223 -3.33 0.00 NM_019569.2 
PH_mM_0016216 Fbxo39 628100 -2.41 0.00 NM_001099688.2
PH_mM_0008011 Fcrla 98752 2.10 0.00 NM_145141.2 
PH_mM_0008087 Fxyd3 17178 2.24 0.00 NM_008557.2 
PH_mM_0017479 Gprc5c 70355 2.47 0.00 NM_001110337.1
PH_mM_0006150 Gsdmd 69146 -2.47 0.00 NM_026960.4 
PH_mM_0016293 Gsg1 14840 -2.76 0.00 NM_010352.2 
PH_mM_0001002 Gpx3 14778 4.32 0.00 NM_001083929.1
PH_mM_0016195 Gpx4 625249 -2.23 0.00 NM_001037741.2
PH_mM_0006314 Gstcd 67553 -2.40 0.00 NM_026231.2 
PH_mM_0006326 Gapdhs 14447 -2.07 0.00 NM_008085.1 
mMC017921 1700022A21Rik 72252 -2.02 0.00 NR_003953.1 
PH_mM_0003574 Gp1bb 14724 -2.12 0.00 NM_010327.2 
PH_mM_0006445 Glt6d1 71103 -2.86 0.00 NM_001039095.1
PH_mM_0005506 Gramd2 546134 -2.58 0.00 NM_001033498.1
PH_mM_0001530 Gmps 229363 3.91 0.00 NM_001033300.2
PH_mM_0000197 Gucy2d 14918 -2.13 0.00 NM_001130693.1
mMC001823 Hspa1l 15482 -2.20 0.00 NM_013558.2 
PH_mM_0014524 Hbb-b1 15129 2.48 0.00 NM_008220.4 
mMR001167 Hk1 15275 -2.10 0.00 NM_010438.3 
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Table 5.1-continued 

Fold change 

Array ID Gene Entrez_gene (Log2 scale)
P-

value
RefSeq 

PH_mM_0015866 LOC100047146 100047146 -2.90 0.00 XM_001473694.2
PH_mM_0003363 Irgc1 210145 -2.00 0.00 NM_199013.2 
mMC025253 Ido1 15930 2.62 0.00 NM_008324.1 
PH_mM_0006924 Iqcf6 100041096 -2.10 0.00 NM_001101628.1
PH_mM_0003498 Ica1 15893 -2.13 0.00 NM_010492.3 
PH_mM_0008043 Klhl24 75785 -2.06 0.00 NM_029436.3 
mMC020164 Krt15 16665 2.45 0.00 NM_008469.2 
PH_mM_0000659 Klc3 232943 -2.22 0.00 NM_146182.3 
PH_mM_0006784 Kcnip2 80906 -3.12 0.00 NM_030716.2 
PH_mM_0007225 Lelp1 69332 -3.08 0.00 NM_027042.1 
mMC021607 Lemd1 213409 -2.05 0.00 NM_001033250.4
PH_mM_0009010 Lrrc69 73314 -2.28 0.00 NM_028499.2 
PH_mM_0005345 Lrrc8b 433926 -2.92 0.00 NM_001033550.2
mMR026555 Lhx1 16869 -2.23 0.00 NM_008498.2 
mMC014819 Lcn2 16819 -2.34 0.00 NM_008491.1 
PH_mM_0003059 Lum 17022 2.16 0.00 NM_008524.2 
mMC011770 Ly6g6c 68468 -2.27 0.00 NM_023463.3 
mMC022185 Mboat1 218121 2.54 0.00 NM_153546.4 
mMC006485 Mgst2 211666 -2.04 0.00 NM_174995.2 
mMC011249 Mical3 194401 -2.64 0.00 NM_153396.2 
PH_mM_0016111 Map2k7 26400 -2.26 0.00 NM_001042557.2
PH_mM_0010566 LOC100047953 100047953 -2.27 0.00 XM_001479514.2
PH_mM_0012595 Mlf1 17349 -3.28 0.00 NM_001039543.2
PH_mM_0015068 Nqo2 18105 -3.09 0.00 NM_001163241.1
PH_mM_0016090 Naca 17938 -2.21 0.00 NM_013608.3 
PH_mM_0015482 Neurl1b 240055 2.08 0.06 NM_001081656.2
mMC013235 Npy 109648 6.12 0.00 NM_023456.2 
PH_mM_0009408 Nos2 18126 -2.40 0.00 NM_010927.3 
mMC025836 Nfe2 18022 -2.45 0.00 NM_008685.2 
PH_mM_0007159 Odam 69592 3.79 0.00 NM_027128.2 
mMC005441 Odf3b 70113 -3.14 0.00 NM_001013022.1
mMR026715 Osgin1 71839 -2.70 0.00 NM_027950.1 
PH_mM_0001494 Ptx4 68509 -2.67 0.00 NM_026747.1 
mMC007063 Padi6 242726 -2.29 0.00 NM_153106.2 
mMC008262 Ptrh1 329384 -2.13 0.00 NM_178595.3 
PH_mM_0008786 Perp 64058 2.56 0.00 NM_022032.4 
PH_mM_0004075 Phospho1 237928 -2.59 0.00 NM_153104.3 
PH_mM_0014989 Pldi 73616 -2.04 0.00 NR_033616.1 
mMC020960 Kctd16 383348 -2.07 0.00 NM_026135.1 
PH_mM_0005312 Kcnk7 16530 -2.50 0.00 NM_010609.2 
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Table 5.1-continued 
Fold change 

Array ID Gene Entrez_gene (Log2 scale)
P-

value
RefSeq 

PH_mM_0015888 Paqr9 75552 -2.14 0.00 NM_198414.2 
PH_mM_0009053 Ptgs1 19224 2.80 0.00 NM_008969.3 
PH_mM_0003579 Pate2 330921 2.04 0.00 NM_001033421.3
mMC015224 Prss37 67690 -2.11 0.00 NM_026317.2 
PH_mM_0009328 Prss52 73382 -2.27 0.00 NM_028525.2 
mMC022760 Prss55 71037 -2.11 0.00 NM_001081063.1
mMC016079 Proc 19123 -2.40 0.00 NM_008934.2 
PH_mM_0016190 Pwwp2b 101631 -2.16 0.00 NM_001033206.2
mMR029146 Pdpr 319518 -2.04 0.00 NM_198308.1 
mMC011943 Rabgef1 56715 -2.96 0.00 NM_019983.2 
mMC008409 Reep6 70335 -2.45 0.00 NM_139292.1 
PH_mM_0010144 Rgsl1 240816 -2.19 0.00 XM_994482.3 
PH_mM_0012710 Rexo1 66932 -2.68 0.00 NM_025852.3 
PH_mM_0002842 Rnase12 497106 5.97 0.00 NM_001011875.1
PH_mM_0008304 Rnase9 328401 2.64 0.00 NM_183032.2 
PH_mM_0007365 Rnf148 71300 -2.02 0.00 NM_027754.1 
PH_mM_0006463 Rundc3a 51799 -3.06 0.00 NM_016759.3 
mMC006813 S100a14 66166 2.39 0.00 NM_001163525.2
mMC016579 Slfnl1 194219 -2.45 0.00 NM_177570.3 
PH_mM_0006920 Scpppq1 100271704 -2.84 0.00 NM_001163772.1
PH_mM_0004314 Serpina3a 74069 -2.12 0.00 NM_001167705.1
PH_mM_0001660 Spink13 100038417 2.36 0.00 NM_001168423.2
PH_mM_0007762 Spink8 78709 6.49 0.00 NM_183136.2 
PH_mM_0005443 Spint3 629747 4.11 0.00 NM_001177401.1
mMC021428 LOC100504162 100504162 -3.04 0.00 XM_003085010.1
mMR031068 Sh3d20 70559 -2.06 0.00 NM_183288.2 
PH_mM_0007777 Slamf9 98365 -2.00 0.00 NM_029612.4 
PH_mM_0005970 Srgap1 117600 -2.59 0.00 NM_001081037.1
mMC002188 Spem1 74288 -3.28 0.00 NM_028855.1 
PH_mM_0003210 Spert 67926 -2.09 0.00 NM_001164140.1
PH_mM_0004196 Spatc1 74281 -3.22 0.00 NM_028852.1 
mMC004094 Spata18 73472 -2.53 0.00 NM_178387.3 
PH_mM_0012342 Spata3 70060 -3.00 0.00 NM_027029.2 
PH_mM_0014840 Sat1 20229 2.06 0.00 NM_009121.3 
PH_mM_0004702 St6galnac2 20446 -2.14 0.00 NM_009180.3 
mMC012015 St8sia5 225742 -2.34 0.00 NM_013666.2 
mMC018552 Soat1 20652 3.13 0.00 NM_009230.3 
PH_mM_0016223 Synj2 20975 -2.08 0.00 NM_001113351.1
PH_mM_0014001 Tctex1d1 67344 -2.85 0.00 NM_001163767.1
PH_mM_0012549 Theg 21830 -2.46 0.00 NM_011583.3 
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Table 5.1-continued 
Fold change 

Array ID Gene Entrez_gene (Log2 scale)
P-

value
RefSeq 

mMC023686 Tspy-ps 22109 -2.01 0.00 NR_027507.1 
mMR027860 Tssk3 58864 -2.20 0.00 NM_080442.2 
mMC014962 Tssk6 83984 -3.00 0.00 NM_032004.1 
PH_mM_0013088 Gm5334 384639 -2.79 0.00 NR_003648.2 
mMC015309 Ttc24 214191 -3.43 0.00 NM_172526.3 
PH_mM_0007513 Tmsb15a 78478 -2.29 0.00 NM_030106.2 
mMC015474 Trp53tg5 73603 -2.18 0.00 XR_035042.2 
mMC020942 Trpm5 56843 -2.03 0.00 NM_020277.2 
mMC006780 Tm4sf4 229302 -2.17 0.00 NM_145539.2 
PH_mM_0015434 Tmem156 243025 -2.08 0.00 XM_144292.8 
mMC003564 Trim42 78911 -2.39 0.00 NM_030219.2 
mMC016927 Tmod4 50874 -3.17 0.00 NM_016712.3 
PH_mM_0002232 Tppp2 219038 -3.17 0.00 NM_001128634.1
PH_mM_0013731 Tuba4a 22145 -2.70 0.00 NM_009447.3 
PH_mM_0000965 Tuba8 53857 -2.18 0.00 NM_017379.1 
mMC024820 Ubqlnl 244179 -3.11 0.00 NM_198624.3 
PH_mM_0013440 Ubl4b 67591 -3.20 0.00 NM_026261.2 
PH_mM_0008023 B3gnt3 72297 -2.36 0.00 NM_028189.3 
PH_mM_0010872 LOC100503879 100503879 -2.22 0.00 XM_003084721.1
mMC011659 Vasp 22323 -2.49 0.00 NM_009499.2 
PH_mM_0000489 Wfdc13 408190 3.92 0.00 NM_001012704.1
PH_mM_0008282 Wfdc15b 192201 5.81 0.00 NM_001045554.1
PH_mM_0006159 Wbp2nl 74716 -2.19 0.00 NM_029066.1 
mMC005905 Wdr64 75820 -2.26 0.00 NM_029453.2 
PH_mM_0007047 Wbscr28 76629 -2.24 0.00 NM_194065.2 
PH_mM_0013579 Wwp2 66894 -2.50 0.00 NM_025830.3 
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Table 5.2 

Genes significantly different between C57BL/6J and TRAIL gene deficient mice 

 
Fold 

change 

Array ID Gene Entrez_gene (Log2 
scale) 

P-
value 

RefSeq 

PH_mM_0008100	 Agpat2 67512 ‐2.55	 0.00	 NM_026212.1 

PH_mM_0013901	 Oxct2a	 64059	 ‐2.80	 0.00	 NM_022033.3 

PH_mM_0009512	 Adam21 56622 ‐2.18	 0.00	 NM_020330.4 

mMC019261	 Adam7 11500 3.12	 0.00	 NM_007402.2 

PH_mM_0012476	 Adamts20 223838 ‐2.08	 0.00	 NM_001164786.1 

PH_mM_0007832	 Abhd16b 241850 ‐2.17	 0.00	 NM_183181.2 

PH_mM_0006457	 Acsbg2 328845 ‐2.26	 0.00	 NM_001039114.1 

mMR026559	 Arl9 384185 ‐2.74	 0.00	 NM_206935.1 

PH_mM_0004216	 Ahsg 11625 2.80	 0.00	 NM_013465.1 

PH_mM_0013352	 Agt 11606 ‐2.29	 0.00	 NM_007428.3 

mMC017518	 Ankrd53 75305 ‐2.12	 0.00	 NM_029245.3 

mMC005531	 Adc 242669 ‐3.01	 0.00	 NM_172875.2 

mMC022312	 Bcl2l14 66813 ‐2.01	 0.00	 NM_025778.3 

PH_mM_0014216	 Bcmo1 63857 ‐2.44	 0.00	 NM_001163028.1,NM_021486
.3 

PH_mM_0004515	 Bhmt 12116 ‐2.14	 0.00	 NM_016668.3 

PH_mM_0014563	 Ces5a 67935 5.17	 0.00	 NM_001003951.1 

mMC013527	 Ceacam10 26366 2.03	 0.00	 NM_007675.4 

mMC023526	 Csnka2ip 224291 ‐2.16	 0.00	 NM_173861.2 

mMC003243	 Casp7 12369 ‐2.95	 0.00	 NM_007611.2 

mMC026451	 Cd52 23833 4.52	 0.00	 NM_013706.2 

PH_mM_0004772	 Cwh43 231293 2.35	 0.00	 NM_181323.2 

PH_mM_0011226	 Cby3 76653 ‐2.63	 0.00	 XM_484016.4 

PH_mM_0012528	 Cpsf4l 52670 ‐2.08	 0.00	 NM_029794.2 

PH_mM_0009005	 Cdrt4 66338 ‐2.18	 0.00	 NM_025496.1 

PH_mM_0008848	 Ccdc57 71276 ‐2.44	 0.00	 NM_027745.1 

PH_mM_0005353	 Ccdc70 67929 ‐2.17	 0.00	 NM_026459.3 

PH_mM_0009593	 Col1a2 12843 2.45	 0.00	 NM_007743.2 

PH_mM_0004326	 C4bp 12269 2.27	 0.00	 NM_007576.3 

mMC009101	 Cuzd1 16433 3.34	 0.00	 NM_008411.3 

mMR031232	 Cux2 13048 ‐2.06	 0.00	 NM_007804.2 
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Table 5.2-continued 

 Fold change 

Array ID Gene Entrez_gene (Log2 scale) P-value RefSeq 

PH_mM_0001409	 Cdk5r1 12569 2.01	 0.00	 NM_009871.2 

PH_mM_0000031	 Cylc2 74914 ‐2.82	 0.00	 NM_001162865.1 

mMC018400	 Cstl1 228756 ‐2.61	 0.00	 NM_177655.3 

PH_mM_0003392	 Crisp1 11571 6.64	 0.00	 NM_009638.3 

PH_mM_0013099	 Cyp2a12	 13085	 ‐2.42	 0.00	 NM_133657.1 

PH_mM_0005867	 Defb2 13215 2.89	 0.00	 NM_010030.1 

PH_mM_0008623	 Defb21 403172 ‐2.71	 0.00	 NM_207276.2 

mMC007896	 Defb37 353320 4.28	 0.00	 NM_181683.2 

PH_mM_0009190	 Defb38 360212 4.01	 0.00	 NM_183036.1 

mMC002785	 Defb40 360217 4.09	 0.00	 NM_183039.3 

PH_mM_0005654	 Defb42 619548 2.02	 0.00	 NM_001034910.3 

PH_mM_0008476	 Dnajb8 56691 ‐2.23	 0.00	 NM_019964.1 

PH_mM_0007033	 Dydc2 71200 ‐2.33	 0.00	 NM_027717.1 

PH_mM_0005876	 Efcab1 66793 ‐2.03	 0.00	 NM_025769.3 

PH_mM_0002521	 BB014433 434285 ‐2.08	 0.00	 NM_001007591.2 

PH_mM_0016323	 Fam71d 70897 ‐2.26	 0.00	 NM_027597.4 

PH_mM_0002154	 Fam71f2 245884 ‐2.89	 0.00	 NM_001101486.1 

PH_mM_0003129	 Fez1 235180 ‐2.08	 0.00	 NM_183171.4 

PH_mM_0007905	 Fscn3 56223 ‐2.95	 0.00	 NM_019569.2 

PH_mM_0016216	 Fbxo39 628100 ‐2.12	 0.00	 NM_001099688.2 

mMC007046	 Fxyd2 11936 ‐2.57	 0.00	 NM_007503.3 

PH_mM_0016293	 Gsg1 14840 ‐2.42	 0.00	 NM_010352.2 

PH_mM_0001002	 Gpx3 14778 2.65	 0.00	 NM_001083929.1 

PH_mM_0016195	 Gpx4 625249 ‐2.05	 0.00	 NM_001037741.2 

PH_mM_0006314	 Gstcd 67553 ‐2.27	 0.00	 NM_026231.2 

PH_mM_0006445	 Glt6d1 71103 ‐2.05	 0.00	 NM_001039095.1 

PH_mM_0001530	 Gmps 229363 2.50	 0.00	 NM_001033300.2 

PH_mM_0014524	 Hbb‐b1	 15129	 2.47	 0.00	 NM_008220.4 

mMR001167	 Hk1 15275 ‐2.32	 0.00	 NM_010438.3 

PH_mM_0003363	 Irgc1 210145 ‐2.06	 0.00	 NM_199013.2 

mMC023153	 Ifltd1 74071 ‐2.06	 0.00	 NM_028742.2 

mMC008241	 Iqcf4 67320 ‐2.04	 0.00	 NM_026090.2 

PH_mM_0003498	 Ica1 15893 ‐2.10	 0.00	 NM_010492.3 

PH_mM_0006784	 Kcnip2 80906 ‐2.79	 0.00	 NM_030716.2 
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Table 5.2-continued 

 Fold change 

Array ID Gene Entrez_gene (Log2 scale)
P-

value 
RefSeq 

PH_mM_0007225	 Lelp1 69332 ‐2.91	 0.00	 NM_027042.1 

PH_mM_0009010	 Lrrc69 73314 ‐2.12	 0.00	 NM_028499.2 

PH_mM_0005345	 Lrrc8b 433926 ‐2.84	 0.00	 NM_001033550.2 

mMC014819	 Lcn2 16819 ‐2.19	 0.00	 NM_008491.1 

mMC011770	 Ly6g6c 68468 ‐2.45	 0.00	 NM_023463.3 

PH_mM_0014286	 Ms4a14 383435 ‐2.02	 0.00	 XM_357051.5 

mMC011249	 Mical3 194401 ‐2.64	 0.00	 NM_153396.2 

PH_mM_0016111	 Map2k7 26400 ‐2.22	 0.00	 NM_001042557.2 

PH_mM_0010566	 LOC100047953 100047953 ‐2.20	 0.00	 XM_001479514.2 

mMC003608	 Mpzl2 14012 2.09	 0.00	 NM_007962.4 

PH_mM_0012595	 Mlf1 17349 ‐2.53	 0.00	 NM_001039543.2 

PH_mM_0015068	 Nqo2 18105 ‐2.32	 0.00	 NM_001163241.1 

PH_mM_0016090	 Naca 17938 ‐2.37	 0.00	 NM_013608.3 

mMC013235	 Npy 109648 4.11	 0.00	 NM_023456.2 

PH_mM_0001706	 Olfr59 18359 3.00	 0.01	 NM_011002.2 

mMC005441	 Odf3b 70113 ‐2.39	 0.00	 NM_001013022.1 

mMR026715	 Osgin1 71839 ‐2.42	 0.00	 NM_027950.1 

mMC017452	 Pdzk1 59020 ‐2.11	 0.00	 NM_001146001.1, 

PH_mM_0004075	 Phospho1 237928 ‐2.44	 0.00	 NM_153104.3 

mMC015166	 Plcz1 114875 ‐2.12	 0.00	 NM_054066.4 

PH_mM_0014989	 Pldi 73616 ‐2.44	 0.00	 NR_033616.1 

PH_mM_0009071	 Prnd 26434 ‐2.16	 0.00	 NM_023043.2 

PH_mM_0015888	 Paqr9 75552 ‐2.28	 0.00	 NM_198414.2 

mMC014816	 Ptgds 19215 ‐2.94	 0.00	 NM_008963.2 

mMC016079	 Proc 19123 ‐2.04	 0.00	 NM_008934.2 

mMC023111	 Ppp2r2b 72930 ‐2.39	 0.00	 NM_027531.1 

mMC011943	 Rabgef1 56715 ‐2.31	 0.00	 NM_019983.2 

mMC008409	 Reep6 70335 ‐2.20	 0.00	 NM_139292.1 

PH_mM_0010144	 Rgsl1 240816 ‐2.33	 0.00	 XM_994482.3 

PH_mM_0012710	 Rexo1	 66932	 ‐2.45	 0.00	 NM_025852.3 

PH_mM_0002842	 Rnase12 497106 4.21	 0.00	 NM_001011875.1 

PH_mM_0007365	 Rnf148 71300 ‐2.11	 0.00	 NM_027754.1 

PH_mM_0006463	 Rundc3a 51799 ‐2.98	 0.00	 NM_016759.3 

mMC016579	 Slfnl1 194219 ‐2.29	 0.00	 NM_177570.3 
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Table 5.2-continued 

 Fold change 

Array ID Gene Entrez_gene (Log2 scale)
P-

value 
RefSeq 

PH_mM_0006920	 Scpppq1 100271704 ‐2.13	 0.00	 NM_001163772.1 

PH_mM_0007762	 Spink8 78709 4.54	 0.00	 NM_183136.2 

PH_mM_0005443	 Spint3 629747 2.87	 0.00	 NM_001177401.1 

mMC021428	 LOC100504162 100504162 ‐2.26	 0.00	 XM_003085010.1 

PH_mM_0005970	 Srgap1 117600 ‐2.13	 0.00	 NM_001081037.1 

mMC002188	 Spem1 74288 ‐2.91	 0.00	 NM_028855.1 

PH_mM_0004196	 Spatc1 74281 ‐2.82	 0.00	 NM_028852.1 

mMC004094	 Spata18 73472 ‐2.49	 0.00	 NM_178387.3 

mMC009674	 Spata3 70060 ‐2.23	 0.00	 NM_001122732.1 

PH_mM_0012342	 Spata3 70060 ‐2.90	 0.00	 NM_027029.2 

PH_mM_0004702	 St6galnac2 20446 ‐2.36	 0.00	 NM_009180.3 

PH_mM_0005808	 Sult1e1 20860 ‐2.32	 0.00	 NM_023135.2 

PH_mM_0014001	 Tctex1d1 67344 ‐2.62	 0.00	 NM_001163767.1 

PH_mM_0012549	 Theg 21830 ‐2.42	 0.00	 NM_011583.3 

mMR027860	 Tssk3 58864 ‐2.06	 0.00	 NM_080442.2 

mMC014962	 Tssk6 83984 ‐2.49	 0.00	 NM_032004.1 

PH_mM_0013088	 Gm5334 384639 ‐2.46	 0.00	 NR_003648.2 

mMC015309	 Ttc24 214191 ‐2.89	 0.00	 NM_172526.3 

mMC016927	 Tmod4 50874 ‐2.50	 0.00	 NM_016712.3 

PH_mM_0002232	 Tppp2 219038 ‐2.71	 0.00	 NM_001128634.1 

PH_mM_0013731	 Tuba4a 22145 ‐2.41	 0.00	 NM_009447.3 

mMC024820	 Ubqlnl 244179 ‐3.05	 0.00	 NM_198624.3 

mMC013491	 Usp50 75083 ‐2.01	 0.00	 NM_029163.3 

PH_mM_0013440	 Ubl4b 67591 ‐2.90	 0.00	 NM_026261.2 

PH_mM_0008023	 B3gnt3 72297 ‐2.27	 0.00	 NM_028189.3 

mMC011659	 Vasp 22323 ‐2.46	 0.00	 NM_009499.2 

PH_mM_0000489	 Wfdc13 408190 3.01	 0.00	 NM_001012704.1 

PH_mM_0008282	 Wfdc15b 192201 4.04	 0.00	 NM_001045554.1 

PH_mM_0004833	 Wdr38 76646 ‐2.12	 0.00	 NM_029687.3 

mMC005905	 Wdr64 75820 ‐2.03	 0.00	 NM_029453.2 

PH_mM_0007047	 Wbscr28 76629 ‐2.42	 0.00	 NM_194065.2 

PH_mM_0013579	 Wwp2 66894 ‐2.03	 0.00	 NM_025830.3 
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Table 5.3

Genes significantly different between C57BL/6J and FasL/TRAIL gene deficient mice 

Fold Change 

log2 (Ratio) P value 

ID Gene Entrez_gene F/C T/C F/C T/C RefSeq 

PH_mM_0008100 Agpat2 67512 -3.11 -2.55 0.00 0.00 NM_026212.1 

PH_mM_0013901 Oxct2a 64059 -3.35 -2.80 0.00 0.00 NM_022033.3 

mMC019261 Adam7 11500 5.23 3.12 0.00 0.00 NM_007402.2 

PH_mM_0007832 Abhd16b 241850 -2.61 -2.17 0.00 0.00 NM_183181.2 

mMR026559 Arl9 384185 -2.85 -2.74 0.00 0.00 NM_206935.1 

PH_mM_0004216 Ahsg 11625 2.36 2.80 0.00 0.00 NM_013465.1 

PH_mM_0013352 Agt 11606 -2.48 -2.29 0.00 0.00 NM_007428.3 

mMC005531 Adc 242669 -3.40 -3.01 0.00 0.00 NM_172875.2 

PH_mM_0014216 Bcmo1 63857 -2.66 -2.44 0.00 0.00 NM_001163028.1 

PH_mM_0014563 Ces5a 67935 6.64 5.17 0.00 0.00 NM_001003951.1 

mMC013527 Ceacam10 26366 3.80 2.03 0.00 0.00 NM_007675.4 

mMC003243 Casp7 12369 -3.39 -2.95 0.00 0.00 NM_007611.2 

mMC026451 Cd52 23833 6.64 4.52 0.00 0.00 NM_013706.2 

PH_mM_0004772 Cwh43 231293 3.60 2.35 0.00 0.00 NM_181323.2 

PH_mM_0011226 Cby3 76653 -3.97 -2.63 0.00 0.00 XM_484016.4 

PH_mM_0012528 Cpsf4l 52670 -2.38 -2.08 0.00 0.00 NM_029794.2 

PH_mM_0009005 Cdrt4 66338 -2.61 -2.18 0.00 0.00 NM_025496.1 

PH_mM_0008848 Ccdc57 71276 -2.59 -2.44 0.00 0.00 NM_027745.1 

PH_mM_0009593 Col1a2 12843 3.10 2.45 0.00 0.00 NM_007743.2 

PH_mM_0004326 C4bp 12269 3.43 2.27 0.00 0.00 NM_007576.3 

mMC009101 Cuzd1 16433 4.96 3.34 0.00 0.00 NM_008411.3 

mMR031232 Cux2 13048 -2.28 -2.06 0.00 0.00 NM_007804.2 

PH_mM_0001409 Cdk5r1 12569 3.25 2.01 0.00 0.00 NM_009871.2 

PH_mM_0000031 Cylc2 74914 -2.03 -2.82 0.00 0.00 NM_001162865.1 

mMC018400 Cstl1 228756 -3.19 -2.61 0.00 0.00 NM_177655.3 

PH_mM_0013099 Cyp2a12 13085 -3.06 -2.42 0.00 0.00 NM_133657.1 

PH_mM_0005867 Defb2 13215 5.38 2.89 0.00 0.00 NM_010030.1 

PH_mM_0008623 Defb21 403172 -2.86 -2.71 0.00 0.00 NM_207276.2 

mMC007896 Defb37 353320 5.64 4.28 0.00 0.00 NM_181683.2 

PH_mM_0009190 Defb38 360212 5.51 4.01 0.00 0.00 NM_183036.1 

mMC002785 Defb40 360217 6.56 4.09 0.00 0.00 NM_183039.3 

PH_mM_0005654 Defb42 619548 4.20 2.02 0.00 0.00 NM_001034910.3 

PH_mM_0008476 Dnajb8 56691 -2.52 -2.23 0.00 0.00 NM_019964.1 

PH_mM_0007033 Dydc2 71200 -3.38 -2.33 0.00 0.00 NM_027717.1 

PH_mM_0005876 Efcab1 66793 -2.28 -2.03 0.00 0.00 NM_025769.3 

PH_mM_0003129 Fez1 235180 -2.24 -2.08 0.00 0.00 NM_183171.4 

PH_mM_0007905 Fscn3 56223 -3.33 -2.95 0.00 0.00 NM_019569.2 

PH_mM_0016216 Fbxo39 628100 -2.41 -2.12 0.00 0.00 NM_001099688.2 

PH_mM_0016293 Gsg1 14840 -2.76 -2.42 0.00 0.00 NM_010352.2 
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Table 5.3-contiuned

Fold Change 

log2 (Ratio) P value 

ID Gene Entrez_gene F/C T/C F/C T/C RefSeq 

PH_mM_0001002 Gpx3 14778 4.32 2.65 0.00 0.00 NM_001083929.1 

PH_mM_0016195 Gpx4 625249 -2.23 -2.05 0.00 0.00 NM_001037741.2 

PH_mM_0006314 Gstcd 67553 -2.40 -2.27 0.00 0.00 NM_026231.2 

PH_mM_0006445 Glt6d1 71103 -2.86 -2.05 0.00 0.00 NM_001039095.1 

PH_mM_0001530 Gmps 229363 3.91 2.50 0.00 0.00 NM_001033300.2 

PH_mM_0014524 Hbb-b1 15129 2.48 2.47 0.00 0.00 NM_008220.4 

mMR001167 Hk1 15275 -2.10 -2.32 0.00 0.00 NM_010438.3 

PH_mM_0003363 Irgc1 210145 -2.00 -2.06 0.00 0.00 NM_199013.2 

PH_mM_0003498 Ica1 15893 -2.13 -2.10 0.00 0.00 NM_010492.3 

PH_mM_0006784 Kcnip2 80906 -3.12 -2.79 0.00 0.00 NM_030716.2 

PH_mM_0007225 Lelp1 69332 -3.08 -2.91 0.00 0.00 NM_027042.1 

PH_mM_0009010 Lrrc69 73314 -2.28 -2.12 0.00 0.00 NM_028499.2 

PH_mM_0005345 Lrrc8b 433926 -2.92 -2.84 0.00 0.00 NM_001033550.2 

mMC014819 Lcn2 16819 -2.34 -2.19 0.00 0.00 NM_008491.1 

mMC011770 Ly6g6c 68468 -2.27 -2.45 0.00 0.00 NM_023463.3 

mMC011249 Mical3 194401 -2.64 -2.64 0.00 0.00 NM_153396.2 

PH_mM_0016111 Map2k7 26400 -2.26 -2.22 0.00 0.00 NM_001042557.2 

PH_mM_0010566 LOC100047953 100047953 -2.27 -2.20 0.00 0.00 XM_001479514.2 

PH_mM_0012595 Mlf1 17349 -3.28 -2.53 0.00 0.00 NM_001039543.2 

PH_mM_0015068 Nqo2 18105 -3.09 -2.32 0.00 0.00 NM_001163241.1 

PH_mM_0016090 Naca 17938 -2.21 -2.37 0.00 0.00 NM_013608.3 

mMC013235 Npy 109648 6.12 4.11 0.00 0.00 NM_023456.2 

mMC005441 Odf3b 70113 -3.14 -2.39 0.00 0.00 NM_001013022.1 

mMR026715 Osgin1 71839 -2.70 -2.42 0.00 0.00 NM_027950.1 

PH_mM_0004075 Phospho1 237928 -2.59 -2.44 0.00 0.00 NM_153104.3 

PH_mM_0014989 Pldi 73616 -2.04 -2.44 0.00 0.00 NR_033616.1 

PH_mM_0015888 Paqr9 75552 -2.14 -2.28 0.00 0.00 NM_198414.2 

mMC016079 Proc 19123 -2.40 -2.04 0.00 0.00 NM_008934.2 

mMC011943 Rabgef1 56715 -2.96 -2.31 0.00 0.00 NM_019983.2 

mMC008409 Reep6 70335 -2.45 -2.20 0.00 0.00 NM_139292.1 

PH_mM_0010144 Rgsl1 240816 -2.19 -2.33 0.00 0.00 XM_994482.3 

PH_mM_0012710 Rexo1| 66932| -2.68 -2.45 0.00 0.00 NM_025852.3 

PH_mM_0002842 Rnase12 497106 5.97 4.21 0.00 0.00 NM_001011875.1 

PH_mM_0007365 Rnf148 71300 -2.02 -2.11 0.00 0.00 NM_027754.1 

PH_mM_0006463 Rundc3a 51799 -3.06 -2.98 0.00 0.00 NM_016759.3 

mMC016579 Slfnl1 194219 -2.45 -2.29 0.00 0.00 NM_177570.3 

PH_mM_0006920 Scpppq1 100271704 -2.84 -2.13 0.00 0.00 NM_001163772.1 

PH_mM_0007762 Spink8 78709 6.49 4.54 0.00 0.00 NM_183136.2 

PH_mM_0005443 Spint3 629747 4.11 2.87 0.00 0.00 NM_001177401.1 

mMC021428 LOC100504162 100504162 -3.04 -2.26 0.00 0.00 XM_003085010.1 
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Table 5.3-contiuned 

Fold Change 

log2 (Ratio) P value 

ID Gene Entrez_gene F/C T/C F/C T/C RefSeq 

PH_mM_0005970 Srgap1 117600 -2.59 -2.13 0.00 0.00 NM_001081037.1 

mMC002188 Spem1 74288 -3.28 -2.91 0.00 0.00 NM_028855.1 

PH_mM_0004196 Spatc1 74281 -3.22 -2.82 0.00 0.00 NM_028852.1 

mMC004094 Spata18 73472 -2.53 -2.49 0.00 0.00 NM_178387.3 

PH_mM_0012342 Spata3 70060 -3.00 -2.90 0.00 0.00 NM_027029.2 

PH_mM_0004702 St6galnac2 20446 -2.14 -2.36 0.00 0.00 NM_009180.3 

PH_mM_0014001 Tctex1d1 67344 -2.85 -2.62 0.00 0.00 NM_001163767.1 

PH_mM_0012549 Theg 21830 -2.46 -2.42 0.00 0.00 NM_011583.3 

mMR027860 Tssk3 58864 -2.20 -2.06 0.00 0.00 NM_080442.2 

mMC014962 Tssk6 83984 -3.00 -2.49 0.00 0.00 NM_032004.1 

PH_mM_0013088 Gm5334 384639 -2.79 -2.46 0.00 0.00 NR_003648.2 

mMC015309 Ttc24 214191 -3.43 -2.89 0.00 0.00 NM_172526.3 

mMC016927 Tmod4 50874 -3.17 -2.50 0.00 0.00 NM_016712.3 

PH_mM_0002232 Tppp2 219038 -3.17 -2.71 0.00 0.00 NM_001128634.1 

PH_mM_0013731 Tuba4a 22145 -2.70 -2.41 0.00 0.00 NM_009447.3 

mMC024820 Ubqlnl 244179 -3.11 -3.05 0.00 0.00 NM_198624.3 

PH_mM_0013440 Ubl4b 67591 -3.20 -2.90 0.00 0.00 NM_026261.2 

PH_mM_0008023 B3gnt3 72297 -2.36 -2.27 0.00 0.00 NM_028189.3 

mMC011659 Vasp 22323 -2.49 -2.46 0.00 0.00 NM_009499.2 

PH_mM_0000489 Wfdc13 408190 3.92 3.01 0.00 0.00 NM_001012704.1 

PH_mM_0008282 Wfdc15b 192201 5.81 4.04 0.00 0.00 NM_001045554.1 

mMC005905 Wdr64 75820 -2.26 -2.03 0.00 0.00 NM_029453.2 

PH_mM_0007047 Wbscr28 76629 -2.24 -2.42 0.00 0.00 NM_194065.2 

PH_mM_0013579 Wwp2 66894 -2.50 -2.03 0.00 0.00 NM_025830.3 
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Table 5.4 

Functional	Categorization	of	Genes	Significantly	Altered	between	Wild‐type	(C57Bl/6J)	and	
Gene	deficient	mice	(FasL‐KO	and	TRAIL‐KO)	

Gene	symbol	 One	array	#	 Functional	category	

Agpat2 PH_mM_0008100 Biosynthesis 

Ces5a PH_mM_0014563 Biosynthesis 

Cstl1 mMC018400 Biosynthesis 

Fbxo39 PH_mM_0016216 Biosynthesis 

Mical3 mMC011249 Biosynthesis 

Tppp2 PH_mM_0002232 Biosynthesis 

Wfdc13 PH_mM_0000489 Biosynthesis 

Wfdc15b PH_mM_0008282 Biosynthesis 

Wwp2 PH_mM_0013579 Biosynthesis 

Ceacam10 mMC013527 Cytoskeletal 

Cwh43 PH_mM_0004772 Cytoskeletal 

Col1a2 PH_mM_0009593 Cytoskeletal 

Dnajb8 PH_mM_0008476 Cytoskeletal 

Fez1 PH_mM_0003129 Cytoskeletal 

Gmps PH_mM_0001530 Cytoskeletal 

Lrrc8b PH_mM_0005345 Cytoskeletal 

St6galnac2 PH_mM_0004702 Cytoskeletal 

Gm5334 PH_mM_0013088 Cytoskeletal 

Tuba4a PH_mM_0013731 Cytoskeletal 

Vasp mMC011659 Cytoskeletal 

Cd52 mMC026451 Immune 

Defb2 PH_mM_0005867 Immune 

Defb21 PH_mM_0008623 Immune 

Defb37 mMC007896 Immune 

Defb38 PH_mM_0009190 Immune 

Defb40 mMC002785 Immune 

Defb42 PH_mM_0005654 Immune 

Ly6g6c mMC011770 Immune 

Naca PH_mM_0016090 Immune 

Rnase12 PH_mM_0002842 Immune 

Oxct2a PH_mM_0013901 Metabolism 

Bcmo1 PH_mM_0014216 Metabolism 
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Table 5.4-continued 

Functional	Categorization	of	Genes	Significantly	Altered	between	Wild‐type	(C57Bl/6J)	and	
Gene	deficient	mice	(FasL‐KO	and	TRAIL‐KO)	

Gene	symbol	 One	array	#	 Functional	category	
Gpx4 PH_mM_0016195 Metabolism 

Glt6d1 PH_mM_0006445 Metabolism 

Hk1 mMR001167 Metabolism 

Nqo2 PH_mM_0015068 Metabolism 

Casp7 mMC003243 Signal transducer activity 

Arl9 mMR026559 Signal transducer activity 

Ahsg PH_mM_0004216 Signal transducer activity 

Cux2 mMR031232 Signal transducer activity 

Ica1 PH_mM_0003498 Signal transducer activity 

Map2k7 PH_mM_0016111 Signal transducer activity 

Osgin1 mMR026715 Signal transducer activity 

Rundc3a PH_mM_0006463 Signal transducer activity 

B3gnt3 PH_mM_0008023 Signal transducer activity 

Adam7 mMC019261 Spermatogenesis/development 

Adc mMC005531 Biosynthesis 

C4bp PH_mM_0004326 Spermatogenesis/development 

Cuzd1 mMC009101 unknown 

Cdk5r1 PH_mM_0001409 Spermatogenesis/development 

Cylc2 PH_mM_0000031 Spermatogenesis/development 

Crisp1 PH_mM_0003392 Spermatogenesis/development 

Fscn3 PH_mM_0007905 Spermatogenesis/development 

Gsg1 PH_mM_0016293 Spermatogenesis/development 

Npy mMC013235 Spermatogenesis/development 

Odf3b mMC005441 Spermatogenesis/development 

Rexo1| PH_mM_0012710 cell signal 

Spink8 PH_mM_0007762 Spermatogenesis/development 

Spint3 PH_mM_0005443 Spermatogenesis/development 

Spem1 mMC002188 Spermatogenesis/development 

Spatc1 PH_mM_0004196 Spermatogenesis/development 

Spata18 mMC004094 Spermatogenesis/development 

Spata3 PH_mM_0012342 Spermatogenesis/development 

Tctex1d1 PH_mM_0014001 unknown 
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Table 5.4-continued 

Functional	Categorization	of	Genes	Significantly	Altered	between	Wild‐type	(C57Bl/6J)	and	
Gene	deficient	mice	(FasL‐KO	and	TRAIL‐KO)	

Gene	symbol	 One	array	#	 Functional	category	
Theg PH_mM_0012549 Spermatogenesis/development 

Tssk3 mMR027860 Spermatogenesis/development 

Ubqlnl mMC024820 Metabolism 

Ubl4b PH_mM_0013440 Spermatogenesis/development 

Abhd16b PH_mM_0007832 Unknown 

Agt PH_mM_0013352 Unknown 

Cby3 PH_mM_0011226 Unknown 

Cpsf4l PH_mM_0012528 Unknown 

Cdrt4 PH_mM_0009005 Unknown 

Ccdc57 PH_mM_0008848 Unknown 

Cyp2a12 PH_mM_0013099 Unknown 

Dydc2 PH_mM_0007033 Unknown 

Efcab1 PH_mM_0005876 Unknown 

Gstcd PH_mM_0006314 Unknown 

Hbb-b1 PH_mM_0014524 Unknown 

Irgc1 PH_mM_0003363 Unknown 

Lelp1 PH_mM_0007225 Unknown 

Lrrc69 PH_mM_0009010 Unknown 

Lcn2 mMC014819 Unknown 

Mlf1 PH_mM_0012595 Unknown 

Phospho1 PH_mM_0004075 Unknown 

Pldi PH_mM_0014989 Unknown 

Paqr9 PH_mM_0015888 Unknown 

Proc mMC016079 Unknown 

Rabgef1 mMC011943 Unknown 

Reep6 mMC008409 Unknown 

Rgsl1 PH_mM_0010144 Unknown 

Rnf148 PH_mM_0007365 Unknown 

Slfnl1 mMC016579 Unknown 

Scpppq1 PH_mM_0006920 Unknown 

Srgap1 PH_mM_0005970 Unknown 

Ttc24 mMC015309 Unknown 

Tmod4 mMC016927 Unknown 
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Figure 5.3 Categories of differential gene expression between death ligands gene 

deficient and C57BL/6J wild type mice. There are 104 differentially expressed genes 

(more than 4-fold) in C57BL/6J mice compared to FasL/TRAIL gene deficient mice. 

Genes were grouped in 7 categories based on their known biological functions in the 

testis.  
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Figure 5.4 Microarray analysis of the gene expression profile in C57BL/6J and 

FasL/TRAIL gene deficient mice. There were19 differentially expressed genes (more 

than 4-fold) in C57BL/6J mice compared to FasL/TRAIL gene deficient mice. These 

genes are involved in spermatogenesis and development of the testis.   
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5.3 Discussion  

 

In Chapter 3 we hypothesized that different death ligands may have the ability to 

compensate for each other when either FasL or TRAIL is missing in the testis. In our 

toxicant model, we identified c-FLIP as an important regulator of germ cell apoptosis in 

FasL gene deficient mice after MEHP exposure.  FasL may be responsible for regulating 

the expression of c-FLIP in TRAIL gene deficient mice, as in the model of degradation of 

c-FLIP after nitric oxide (NO) or reactive oxygen species (ROS)[134,135].  TRAIL gene 

deficient mice, however, do not reveal a similar reduction of AI following MEHP 

exposure, as observed in FasL gene deficient mice (Fig 5.1).  This may be due to TRAIL 

not being involved in regulating the levels of c-FLIP in our toxicant model (Fig 5.2), as 

we discussed in Chapter 3. At the same time, the TRAIL gene deficient mice were found 

to have higher AI than FasL gene deficient mice or C57BL/6J mice, and that increase 

may be due to the presence of FasL in the testis without efficient levels of c-FLIP to 

reduce germ cells apoptosis. Therefore, the results in this study agree with our previous 

hypothesis that FasL is the primary factor that accounts for the increased germ cell 

apoptosis in the testis after MEHP treatment.  

Most studies have focused on how death ligands play a role in apoptosis in germ 

cells, but little is known about the non-apoptotic role of FasL or TRAIL in the testis. 

Based on our observations in FasL/TRAIL gene deficient mice, we found morphological 

alterations that may not be directly connected to apoptosis. For example, there is a delay 

of the first wave of spermatogenesis in FasL/TRAIL gene deficient mice. Also, more 
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metaphase cell cycle arrest was observed during spermatogenesis in the TRAIL gene 

deficient mice. These observations led us to explore the possible non-apoptotic roles of 

FasL and TRAIL in the testis, which may influence development of regulation in 

spermatogenesis. Therefore, we performed a microarray analysis to gain more 

information about the gene alteration when FasL or TRAIL is lost in the testis.  

We categorized 169 genes with 4-fold changes in 7 categories (Fig 5.3). To 

explore how genes alter spermatogenesis in FasL and TRAIL gene deficient mice, we 

will discuss the 19 genes involving spermatogenesis and testis development. The 

following discussion will present gene functions in their order as part of the whole 

process of spermatogenesis and development of spermatocyte, spermatid, and 

spermatozoa.  

Three of these 19 genes that are involved in spermatogenesis include 

neuropeptide Y (Npy), Spermatogenesis and centriole associated 1 (Spatc1), and 

spermatogenesis-associated 18 (Spata18). Npy is a neuropeptide that is widely expressed 

in the central nervous system and influences many physiological processes, including 

cortical excitability, stress response, food intake, circadian rhythms, and cardiovascular 

function. Recently, Npy has been added to the list of secretagogues that influence 

reproductive functions [151], and it can influence Leydig cell activity by inhibiting 

testosterone secretion [113]. This may infer that death ligand gene deficient mice may 

have altered levels of testosterone, which result in delayed spermatogenesis. Spatc1, also 

known as speriolin, is a novel centrosomal protein present in the connecting piece region 

of mouse and human sperm. It is transmitted to the mouse zygote and can be detected 
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throughout the first mitotic division by regulating or stabilizing the folding of Cdc20 

during meiosis in spermatogenic cells. [152,153]. Spata18 is a novel p53 transcriptional 

target that is expressed in seminiferous tubules, and reports indicate that Spata18 may be 

regulated by p53 and p63,and that deficiency may cause spermatogenesis defects [154].  

Cyclin-dependent kinase 5 regulatory subunit 1(P35) (Cdk5r1) and 

Spermatogenesis-associated 3 (Spata3) may have important influence during 

spermatocyte development. Cdk5r1(P35) is a neuron specific activator of CDK5[155], 

which is known to be involved in the control of the cell cycle, and it is also found in 

Sertoli cells, Leydig cells, and metaphase spermatocytes[156]. The possible function of 

CDK5 in the testis may as a regulator of the luteinizing hormone (LH), follicle-

stimulating hormone (FSH), and epidermal growth factor (EGF)[157]. P35 activity is 

observed in isolated elongated spermatids and at the time when elongated spermatids 

appear in the developing testis, suggesting a role for Cdk5 [158]. Spata3, also known as 

the musculus testis and spermatogenesis cell apoptosis-related gene 1 (Mtsarg1), is 

mainly located in spermatocyte, and it may have an important role in spermatocyte 

development [159]. 

When spermatocytes gradually form spermatids, Cylicin, basic protein of sperm 

head cytoskeleton 2 (Cylc2), spermatid-specific murine paralog of the actin-bundling 

protein fascin (FSCN1), germ cell-specific gene 1 (GSG1), spermatid maturation 1 

(Spem 1), and ubiquitin-like protein 4B (Ubl4b) may affect the development and 

differentiation in this step. Cylc2 may play a role to format the structure of spermatids 

and help differentiation during spermatogenesis [160]. FSCN1 possibly functions during 
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terminal elongation of the spermatid head and in the microfilament rearrangements that 

accompany fertilization [161]. GSG1 is a protein that interacts with testis-specific poly(A) 

polymerase (TPAP), which is highly expressed in round spermatids [162]. TPAP 

deficient mice were shown to have impaired expression of haploid-specific genes that are 

required for the morphogenesis of germ cells [163]. Spem 1 is a protein exclusively 

expressed in the cytoplasm of elongated spermatids in the testis, and loss of Spem 1 

results in sperm deformation and male infertility in mice [164]. Theg is 42 kDa protein 

specifically expressed in spermatid cells. Although its function is not clearly understood, 

it may interact with Sertoli cells during spermatogenesis [165]. It also can be a good 

marker for spermatid cells. Ubl4b is a testis-specific autosomal gene, and it is restricted 

to post-meiotic germ cells and can be detected only in elongated spermatids but not in 

spermatocytes [166].  

 The last step for spermatogenesis is to form spermatozoa to transfer sperm to the 

epididymis. A disintegrin and metallopeptidase domain 7 (Adam7) is one member of the 

ADAMs family of zinc proteases, which are expressed in the caput region of the 

epididymis and on the surface of the spermatozoa, and can be redistributed in the sperm 

head during the acrosome reaction [167].  Complement C4b-binding protein (C4BP) is a 

plasma protein synthesized in the liver that plays a regulatory role in the host defense 

complement system. Recently, it was also found in epididymis epithelial cells and the 

surfaces of spermatozoa, and may be an androgen-dependent promoter binding protein. 

C4bp may be involved in sperm maturation [168,169]. Cysteine-Rich Secretory Protein 1 

(Crisp1) is one epididymal protein, belonging to the Cysteine-RIch Secretory Protein 
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(CRISP) family, and can  play a role in the mammalian fertilization process by 

participating in both sperm-zona pellucida interaction and gamete fusion by binding to 

egg-complementary sites [170]. The outer dense fibers 3B (Odf3b) is a member of the 

Odf family of proteins.  In animals with internal fecundation, Odfs are the main 

cytoskeletal structures of the sperm tail and an expanding group of proteins co-assembled 

along the axoneme during the development of the sperm tail [171]. 

Serine peptidase inhibitor, Kazal type3 and 8 (Spink 8 and Spint3) belong to the 

Kazal protease inhibitors and may have a function for the regulation of sperm maturation 

by regulating the proteolytic processing of the sperm membrane during epididymal transit 

[172,173]. Testis-specific serine/threonine kinase 3 and 6 (Tssk3 and Tssk6) are members 

of the testis-specific serine/threonine kinases (Tssk) family and may regulate sperm 

differentiation in the testis and/or fertilization [174]. Tssk-3 is induced at puberty, persists 

during adulthood and is restricted to the interstitial Leydig cells of post-pubertal males 

[175]. 

 Taken together, this chapter demonstrates that: 1) FasL is the main death ligand to 

regulate the level of c-FLIP in the testis in response to MEHP exposure. 2) Loss of one 

death ligand may cause impairment of the first wave of spermatogenesis and further 

reduce sperm counts in the testis.  3) There are several possible genes involved in the 

altered spermatogenesis and development in the testis of gene-deficient mice. If we can 

confirm that these candidate genes have similar results at RNA and protein levels, this 

information will help us to understand more about the non-apoptotic roles in FasL and 

TRAIL in the testis.   
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Chapter 6: MEHP promotes invasion and migration of testicular embryonic 

carcinoma cells 

 

6.1 Introduction and Rationale 

 

We previously discovered that MEHP exposure induces the activation of matrix 

metalloproteinase-2 (MMP-2) in the seminiferous tubule [122], consequently leading to 

impaired spermatogenesis. The ratio between MMP-2 and its endogenous inhibitor, tissue 

inhibitor of matrix metalloproteinase-2 (TIMP-2), is critical for maintaining normal germ 

cell development [122,176] and also for influencing the tumor progression in different 

types of tumors [177,178]. Interestingly, it has been shown that the serum level of MMP-

2 increases in patients diagnosed with testicular germ cell tumors [179]. These findings 

led us to test whether MEHP-activated MMP-2 in the testis plays a role in regulating 

testicular cancer progression. We show that MEHP-induced c-Myc is partially 

responsible for the down-regulation of TIMP-2 in the testis [180]. It has been widely 

appreciated that c-Myc functions as a switch on tumor promotion by regulating 

proliferation or tumor suppression by modulating apoptosis [181]. Therefore, studying 

the functional significance of c-Myc on testicular cancer progression in response to 

phthalate is a logical extension of this work.  

 In this chapter, the effect of MEHP on stimulating cell invasion and migration of 

testicular embryonal carcinoma cells is investigated in vitro using the NT2/D1 teratoma 

cell line. The data indicate that one mechanism to account for the increase in invasion and 
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migration following MEHP exposure is through the MMP-2 activation. Microarray 

analysis also demonstrates that cell adhesion molecules and transcription factors may also 

be responsible for tumor progression in the testis after MEHP exposure.  
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6.2. Results 

 

6.2.1 MEHP treatment up-regulates MMP-2 and c-Myc expression in NT2/D1 cells   

 

 The changes in MMP-2, MMP-9, and c-Myc expression in response to MEHP 

exposure were determined by western blots. The MMP-2 protein level in NT2/D1 cells 

was found to increase significantly at 3 hours after MEHP exposure and remain steady 

until 24 hours of incubation (2.53-fold, compared to non-treated group) (Fig 6.1A). Low 

doses of MEHP treatment showed no significant effects on MMP-2 expression, while 200 

μM of MEHP strongly induced MMP-2 protein levels after 12 hours of incubation (2.38-

fold, compared to non-treated group) (Fig 6.1B). No significant changes in MMP-9 

expression were observed after MEHP exposure. The protein level of c-Myc in NT2/D1 

cells was up-regulated shortly after MEHP treatment (1.52-fold, compared to non-treated 

cells), decreased at 3 hours and then increased after 12 hours of incubation (Fig 6.1A). In 

addition, high doses of MEHP treatment significantly enhanced c-Myc levels (3.22-fold 

at 200 μM, compared to the non-treated cells) (Fig 6.1B), indicating that the induction of 

c-Myc by MEHP exposure is dose-dependent. 

 

6.2.2 MEHP treatment up-regulates MMP-2 activity in NT2/D1 cells   

 

The amount of soluble MMP-2 secreted from NT2/D1 cells was measured by 

ELISA. Figures 6.2A and 6.2B show the time-dependent increases in the soluble MMP-2 



	

114	
	

level after MEHP exposure (4.89-fold at 24 hours of incubation, compared to the non-

treated group). High doses of MEHP treatment stimulated significant production of 

soluble MMP-2 (3.97-fold at 200 μM, compared to the non-treated group), even though 

soluble MMP-2 production decreased at 400 μM of dosage (2.06-fold, compared to the 

non-treated group). The activities of MMP-2 and MMP-9 in vitro were determined by 

gelatin zymography (Fig 6.3A and Fig 6.3B), indicating that MMP-2 is time- and dose-

dependently activated by MEHP treatment. The MMP-9 level was relatively low to 

MMP-2 and was slightly increased by MEHP, suggesting that MEHP exposure has major 

effects on MMP-2 activity, but not on MMP-9.  

 

6.2.3 SB-3CT suppressed MEHP-induced MMP-2 activation in NT2/D1 cells   

 

    Specific gelatinase inhibitor, SB-3CT, and MEHP were applied to NT2/D1 cells. After 

12 hours of incubation, conditioned media were collected and MMP-2 activity were 

further analyzed. ELISA results indicated that low doses of SB-3CT treatment (5 μM) 

significantly reduced the amount of soluble MMP-2 compared to MEHP treatment alone 

(Fig 6.4A). Fig 6.4B reveals that MMP-2 gelatinase activity was enhanced by MEHP, but 

decreased dose-dependently when SB-3CT was added 

  



	

115	
	

 

 

 

 

 

 

 

 

 

Figure 6.1 MMP-2 protein expression in NT2/D1 cells is increased with MEHP 

exposure. Total protein (30 μg) from NT2/D1 cells treated with or without MEHP was 

analyzed by western blot analysis. Time dependent inductions of MMP-2 were detected 

following MEHP exposure (Figure 6-1A). Dose-dependent induction of MMP-2 was 

detected following MEHP exposure (Figure 6-1B). Actin served as the loading control. 

The quantified relative protein levels of MMP-2 and MMP-9 are shown under the blot 

images. Values represent the mean ± SEM. Asterisks denote significant differences 

between the treatment and control groups (*p<0.05, Student t-test).   
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Figure 6.2 MMP-2 activity in NT2/D1 cells increased after MEHP exposure. The 

amount of soluble MMP-2 released from NT2/D1 cells was measured by ELISA. Time- 

and dose-dependent inductions of soluble MMP-2 were detected in response to MEHP 

exposure (Figure 6-2A and 6-2B), respectively. Values represent the mean ± SEM. 

Asterisks denote significant differences between the treatment and control groups 

(*p<0.05, Student t-test). 
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Figure 6.3 MMP-2 Gelatinolytic activity in NT2/D1 cells increased with MEHP 

exposure. Gelatinolytic activities of MMP-2 and MMP-9 in the media were determined 

by gelatin zymography. Clear bends shown on the blue background indicate the enzyme 

activity. MEHP treatment caused an increase in MMP-2 activity in a time- and dose-

dependent manner. MMP-9 activity was relatively weaker than MMP-2, while it 

increased with MEHP exposure, as well.  
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Figure 6.4 SB-3CT inhibited MEHP-induced MMP-2 activation in NT2/D1 cells. 

NT2/D1 cells were treated with various doses of SB-3CT and 200 μM of MEHP for 12 

hours, and the conditioned media were collected. (A) The amount of soluble MMP-2 

released from NT2/D1 cells was measured by ELISA. SB-3CT treatment slightly 

decreased the amount of free MMP-2. Values represent the mean ± SEM. Asterisks 

denote significant differences between the treatment and control groups (*p<0.05, 

**p<0.01, Student t-test). (B) Gelatinolytic activities of MMP-2 and MMP-9 in the media 

were determined by gelatin zymography. MMP-2 activity was reduced by SB-3CT and 

MEHP co-treatment compared to MEHP treatment only in a dose dependent manner. No 

change in MMP-9 activity was observed. 
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6.2.4 MEHP exposure promoted the invasive activity and the migration capability of 

NT2/D1 cells  

 In order to estimate the effect of MEHP treatment on cell invasion, non-treated or 

MEHP-treated NT2/D1 cells were tested by transwell invasion assay. Interestingly, after 

MEHP exposure, NT2/D1 cells had a stronger ability to digest and pass through Matrigel. 

Fig 6.5 shows that the number of invasive cells significantly increased in the MEHP-

treated group (3.23-fold) compared to the non-treated group. In addition to invasive 

ability, the number of cells that migrated into the cell-free zone were counted. More cells 

were observed in the cell-free zone after MEHP treatment (1.59-fold at 36 hours, 

compared to the control group), indicating that MEHP facilitates the migration of 

NT2/D1 cells (Fig 6.6).  

 

6.2.5 SB-3CT showed inhibitory effects on MEHP-enhanced invasion and migration in 

Nt2/D1 cells   

To determine whether the activated MMP-2 was necessary for MEHP-enhanced cell 

invasion and migration, SB-3CT was applied to NT2/D1 cells in the presence of MEHP. 

The addition of SB-3CT and MEHP co-treatment suppressed the number of invasive cells 

(down to 0.68-fold compared to MEHP-treated groups, Fig 6.5). SB-3CT treatment was 

also able to decrease the number of migrated cells in the presence of MEHP (down to 

0.81-fold compared to MEHP-treated group, Fig 6.6). These results suggest that 

gelatinases play an essential role in testicular cancer invasion and migration stimulated by 

MEHP exposure. 
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Figure 6.5 The invasion activities of NT2/D1 cells were enhanced by MEHP 

exposure and suppressed by SB-3CT, showing the compensation effect on MEHP 

treatment. (A) In vitro invasion assays were performed using transwell chambers (8 μm 

pore size) coated with Matrigel. Non-treated, MEHP-treated and SB-3CT/MEHP co-

treated cells (2x105) were seeded on the Matrigel and incubated overnight. Invasive cells 

were stained with 20% Giemsa solution. Cells attached to the lower surface of the filter 

were photographed by Canon-5D digital camera attached to a light microscope (x200). (B) 

The quantified number of cells penetrating Matrigel was counted. Values represent the 

mean ± SEM. Asterisks denote significant differences between the treatment and control 

groups (**p<0.01, Student t-test).  
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Figure 6.6 The migration activities of NT2/D1 cells were enhanced by MEHP 

exposure and suppressed by SB-3CT, showing the compensation effect on MEHP 

treatment. (A) Wound-healing migration assay was performed to determine the change 

in migration rate of NT2/D1 cells after MEHP treatment or SB-3CT/MEHP co-treatment. 

Cells were photographed by Canon-5D digital camera attached to a light microscope 

(x200). (B) The number of cells migrating into the cell-free zone was evaluated. Values 

represent the mean ± SEM. Asterisks denote significant differences between the 

treatment and control groups (*p<0.05, Student t-test).  
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6.2.6 Microarray analysis of gene expression in NT2/D1 cells following MEHP exposure  

 

 Of nearly 30,000 putative probes, 1,289 genes in the testicular embryonic 

carcinoma cell line, NT2/D1, were significantly altered by MEHP exposure. There were 

45 genes that displayed more than 2-fold changes in mRNA levels following MEHP 

exposure (Fig 6.7). The genes are grouped in 7 categories on the bases of their biological 

functions, including adhesion molecules, metabolism modifiers, transcription factors, 

translation components, cell-cycle regulators, signal transduction mediators, and 

miscellanea (Fig 6.8). Among these categories, cell adhesion molecules (9 genes out of 

45, 19%) appear to be the major group that is strongly altered in response to MEHP 

treatment. These genes include pleckstrin homology domain containing family O member 

1 (PLEKHO1), vinculin (VCL), gap junction protein alpha 1 (GJA1), WD repeat domain 

1 (WD1), leucine rich repeat containing 8 family member A (LRC8A), N-cadherin 

(CDH2), claudin 6 (CLDN6), catenin-beta 1 (CTNNB1) and matrix metalloproteinase-2 

(MMP-2). Seven genes (16%) are grouped as transcription factors, including inhibitor of 

DNA binding 1 (ID1), inhibitor of DNA binding 2 (ID2), inhibitor of DNA binding 3 

(ID3), TEA domain family member 4 (TEAD4), polyhomeotic homolog 1 (PHC1), zinc 

finger protein 429 (ZHF429) and DNA-damage-inducible transcript 3 (DDIT3). 

Semi-quantitative RT-PCR was performed to verify the mRNA expression of 11 

MEHP-regulated genes (6 for down-regulation and 5 for up-regulation) which were 

randomly selected from microarray results, including NTS, ID1, VCL, GJA1, LFNG, 

IL17RD, CLDN6, CTNNB1, MARS, MMP2 and DDIT3 (Fig 6.9). Among adhesion 
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molecules, semi-quantitative RT-PCR confirmed that GJA1 is significantly down-

regulated by MEHP treatment (0.54-fold, at 24 hours, compared with 0 hour group), 

while CLDN6 and CTNNB1 were up-regulated (2.77- and 1.38-fold, at 24 h). RT-PCR 

confirmed that VCL expression is reduced by MEHP at 3 hours (0.79-fold), while no 

changes were observed at 24 hours that is not consistent with microarray data. Among 

transcription factors, RT-PCR results showed that ID1 and PHC decreased after MEHP 

treatment (0.45- and 0.78-fold, at 3 hours), and DDIT3 increased (1.81-fold, at 3 hours). 

However, NTS expression pattern was not consistent according to microarray and RT-

PCR results. Microarray analysis and RT-PCR data both revealed that MMP-2 mRNA 

expression in NT2/D1 cells was significantly increased at 24 hours after MEHP 

stimulation (2.87- and 1.61-fold, respectively). Even though RT-PCR showed that MMP-

2 level was strongly induced at 3 hours of incubation, microarray analysis indicated that 

MMP-2 levels were not induced at 3 hours. 
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Figure 6.7 Microarray analysis of the gene expression 

profile in NT2/D1 cells treated with or without MEHP. 

Microarray analysis was performed using Human Whole 

Genome One Array Chips v.5 produced by Phalanx Biotech 

Group, carrying 29,187 human genome probes and 1,088 

experimental control probes. NT2/D1 cells were treated with 

MEHP for 0, 3 and 24 hours. (A) There were 45 differentially 

expressed genes (more than 2-fold) in response to MEHP 

exposure that were identified and their mRNA levels were 

shown as hierarchical clustering. Relative expression levels 

of these genes are color-coded on the bottom.  
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Figure 6.8 The categories of gene expression profiles in microarray analysis.  There 

were 45 differentially expressed genes grouped in 7 categories on the basis of biological 

functions.  
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Figure 6.9 Semi-quantitative RT-PCR was performed in order to confirm the results 

derived from the microarray analysis. There were 7 randomly selected genes assayed 

and GAPDH served as a control. Values represent the mean ± SEM. Significant 

difference between groups are denoted by bars with different letters (*p<0.05, ANONA). 

 



	

127	
	

6.3 Discussion 

 

Testicular dysgenesis syndrome (TDS) is a common human health problem that 

refers to symptoms including poor semen quality, undescended testis (cryptorchidism), 

hypospadias, and testicular cancer. The incidence of these diseases has dramatically 

increased over the past 50 years, and it has been hypothesized that environmental 

influences rather than genetic defects account for this increase [182,183,184]. Phthalate 

exposure has been linked to reproductive dysfunction and has been shown to adversely 

affect normal germ cell development. Exposure to high levels of DEHP results in liver 

lesions and an increased incidence of hepatocellular carcinoma in rodents [185,186], and 

studies also suggest that DHEP is a potential tumor promoter but not genotoxic. A recent 

study indicates that di-(n-butyl) phthalate (DBP) exposure promotes the vulnerability of 

fetal germ cells, and is possibly related to testicular germ cell tumor formation [187]. 

Therefore, the effect of phthalate exposure on the regulation of testicular cancer 

progression is of interest. 

We previously identified several important molecular factors that are critical for 

controlling normal germ cell development, including c-Myc and MMP-2, which are 

altered following phthalate exposure [122,180] and have been shown to be tightly 

associated with tumor metastasis and tumor progression [188,189,190]. Since c-Myc 

controls cell proliferation, cell differentiation and self-renewal [191,192], the up-

regulation of c-Myc seen in testicular embryonal carcinoma following MEHP exposure 

may suggest that phthalates affect both normal cell differentiation and tumor cell 
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development. Matrigel invasion and wound-healing migration assays are well-developed 

methods to observe the ability of tumor cells to metastasize, and are strongly related to 

MMP-2 and MMP-9 activities [193,194,195]. In this study, after MEHP exposure, 

NT2/D1 cells had the stronger ability to digest and pass through the Matrigel. In addition, 

our data also show that MEHP promotes the migration of cancer cells. These results 

suggest that MEHP exposure may enhance the potential of testicular cancer cells to 

become more metastatic and malignant. It is then reasonable to conclude that the 

molecular mechanism that accounts for this alteration can be explained by the activation 

of MMP-2. Using specific a MMP-2 inhibitor, SB-3CT, we were able to suppress 

endogenous MMP-2 activity stimulated by MEHP both in vitro and in vivo [122,176]. 

We found that the addition of SB-3CT to NT2/D1 cells partially inhibited MEHP-induced 

invasion and migration. Therefore, MEHP-induced MMP-2 activation appears to be 

important in regulating the metastasis status of testicular germ cell tumors.  

 In addition to MMP-2 and c-Myc activation, we performed microarray analysis in 

order to examine the gene expression patterns altered by MEHP exposure on a genome-

wide basis. Phthalate exposure has been demonstrated to impair junctional connection in 

the seminiferous tubule by altering the junctional protein expression [176,196]. 

Interestingly, MEHP primarily influences cell adhesion molecules and transcription 

factors, which are also closely related to tumorigenesis. Hence, we further discuss the 

functional significance of distinct genes in testicular cancers following toxicant exposure.  

Gap junctional intercellular communication (GJIC) controls cell growth, 

development, and differentiation [197]. The inhibition of gap junctional communication 
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has been proposed to be related to tumor promotion [198,199]. GJA1 gene encodes 

protein connexin 43 (Cx43), forming the main structure of gap junction. Mutation or 

deficiency in GJA1 gene leads to a variety of human diseases or disorders [200,201]. 

Interestingly, it has been shown that the reduction of Cx43 enhances the invasion 

capacity of human glioblastoma cells [202]. In the mouse testis, a decrease in Cx43 

protein level and the change in Cx43 localization have been observed after DEHP 

exposure [196]. Similar results also have demonstrated that DEHP treatment inhibits gap 

junctional communication in vitro [203]. Our current results indicate that MEHP 

exposure leads to a decrease in GJA1 mRNA expression in NT2/D1 cells. The reduction 

of GJA1 following MEHP exposure may partially explain the mechanism of MEHP-

enhanced invasion in NT2/D1 cells. On the other hand, although DEHP-induced 

tumorigenesis in the liver is strongly correlated with the inhibition of gap junctional 

communication in rodents, it appears that this phenomenon is species-specific [112,204]. 

Therefore, the role of suppressed GJA1 in human testicular cancer progression by 

phthalates remains an open question. 

The focal adhesion molecule, vinculin, is important for maintaining the structure of 

adherens junction through the interaction with actin filament and integrin [205,206]. We 

previously showed that MEHP exposure breaks down laminin/integrin complex at the 

ectoplasmic specialization [176]. In this study, we further found that MEHP treatment 

reduces vinculin mRNA levels in the testicular cancer cells, suggesting that phthalate 

primarily impairs the junctional connection in the testis. Overexpression of vinculin has 

been shown to suppress the tumorigenesis [207]. Immunostaining results also 
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demonstrate that vinculin expression is negatively correlated with the metastasis of 

squamous cell tumor [208], indicating that reduced cellular adhesiveness is strongly 

associated with the metastasis of malignant tumors. Therefore, MEHP-decreased viculin 

may be involved in regulating the invasive and migration ability of testicular cancer cells 

in parallel to the activation of MMP-2.  

β1-catenin, an oncogene, has been demonstrated to be involved in various biological 

processes, including cell adhesion, cell growth, and tumorigenesis. The accumulation of 

β1-catenin in the germ cell nuclei associated with the abnormal OCT3/4 expression leads 

to the malignant transformation of seminoma [209]. The activation of β1-catenin 

signaling may cause Sertoli cell tumor formation [210]. DEHP induces the up-regulation 

of α-catenin and N-cadherin in rat testes [211]. Fetal exposure to DEHP in mice causes 

the delay in liver development and the alteration of glycogen metabolism through the 

activation of Wnt/β1-catenin signaling [212]. Here, we show that the β1-catenin mRNA 

level is up-regulated by MEHP in NT2/D1 cells, demonstrating that phthalate has the 

potential to promote tumor progression by up-regulation of oncogenes. In addition, c-

Myc expression can be regulated by the Wnt/β1-catenin/TCF signaling pathway, 

resulting in colorectal and skin carcinogenesis [213,214]. Therefore, we speculate that 

MEHP-induced β1-catenin up-regulation may play a role in modulating the 

differentiation status of testicular cells by influencing c-Myc expression. 

Claudin-6, which belongs to the claudin superfamily, is a key component of tight 

junctions. Several studies have suggested that claudin-6 functions as a tumor suppressor 

in breast cancer, accompanied by the alteration of MMP activity [215,216,217]. The 
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frequency of epigenetic silencing in the claudin-6 gene by methylation is increased in 

esophageal squamous cell carcinomas [218]. However, overexpression of claudin-6 

increases the invasiveness, migration and proliferation rate of human gastric 

adenocarcinoma cell line [219]. Claudin-6 is also potentially a diagnostic marker for 

atypical teratoid/rhabdoid tumors (AT/RT) [220]. These observations demonstrate that 

the function of claudin-6 in promoting or suppressing tumor progression may be cell-

specific. In testicular embryonal carcinoma, we found that MEHP exposure increased the 

mRNA level of clausin-6. Interestingly, claudin-6 expression appears to be limited in 

some testicular embryonal carcinoma and immature epithelial teratocarcinoma [221], and 

developmentally regulates adipogenesis and epithelialization of embryos [222,223,224]. 

Therefore, claudin-6 not only serves as a basis of tight junction structure, but also is 

important for cell differentiation that may be c-Myc-dependent. 

Inhibitor of DNA binding (ID) proteins are transcription factors, which are 

important for cell cycle, cell development, and tumorigenesis [225,226]. Surprisingly, 

MEHP exposure significantly reduces the mRNA level of three ID proteins in testicular 

embryonal carcinoma, demonstrating that phthalates influence the dynamic expression of 

transcriptomes in the tumor. In the murine testis, ID3 expression is regulated by the 

follicle-stimulating hormone (FSH) [227]. MEHP has been shown to disrupt FSH 

signaling [89,228]. Hence, impaired FSH signaling may be responsible for decreases in 

ID proteins after MEHP exposure. 

The findings of the current study indicate cellular mechanisms triggered by MEHP 

exposure that act to enhance tumor progression/metastasis in testicular embryonal 
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carcinoma cells (NT2/D1). We observed that: 1) NT2/D1 cells have an increased ability 

to digest and migrate into the Matrigel matrix following MEHP exposure and that this 

was dependent on increased activity of MMP2, as the enhancing effects of MEHP 

exposure can be partially inhibited by addition of the specific MMP2 inhibitor SB-3CT. 2) 

We showed that MEHP not only increases the activation of MMP2, but also down-

regulates the expression of both the tight-junction (GJA1) and adherens junction (VCL) 

genes, which could further aid in the capacity for the invasion and migration of the 

NT2/D1 cells. Finally, 3) we described the activation of the MYC transcription factor 

after MEHP exposure. Since MYC plays a role in promoting the expression of CLDN6 

and inhibits TIMP2 expression, disruption in MYC expression could provide an 

underlying mechanism to account for MMP2 activation after MEHP treatment. Taken 

together, these novel findings provide important mechanistic insights by which exposure 

to environmental toxicants, such as the phthalates, can enhance testicular cancer 

metastasis and invasion.  
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Chapter 7: Concluding Remarks 

 

Spermatogenesis is an important physiological process in the male reproductive 

system. The number of spermatozoa that can be formed depend on the supportive 

capacity of Sertoli cells that provide an adaptive environment and nutrition for germ cells 

growth and development but that may be disrupted by genetic effects and environmental 

stresses. In this research, a toxicant exposure model (MEHP treatment) test was used to 

determine if loss of death ligands can protect or reduce the impact from MEHP exposure. 

The results revealed a partial reduction of germ cell apoptosis after toxicant treatment; 

however, the reduction of apoptosis may not occur directly through the original 

mechanism that we hypothesized. The lack of FasL expression maybe not be the main 

factor to reduce germ cell apoptosis in the testes because even before MEHP treatment a 

high apoptotic rate was observed in FasL gene deficient mice. Apoptosis was greatly 

decreased after treatment that led to the assumption that FasL may directly contribute to 

bind Fas to form DISC and, further, regulate levels of cFLIP to enhance the process of 

apoptosis. Based on that observation, it was important to examine in detail the 

mechanism by which cFLIP is regulated by FasL via gene expression/inhibition or 

protein degradation. In order to answer that question, a cell model was employed but is 

still under design because it was not a good fit for the experiment. Future research will 

focus on development of a better method to understand the mechanism. 

TG-interacting factor (TGIF), originally identified for its ability to bind a specific 

retinoid element, is considered to repress transcription by competing with   retinoid   
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receptors   for   binding   to   this   element [229]. Subsequent studies found that TGIF 

represses transcription in different biological processes through its ability as a DNA-

binding repressor or as a co-repressor in association   with   other   DNA-binding   

proteins.   For example, TGIF   can   interact   with   the   transcriptional   factor Smad2 

to restrict the expression of transforming growth factor beta   (TGF-b)-responsive   genes 

[230] . More recently, TGIF has been identified as a component of the TNF-a   signaling   

pathway   that   integrates  cytotoxicity [231].   TGIF is demonstrated to act in concert 

with the E3 ubiquitin ligase   Itch   to   promote   ubiquitin-dependent   degradation of 

cFLIP. Itch can enhance the stability of TGIF, which in turn facilitates the access of 

cFLIP for ubiquitin-dependent degradation by Itch.  In order to investigate in detail the 

mechanism by which cFLIP is regulated in FasL gene deficient mice, we performed IHF 

to detect the expression of TGIF in C57BL/6J and FasL gene deficient mice with MEHP 

treatment. The preliminary results (data not presented in this dissertation) show that 

C57BL/6J has a higher expression than FasL gene deficient mice after MEHP treatment, 

and in terms of cFLIP may be partially controlled by TGIF. The upstream genes of TGIF 

are cJun and cFos, and the expression of cJun and cFos was shown to increase also in 

C57BL/6J mice with MEHP treatment, but no significant expression was observed in 

FasL gene deficient mice. The phosphorylation of ERK also increased in C57BL/6J, and 

the results indicate that the MAPK pathway may involve regulation of cFLIP. More 

research is needed to to confirm that the MAPK pathway is an upstream regulatory factor 

in controlling the expression of cFLIP. 
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The delay of spermatogenesis and development of abnormal germ cells were 

found in FasL and TRAIL gene deficient mice. Most of our previous research focused 

mainly on how death ligands influence the extrinsic pathway during germ cell apoptosis, 

but those death ligands may also play different roles in early testes development as well 

as in later homeostatsis of the spermatogenesis. In order to gain more information about 

non-apoptosis roles of death ligands, we performed a microarray analysis of the testis of 

FasL or TRAIL gene deficient mouse to gain more gene information, which may be 

important for regulating spermatogenesis. Many genes were found to be involved in 

spermatogenesis and may be influenced by the loss of one of the death ligands in the 

testes. However, more research is needed, for example, to confirm gene expressions by 

real-time RTPCR and western blot and to verify gene expression alteration due to loss of 

one of the death ligands. Further, samples of different age gene deficient mice samples 

need to be compared for changes during development. The number of Sertoli cells need 

to be counted and the concentration of testosterone need to be measured to understand 

whether the reduction of spermatid head counts is due to a decrease in the number of 

Sertoli cells or quantity of testosterone. Those results can provide a better understanding 

about the non-apoptosis role of FasL/TRAIL death ligands in the testes. 

In our study about ways that MEHP influences male reproduction, we found that 

several genes are involved tumor progression. Most toxicology research has focused on 

adverse effects of chemical compounds to learn how substances may harm humans, for 

example, cause cancer. However, other studies that have sought to determine if a 

substance is carcinogenetic have overlooked non-carcinogens that may enhance tumor 
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progression. This an important area of research because our environment includes many 

different types of chemical compounds defined as non-carcinogens. We need to avoid 

exposure to both carcinogens as well as non-carcinogens that may promote tumor 

progression. For example, primary tumors may become more aggressive in testicular 

cancer patients, who are exposed to phthalate products that may promote tumorigenesis.  

In Chapter 6, we discussed how our hypothesis was tested in a cell model and our 

findings that MEHP enhanced tumor progression, leading to the question of whether dose 

phthalate may account for tumor promotion in vivo. To answer that question, we need to 

test our hypothesis in an animal model and with other types of cancer cells that may share 

a similar pathway to tumor progression. For example, up-regulation in c-Myc is 

commonly found in many types of cancer cells, such as skin, lung, breast, and others. In 

addition, it is important to know whether phthalates impact male reproduction and 

enhance tumor progression in  testicular cancer.  

The goal of toxicology research is identify toxicants in the environment and to 

prevent human disease and provide better treatment without adverse effects. The research 

on which this dissertation is based represents a small contribution to our understanding 

about how toxicants impact male reproduction.  As a toxicologist, I hope my work will 

help prevent humans disease caused by environmental toxicants and reduce adverse 

effects of compounds used for therapeutic purposes.  
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