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Abstract 
Spermatogenesis is a complicated process involving mitosis, meiosis and 

post-meiotic differentiation. Due to the lack of in vitro models, genes that are 

involved in mammalian spermatogenesis are largely unknown. Spermatogenesis and 

tumorigenesis share important biological similarities. This co-relation can be 

signified by a special group of genes called cancer/testis (CT) antigens, which are 

only expressed in the testes and cancer. Although cancer biology has been 

extensively studied for decades, promising therapeutic methods are not available for 

every type of cancer. Recent discovery of cancer stem cells and functional genomics 

studies have shed light on the development of new diagnostic and therapeutic 

approaches. This thesis describes the expression, cellular localization and function of 

a novel CT gene, STK31, in spermatogonia and cancer development. 

In the first part of the experiment, the expression and cellular localization of 

STK31 were investigated. RT-PCR results showed that STK31 was reactivated in 47 -

86% of multiple cancers. Immunofluorescent study and GFP tagging experiment 

showed that STK31 was localized in the cytoplasm and formed aggregated granules 

that divide asymmetrically during mitosis. Further study by co-staining with 

E-cadherin demonstrated that the mouse homolog, Stk31, was expressed in the 

transition state between undifferentiated and differentiated spermatogonia. These 

data suggest the possible involvement of STK31 in mouse spermatogonia and cancer 

development. 

In the second part of the experiment, the function of Stk31 in mouse 

spermatogonia was investigated. A GSC culture on an STO feeder layer was 

established. Studies on growing properties, expression of molecular markers and 

germ cell transplantation showed that GSC culture maintained spermatogonial stem 

cell activity. Retinoic acid was then used to induce differentiation of GSC. The 



differentiation status was confirmed by monitoring the expression of molecular 

markers. RT-PCR and immunofluorescent study showed that the expression of Stk31 

was induced in RA-induced differentiation and Stk31 proteins were asymmetrically 

distributed during GSC division. Overexpression of Stk31 in GSCs using retroviral 

transduction induced the differentiation phenotypes. These data indicate the 

involvement of Stk31 in mouse spermatogonia cell fate determination. 

In the third part of the experiment, the function of STK31 in human colon cancer 

was investigated. A stable STK31 knock-down Caco2 cells were established by stably 

transfecting two miR RNAi designs with different efficiency into Caco2 cells. Flow 

cytometry analysis showed that knock-down of STK3J resulted in G1 phase arrest. 

Cell counts and MTS assays suggested that knock-down of STK31 decreased cell 

proliferation in confluent cultures. Knock-down of STK31 also enhanced cell 

attachment to several ECM proteins and decreases cell migration as suggested by 

attachment assays and migration assays. Moreover, knock-down of STK31 enhanced 

enterocytic differentiation and inhibited tumorigenicity both in vitro and in vivo as 

indicated by colony formation assays and xenograft assays. Date obtained from 

whole genome microarray studies indicate that STK31 regulates these "sternness" 

properties through altering the expression of key players in various pathways 

including KIT, SMAD1 and Cyclin D2. These results suggest the involvement of 

STK31 in colon cancer as a regulator of "sternness". 

Further studies of Stk3J in spermatogenesis in vivo would allow the 

identification of the asymmetry machinery of GSCs and the signaling mechanism 

underlying cell fate determination. Further studies of STK31 in cancer stem cells 

would allow the development of new diagnostic and therapeutic approaches. 
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中z ^ M要 

精子發生是一個複雜的過程，包括有絲分裂，減數分裂和減數分裂後的分 

化。由于缺乏體外模型，參與哺乳類動物的精子發生過程中的基因大部分仍然 

是未知的。精子發生與腫瘤發生有很多相似之處。這種相關性體現在一組只在 

睾九和癌症組織中表達，稱爲CT抗原的基因。雖然對於癌症生物學的深入研 

究已經進行了幾十年，但是並非每一種腫瘤都有有效的治療方法。最近發現的 

腫瘤干細胞及其功能基因組學的硏究可以爲新的診斷和治療方法帶來新的突 

破。本論文對一個新發現的CT抗原基因STK31在精子發生與腫瘤發生過程中 

的表達，細胞定位和功能進行了研究。 

實驗的第一部分對STK31的表達和細胞定位進行了硏究�RT-PCR的結果 

顯示S T K 3 1的表達在4 7 - 86%的多種癌症中被重新激活。免疫熒光及GFP融合 

蛋白實驗顯示了 iTU/表達在細胞漿中，並形成在有絲分裂中分佈不均等的聚 

合顆粒。進一步的硏究利用E-Cadhenn作爲標記的雙染實驗證明小鼠的Stk31在 

分化中的精原細胞中表達。以上證據提示了 i T X ^可能參與了小鼠精原細胞及 

癌症發生的過程。 

實驗的第二部分對货i力在小鼠精原細胞中的功能進行硏究。我們建立了精 

原干細胞（GSC)的原代培養。硏究顯示它們的生長特性，分子標記表達，以 

及生殖細胞移植的實驗都表明了該培養系統保留了精原干細胞的活性。之後用 

Retmoic acid誘導精原干細胞的分化。分子標記的表達確定了它的分化狀態。 

RT-PCR與免疫榮光都顯示了 Stk31的表達在RA誘導的分化過程中被激活’並 

且没於7在GSC的有絲分裂中不均等分佈。進一步的試驗利用逆轉錄病毒轉導 

將及好/在GSC中超表達，並引起了分化表型。以上結果提示了 义在小鼠精 

原細胞中起了決定細胞的命運的作用。 

實驗的第三部分對XTXW在結腸癌中的功能進行了硏究。我們利用兩個不 

同效率的miR RNAi設計建立了兩個STK31穩定敲低的Caco2細胞株。流式細胞 

i i i 



儀的分析顯示了敲低了 STK31會造成細胞停止在G1期。細胞計數和MTS實驗 

顯示了敲低 iTTOi會降低細胞在長滿後的細胞增殖。細胞貼壁實驗和細胞遷移 

實驗顯示了敲低會增強細胞貼附在細胞外基質蛋白的能力，並減低細胞 

遷移。而且，敲低S7K?/會增加腸粘膜細胞的分化。通過細胞群形成實驗及異 

源細胞移植試驗證明敲低STK31可以抑制細胞在體外和體内形成腫瘤的能力。 

全基因組芯片的研究顯示 iTD/是通過調控一些信號通路中的重要分子，例如 

KIT ’ SMAD1及CyclinD2 ’來進行對“干性”的調節。這些結果顯示了 STK31 

是結腸癌“干性”的調節器。 

進一步關於Stk31在小鼠體内生精過程的硏究可望找出GSC不平等分裂的 

機器，及決定細胞命運的通路機制。進一步關於XTX^在腫瘤干細胞的硏究渴 

望找出新的癌症診斷和治療方法。 
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Chapter 1 
Overview 

1.1 Post-genomic era 

Years after the completion of Human Genome Project, we have entered into a 

new generation of functional genomics, focusing on transriptomes, proteomes, 

epigenomes and interactomes. With the development of "state-of-the-art" techniques 

such as the protoarray, RNAi and deep sequencing, high throughput ftmctional 

studies have made considerable progress in recent years. However, functional studies 

in mammalian reproductive systems are still technically challenging due to the lack 

of in vitro models. Recent expansion of toolbox such as GSCs culture and germ cell 

transplantation technique in both male and female reproductive systems, have opened 

up new possibilities in the field of reproductive biology l>2. The identification of CT 

antigen, a special group of genes that have restricted expression in the testis and 

cancer 3’4, has built up the co-relation between spermatogenesis and cancer 

development. The discovery of cancer stem cells has had great impacts in the field of 

cancer biology. Functional genomics studies in cancer stem cells would provide not 

only a great step towards the understanding of tumor origin and progression, but also 

facilitate the research on cancer diagnosis and therapy 5 7. In this thesis, we will 

describe the study of a novel gene named NYD-SPK/STK31 in spermatogenesis and 

cancer development. 

1.2 Spermatogenesis 

1.2.1 Testis structure 

The testis is the organ where spermatogenesis occurs. There are two distinct 

compartments within the testis, the interstitial tissue and the seminiferous tubules. 

The seminiferous tubules can be further divided into basal and adluminal 



compartments. The interstitium and basal compartment are separated by the 

basement membrane while the adluminal compartments are defined by tight 

junctions formed by Sertoli cells named the "blood-testis barrier (BTB)". The 

adluminal compartments are connected to a collection area named the rete and the 

spermatozoa are transferred to the epididymis through the efferent duct for 

downstream maturation processes (Figure 1.1). 

1.2.2 Cells involved in spermatogenesis 

1.2.2.1 Leydig cells and peritubular cells 

Leydig cells are located in the interstitium (Figure 1.2). It produces steroid 

hormones known as androgens in response to Luteinizing Hormone (LH) stimulation. 

Androgens in conjunction with Follicle Stimulating Hormone (FSH) regulate the 

functions of Sertoli cells. 

The peritubular cells are located in the basal compartment (Figure 1.2) and 

participiate in the cell-cell interactions with Sertoli cells. These cells regulate Sertoli 

cell function through Transforming growth factor-J3 (TGF-p) and Insulin-like growth 

factor (IGF)8. 

1.2.2.2 Sertoli cells 

Sertoli cells, also known as "nurse cells", are the primary somatic cells types 

that directly interact with all stages of germ cells. The blood-testis barriers is formed 

by tight junctions between adjacent Sertoli cells that restrict substance exchange 

between blood vessels and the lumen of seminiferous tubules, thus defining the 

microenvironment for paracrine regulation of germ cell differentiation 8"10. Apart 

from this, Sertoli cells also take part in removing dead cells through phagocytosis 

and pinocytosis. 
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j / .EpididytnE. 

iSemiriterous tubiies 

Figure 1.1| The structure of the testis. Spermatogenesis occurs in the seminiferous tubules. 

The adluminal compartments are connected to the rete testis where spermatozoa are 

collected. These spermatozoa are transferred to the epididymis for downstream maturation 

processes. Adapted from 11. 

Spermatogonia^ 

J Ô1 

Sertoli cell 

Tight junction, 
Niche. 

SSC. 

Peritubular myoid-
cell layer 

Interstitial space 
(Leydig cells, lymph, 

macrophages, 
blood vessels) 

Basement membrane. 

Figure 1.21 Cells involved in spermatogenesis. Leydig cells are located in the interstitium 

where they produce androgen that regulates Sertoli cell function. The peritubular cells are 

located in the basal compartment. They interact with Sertoli cells and regulate their function 

through the paracrine system. Sertoli cells and germ cells are located in the seminiferous 

tubules. Tight junctions between adjacent Sertoli cells form the "Blood Testis Barrier". 

Sertoli cells "nurse" all stages of germ cells through paracrine regulation. Spermatogonia are 

located on the basal side of the seminiferous tubules. During spermatogenesis, germ cells 

migrate from the basal to the adluminal compartment. Adapted from 12. 
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1.2.2.3 Male germ cells 

Male germ cells are the only cell type that undergoes meiosis in postnatal life. 

However, not all stages of germ cells undergo the meiotic cycle. Stem cell 

populations known as spermatogonia increase the number of stem cells in the 

reservoir through mitotic cycle. The differentiation of spermatogonia gives rise to 

pre-meiotic germ cells termed primary spermatocytes, which are tetraploid. After the 

first meiotic division, diploid secondary spermatocytes are formed. The appearance 

of secondary spermatocytes is transient; they undergo a second meiotic division to 

form haploid gametes called round spermatids. Differentiation of round spermatids 

gives rise to spermatozoa. These processes require interactions between germ cells 

and Sertoli cells. 

1.2.3 Three phases in spermatogenesis 

1.2.3.1 Mitotic phase 

Mitotic phase in germ line lineage is restricted to spermatogonia (Figure 1.3). 

Mitosis of spermatogonia can be symmetric or asymmetric (discussed later in this 

thesis). Symmetric division can result in two stem cells or two committed progeny 

while asymmetric division results in one daughter stem cell and one committed 

progeny '3. Symmetric division enlarges the stem cell population, which is crucial for 

regeneration after stimuli such as radiation or hyperthermia. On the other hand, 

asymmetric division maintains tissue homeostasis by regulating the self-renewal and 

differentiation of stem cells. Mis-regulation of this homeostatic pathway could result 

in sterility or lethal disease such as cancer. One specialized feature of the germ line 

mitotic phase is that committed progeny undergo incomplete cytokinesis resulting in 

two daughter cells interconnected with an intercellular cytoplasmic bridge 13. 
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1.2.3.2 Meiotic phase 

Differentiated spermatogonia give rise to primary spermatocytes by entering the 

preleptotene stage of the meiotic process (Figure 1.3). The primary spermatocytes 

undergo two divisions of meiosis. During the first division, sister chromatids align at 

the cell equator where a series of recombinations occur, a process known as cross-over. 

Cells passing through the prophase of the first meiotic division can be subdivided into 

preleptotene, leptotene, zygotene, pachytene, and diplotene stages according to their 

cytological basis. The centromere does not divide in this round of division. However, 

the centromere does divide in the second meiotic division and round spermatids are 

formed 14. 

1.2.3.3 Post-meiotic phase 

In this process, no cell divisions occur. Instead, numerous restructuring processes 

in morphology and biochemistry transpire, eventually leading to the formation of 

functional spermatozoa (Figure 1.3). This phase is also known as spermiogenesis. 

Restructuring processes include: 1. nuclear condensation by switching chromosome 

packing proteins from histories to protamine, followed by migration of the condensed 

nucleus to the periphery of the cell; 2. formation of acrosome, which is surrounded by 

cell membrane and attached to the anterior end of the nucleus and contains hydrolytic 

enzymes crucial for penetration through the oolemina during fertilization; 3. 

flagellum formation, which involves the development of microtubules arising from the 

centrioles of the round spermatid into elongate spermatid with the connecting piece, 

the middle piece, the principal piece, and the end piece; and 4. cytoplasm 

reorganization by shedding a large part of its cytoplasm as residual body, which is 

phagocytosed by Sertoli cells '5. 
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Figure 1.3| Three phase of spermatogenesis. Mitosis phase is restricted to spermatogonia. 

Mitotic division increases the number of stem cells. Differentiated spermatogonia enter the 

meiotic phase, giving rise to primary spermatocytes. In the meiotic phase, chromosomes 

replicate once but divide twice, giving rise to haploid round spermatids. In the post-meiotic 

phase, a series of morphological and biochemical restructuring processes occur and 

eventually give rise to functional spermatozoa. Adapted from ". 
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1.3 Cancer development 

Cancer development is a multistep process. Various genetic alterations including 

chromosomal alterations, epigenetics changes or mutation at the single gene level 

might be involved. 

Immortalization is considered the initial step of tumorigenesis. It describes a 

status where cells are able to bypass cellular senescence and divide indefinitely. This 

status was documented in various stem cells systems where continuous supplies of 

cells are needed for replacement. However, in normal somatic cells, proliferation is 

regulated through cell cycle checkpoints and telomerase activity. Cell cycle 

checkpoints arrest the cells at specific stages of the cell cycle due to the lack of 

driving force for cell division. The length of the telomere is shortened during each 

replication and excessive loss of telomere length results in genomic instability 

followed by cellular senescence 16. 

Growth of immortalized cells is suppressed when they comes into contact with 

adjacent cells, a phenomenon known as contact inhibition. Cells that are sensitive to 

contact inhibition grow in a single monolayer while cells that have lost contact 

inhibition grow into multiple layers. Tumor cells have acquired the ability to escape 

contact inhibition through a step known as transformation l7,18. 

When the microenvironment of the primary site becomes unfavorable because 

of stress such as hypoxia, lack of nutrients or the accumulation of metabolites, tumor 

cells migrate to adjacent regions or new sites in order to sustain their growth. During 

the migration process, cell-cell interactions decrease while cell-matrix interactions 

increase. Cell-matrix interactions reconstruct the cytoskeleton which acts as the 

motility machinery. In parallel with migrations, adverse microenvironment would 

also induce angiogenesis increasing blood supply to the tumor 丨9. 

Metastasis describes the process by which tumor cells invade and voyage 
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through circulating systems from the primary site followed by attachment and growth 

in a secondary site. First, the release of proteolytic enzymes digests the extracellular 

matrix (ECM) during the invasion; second, the expression of anti-apoptotic proteins 

facilitate the survival of the cells in circulating system; and third, the expression of 

adhesion molecules promotes the attachment to the new secondary sites 20,2 

1.4 Similarities between cancer development and spermatogenesis 

Spermatogenesis and tumor development share important biological similarities 

(Figure 1.4). 

Immortalization — In spermatogenesis, spermatogonial stem cells undergo 

numerous rounds of cell divisions without abnormal cell cycle checkpoint arrest (first 

barrier) and senescence caused by telomere shortening (second barrier). The first step 

by which normal cells bypass these two barriers and undergo tumorigenesis in cancer 

development is called transformation 22. 

Migration - During spermatogenesis, spermatogenic cell migrate from the basal 

lamina towards the lumen of the seminiferous tubule. In later stages of cancer 

development, tumor cells migrate from the primary site to invade other parts of the 

body, a process known as metastasis 22. 

Meiosis - In the meiotic phase of spermatogenesis, a gamete with half 

chromosome number - a haploid genome, is formed. While in a cancer cell, a stage 

where chromosome number is not equal to multiple of haploid number is described 

as aneuploidy. This is usually seen when a particular chromosome is duplicated 22. 

1.5 Identification and characteristics of NYD-SPK/STK31 

In our previous studies, cDNA from adult and 6 month old fetal testes were 
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Germ cell Zygote C a n c e r cel l Normal csll 
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Figure 1.4| Similarities between spermatogenesis and tumorigenesis. Spermatogenesis 

and tumorigenesis share important biological similarities. Immortalization in spermatogonia 

stem cells is similar to the transformation in cancer cells. Migration of germ cells is similar 

to the metastasis in cancer cells. Meiosis in germ cells results in haploid gametes. This 

situation is similar to the aneuploid state in cancer cells. Adapted from 22. 
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hybridized to human cDNA microarray containing 9216 cDNA fragments 

NYD-SPK was found to be highly expressed in adult but not fetal testes. Signal 

intensities were 117.82 and 35.52 in adult testes and fetal testes respectively (Figure 

1.5). The nucleotide sequence was deposited to GeneBank (Accession number 

AF332194). 

NYD-SPK was located in human chromosome 7pl5.3, which spans 25 exons. 

The mRNA is comprised of 3617bp. The open reading frame starts at base 468 to 

3458. Sequence analysis showed that the nucleotide sequence of NYD-SPK was 

highly similar to transcript variant 2 of STK31, but NYD-SPK is 56bp longer at the 5' 

end. The sequence can be aligned with all three transcript variants of STK31 starting 

from base 459 to poly A tail at base 3617 (Figure 1.6). 

The open reading frame encodes a protein of 997 amino acid residues with a 

predicted molecular weight of 113.2kDa. Protein sequence analysis showed that 

NYD-SPK can be completely aligned with all three transcript variants of STK31. 

Variant 1 is 22 a. a. longer at the N-terminus possibly resulted from start codon from 

alternative exon (Figure 1.7). Since the protein sequences are the same in NYD-SPK 

and STK31, I used STK31 to design and report downstream experiments in this 

thesis. 

Northern blot analysis using normal human multiple tissues RNA was used to 

study the expression profile of STK31, and the result showed that the expression was 

testis specific (Figure 1.8). Then, a more comprehensive array of normal human 

tissue cDNA was used to study the expression of STK31 using RT-PCR. The results 

showed that a specific band at 481 bp could be amplified in the testis. This supported 

our previous data that STK31 was testis specific (Figure 1.9). No expression of 

10 



Embryo Adult 
Figure 1.5| Representative images showing differentiation hybridization from adult and 

fetal testes. cDNA from adult (Right panel) and fetal testis (Left panel) were hybridized to 

human cDNA microarray. The locations of NYD-SPK/STK31 spots are marked by the white 

rectangles. Signal intensities (Arrows) in the adult were 117.82 and 35.53 in adult and fetal 

testis respectively. 
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îT
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qĵ
jnr

cg
Tr

Kg
Jw

ê
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IÂ

Cn
CK

rnA
AC

M
M

W
rn̂

JaM
AM

於
裊
 

诹
cc

n
ci

i  t
T 

Tt
 t 

Sft
iK

ilg
 IW

 Tt
 CC

JCM
C

 CI
 CM

M
lg 

Kî
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îC

îT
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JÛ
CT

ZA
M

î
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ÔA

AA
ĴC
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îi
cî
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ÎH
M

tm
it̂m

tCT̂
_iE

C
 

ru
le

r 
91

0 
92

0 
.9

4
0

. 
95

0 
96

0 
97

0.
 

98
0 

99
0 

10
00

 
10

10
 

If
 

IT
 

TK
31

 tv
l 

TK
113

V2
 

FY
D~0

PK
 KQC

 II
I IS

CT
a 

vr
i S

 fiK
V IE

S A
AH

US
AK

RfiA
fiGC

wQ
lIPX

I S
inc

e 
i妇

UX
tLL
拟

 tOV
CV

in̂A
RV

IS 
只
 

卿
為
肪

P
 泅

 IiU
>L

I7L
PI/?

R
 

KG•二
 m

i 顺
 01W

CV
I 

nag
uL

LE
GY

r 
in

 um
 cm

 vr
i b

aku
 ib

s a
aik

hsa
 霣

ks a
 sg

e a
ai 

ip
iib

i 
U3J

LLE
GY

 細
 Vr

rgfi
K̂

IBB
flftT

YU
M
細
咖

 rÔ
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Figure 1.8| Northern blot analysis showing the testis specific expression of STK31. A 

panel of human multiple tissues poly A+ RNA (Clontech) including peripheral blood 

leukocyte, colon, small intestine, uterus, testis, prostate, thymus and spleen were probed with 

STK31 (Top panel) and p actin (Bottom panel). A signal at 3.5 kb represents STK31 mRNA 

and was found only in testis but not other tissue. 
Ui 

Figure 1.9| RT-PCR showing the testis specific expression of STK31. STK31 was 

amplified (Top panel) in a panel of human multiple tissue cDNA including (from the left) 

pancreas, kidney, skeletal muscle, liver, lung, placenta, brain, heart, leukocytes, thymus, 

spleen, small intestine, colon, prostate, ovary and testis. GAPDH was amplified as internal 

control (Bottom panel). No DNA template control was labeled as blank. Specific 

amplification of size 481 bp was noted in testis. Weak expression was also noted in pancreas. 
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STK31 was detected in other vital organs including brain, liver, heart, and lung. It is 

interesting to note that there was no expression in the ovaries suggesting that the 

function of STK31 may either be male specific or is expressed in the ovaries during a 

different time scale from males. A weak expression was also noted in the pancreas. 

The expression of mouse homolog gene, Stk31, was found to be testis-specific 24, 

and the expression could be detected in all types of germ cells 25• To confirm these 

findings, northern blot analysis using mouse testis RNA of various developmental 

stages from 6 dpp to 30 dpp was used. The result showed that Stk31 RNA could be 

detected at 6 dpp where only primitive type A spermatogonia is present (Figure 1.10) 

26. The expression increased in a developmental dependent manner and reached the 

peak at 24dpp. To further characterize which type of cells express Stk31, probes for 

Stk31 were hybridized in situ to mouse testis sections. In contrast to previous reports 

2S, expression of Stk31 was restricted to spermatogonia; no expression was detected 

in Sertoli cells, Leydig cells, spermatocytes and more differentiated germ cells 

(Figure 1.11). 

1.6 Hypotheses and aims of study 

We had demonstrated that STK31 was a testis specific gene. It was highly 

expressed in adult but not fetal testes, and the expression was developmental 

dependent and restricted to spermatogonia. It was also reported to be reactivated in 

gastrointestinal cancer 27 and there was no expression in normal colon and small 

intestine tissues. Therefore, two hypotheses were made: 

1. Stk31 may plays a pivotal role in spermatogonia during spermatogenesis 

2. STK31 may be involved in the development of gastrointestinal cancer. 

The aims of this thesis were first, to study the expression profile and cellular 

localization of STK31; second, to study its function in spermatogenesis and cancer 
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18s RNA 

Figure 1.10| Northern blot analysis showing the developmental dependent expression of 

Stk31 during spermatogenesis. 10)ig RNA from mouse testes during different 

developmental stages were probed with Stk31 (Top panel), 18s RNA were used as a control 

(Bottom panel). Results showed that Stk31 mRNA first appeared at 6dpp. The expression 

increases in concert with testis development and persists in 30dpp testis. 

B 

，V M 

C 

Figure 1.11| In situ hybridization analysis showing the expression of Stk31 in 

spermatogonia. Adult mice testes were sectioned and hybridized with antisense probes 

against Stk31 (A and C) or sense control probes (B). Signals were detected in spermatogonia 

(asterisk), but not in more differentiated germ cells, Sertoli cells and Leydig cells. 

Magnification 200x (A and B); 400x (C). 
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development; and third, to determine the underlying mechanisms of STK31 in 

spermatogenesis and cancer development. 
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Chapter 2 

Expression and cellular localization of STK31 

2.1 Introduction 

In an evolution point of view, protein sequences that are crucial for functions 

would be conserved during evolution. Therefore, searching for conserved domain 

within a novel protein would facilitate the functional studies of that protein. 

2.1.1 Tudor domain 

The tudor domain is a conserved domain among several RNA associated 

proteins 28. It was originally identified as a region of 50 amino acids found in the 

tudor protein, which is a posterior gene encoded in Drosophila 29"31. It has been 

demonstrated to mediate RNA binding 32 and protein-protein interaction through 

binding to methylated or di-methylated lysine 33 34 and di-methylated arginine 35. The 

cellular localization of tudor domain containing protein was unique. The tudor 

domain has been proposed to take part in the formation of germinal granules in 

mouse germ cells 36 38 and stress granules in somatic cells 39. Although the exact 

functions of tudor domains remain largely unknown, they have been postulated to 

take part in male germ cell differentiation and regulate spermatogenesis 36 38 40. 

2.1.2 Serine/Threonine Kinase domain 

Protein kinases represent a significant portion of proteins involved in signal 

transduction. Over 500 protein kinases have been identified 41 and tyrosine kinase 

and serine/threonine kinase are the two main class in the human kinome. They exert 

specific and reversible control on protein phosphorylation. STK takes part in vital 

cellular processes through the phosphorylation of a vast array of cytoplasmic and 

nuclear effectors such as transcription factors and cell cycle regulators 42. Although 
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expressions of STKs have been found to be frequently altered in cancer, STKs have 

drawn less attention than the tyrosine kinase family 43. Examples of well known 

STKs that are misregulated in cancer include mitogen activated protein kinases and 

aurora and related kinases. These kinases have been demonstrated to take part in 

various steps in tumorigenesis including tumor growth and metastasis 44-46. 

2.1.3 Classification of germline stem cells 

Spermatogonium is a cell type in seminiferous tubules that initiate 

spermatogenesis. The term "spermatogonia" includes spermatogonial stem cells and 

differentiated progenitors. They form one of the most active stem cells systems in 

postnatal life. Spermatogonia in rodents and humans have common properties 

including clear cytoplasm, high nucleus to cytoplasm ratio and basal localization 41. 

Spermatogonia can be subdivided into different classes and the classification in 

rodents is more detailed than humans due to the availability of study model. 

Early studies divided human spermatogonia into two subtypes 八脑 and Apaie 

spermatogonia and both are undifferentiated stem cells 48. In this system, Adark 

spermatogonia are reserve stem cells that rarely replicate. The limited frequency of 

proliferation was speculated to minimize genetic mutations during the DNA 

replication process. Proliferation of A ^ k spermatogonia would result in Adark or Apaie 

spermatogonia. On the other hand, Apaie spermatogonia were considered the renewing 

stem cell that actively undergoes self-renewal division. The self-renewal division of 

Apaie spermatogonia results in Apaie spermatogonia which replace the parental cell and 

B spermatogonia which are committed to differentiation 48-5 

In rodents, two classification schemes have been proposed (Figure 2.1). The 

first scheme is similar to the human system where spermatogonia are divided into 

reserve and renewing stem cells. The renewing stem cells include four types of cells, 
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Figure 2.1| Two classification schemes in mouse spermatogonia. In the first scheme, Ai -

A4 spermatogonia act as the renewing stem cells while Ao spermatogonia act as the reserve 

stem cells (A). A4 spermatogonia are able to generate new Ai spermatogonia. In the second 

scheme, As spermatogonia is the proposed stem cell. Mitotic division of As spermatogonia 

give rise to Apr spermatogonia which are connected with intercellular cytoplasmic bridge. 

Subsequent mitosis give rise to more differentiated progeny (B). As, Apr and Aai 

spermatogonia are considered undifferentiated spermatogonia while A1.4, Intermediate and 

type B spermatogonia were considered as differentiated spermatogonia (C)‘ Adapted from 

Marker H u m a n R o d e n t 

76 - i n t e g r i n ( C D 4 9 f ) 
/ i l - i n t e g r i n ( C D 2 9 ) 
CD9 
CD133 
C D H 1 
CHEK2 
GFRA1 
GPR125 
K I T 
MAGE-A4 
N e u r o g e n i n 3 
NSE 
PLZF 
POU5F1 
RET 
STRA8 
T h y - 1 ( C D 9 0 ) 
TSPY 

Table 2.1| A comprisons of markers of human and mouse spermatogonia. Expressed 

markers are noted by (+); Absence of markers are noted by (-); Markers with unknown 

expression are noted by (?). Some of the markers are common in human and mouse. 

However, a significant portion of the markers are only suitable for one species. Adapted from 



A[ - A4 spermatogonia, while the reserve stem cells are named A0 spermatogonia. In 

this scheme, A4 spermatogonia are able to generate new A\ spermatogonia or more 

differentiated Intermediate and B spermatogonia 53'54. In the second scheme, the 

proposed stem cells are named ASingie (As) spermatogonia. As spermatogonia divide to 

form a self-renew daughter As spermatogonia or Apair (Apr) spermatogonia. Apr 

spermatogonia are interconnected by an intercellular cytoplasmic bridge. Apr 

spermatogonia further proliferate, giving rise to chains of spermatogonia named 

Aahgned (Aai) spermatogonia. As, Apr and Aai spermatogonia are considered 

undifferentiated spermatogonia (Figure 2.1). The Aai spermatogonia then form 

differentiated spermatogonia named A 1.4, Intermediate and type B spermatogonia 

55-58 y^g second scheme is the most widely accepted nowadays, however, a recent 

report demonstrated that differentiated progeny can de-differentiate into stem cells, 

raising new discussion regarding this issue 52,59. 

The classification of spermatogonia can be characterized by morphological 

properties or expression of molecular markers. A recent report has described a 

method to characterize spermatogonia under high resolution microscope 60, however, 

this method requires specialized fixation method and experienced observations and 

therefore have not been widely used. Characterizations of spermatogonia by 

determining the expression of molecular markers were relatively easy and have 

therefore been extensively used. However, there are no unique markers for specific 

types of spermatogonia, therefore, a combination of markers are often used 

simultaneously. Table 2.1 summarizes the markers used to characterize 

spermatogonia in mice and humans. There are a number of markers for 

spermatogonial stem cells including a6 integrin 6I, pi integrin 61, CD9 62，E-cadherin 

63，GFRA1 64'65, Plzf 66, Oct3/4 6768，STRA8 69 and Thyl 70. Known markers for 

differentiating spermatogonia include DAZL 7172，DDX4 73，74, c-kit 75,76 and a few 
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others. However, no unique makers have been identified for Apr or Aai spermatogonia. 

Humans and rodents share a number of spermatogonia markers like Plzf and GFRA1, 

however, not all rodent markers are applicable in humans. For example, c-kit was 

reported in mouse differentiating spermatogonia but is undetectable in human 

spermatogonia 11. Therefore, the identification of more markers for differentiating 

spermatogonia applicable for both rodents and humans would be a huge stepping 

stone towards the study of differentiating spermatogonia. 

2.1.4 Asymmetric division 

"Mitosis" is a term describing cell division in which cellular materials including 

chromosomes, cytoplasm and organelles partition equally in daughter cells 78,79. In 

both the hierarchal cell system and the stem cell system, mitotic divisions can be 

asymmetric in regards to cytoplasmic materials and nucleic acids despite the same 

number of inherited chromosomes. Cytoplasmic materials, which divide 

asymmetrically, determine the cell fate of daughter cells after segregation and are 

therefore termed segregating determinants or cell fate determinants 80-82. The result of 

this asymmetric division is a daughter cell that self-renews to replace the parental 

cell while another daughter cell commits to differentiate or moves downstream in the 

cell hierarchy. The segregating determinant has been demonstrated in systems 

including neural progenitors cells 83，hematopoietic stem and progenitors cells 84, 

muscle satellite cell 85 and T cells 86. Regarding the nucleic acid, a symmetric 

division would result in two daughter cells that each inherit one template strand and 

one newly synthesized strand. However, in asymmetric division, stem cells 

selectively retain sister chromatids from the old template strand DNA (immortal 

strand) while the committed cells receive the inheriting newly synthesized strand 

DNA. The purpose of this nucleic acid asymmetry was postulated to limit the chance 
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of acquiring mutations in stem cell populations. This phenomenon was described as 

OQ • OQ # 

the "immortal strand hypothesis" ’ and proved in neural stem cells ，intestinal 

stem cells 90, mammary gland epithelial cells 91 and muscle satellite cells 92. The 

asymmetry of cell fate determinants and immortal strands can occur in the same cell 

type as in muscle satellite cells 85,92. On the other hand, independent occurrence was 

also reported: hematopoietic stem cells showed asymmetry in cell fate determinant84 

while non-random template strand segregation was not observed93. 

Unlike mitotic asymmetry in stem cell systems, mitotic asymmetry in somatic 

cells received less attention. Recent reports have shown that mitotic asymmetry does 

occur in somatic cells 94’95. In the first report, CDC25B phosphatase was distributed 

asymmetrically in mother centrosome during interphase. The purpose for asymmetric 

localization was proposed to synchronize the centrosome duplication and cell cycle 

progression 94. In the second report, localization of aggresome, formed by disease 

based misfolded proteins, was polarized in anaphase and distributed asymmetrically 

after cytokinesis. This mechanism was speculated to prevent inheritance of misfolded 

proteins to one of the daughter cells in order to preserve a long lived cell 95. The 

function of this somatic cell mitotic asymmetry remains to be determined. 

2.1.5 Cancer/Testis Antigen (CT antigen) 

As described in chapter 1, gametogenesis and cancer development show 

significant similarities. Therefore, genes that are functionally active in gametogenesis 

might recapitulate similar cellular processes during tumor development. The term CT 

antigen is used to describe genes that have restricted expression in cancer and testis 

，4 Expression patterns of CT antigens vary depending on the differentiation stage of 

gametogenesis. In tumor cells, their expression was also heterogeneous 96. 

Depending on the chromosomal location, CT antigens can be further divided into 
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CT-X antigens (located in X chromosome) and non-X CT antigens 22. Regardless of 

the chromosomal location, CT antigens are regulated epigenetically through 

promoter demethylation or hypomethylation and histone acetylation, although other 

regulations might also be involved. The reactivation of CT antigens showed bias 

regarding tumor types. Groups of high CT gene expressors (>50% reactivation) 

include bladder cancer, non-small cell lung cancer and melanoma. Breast and 

prostate cancer are considered moderate CT gene expressors with an expression 

frequency >20%. With less than 20% of samples showing reactivation of CT antigen, 

renal and colon cancer were considered the low CT gene expressor group 3. Another 

characteristic property of CT antigens are their immunogenic nature. CT antigens 

may induce immune responses since the normal expression in the testis is protected 

from the immune system by the blood-testis barrier 97. These properties make CT 

antigens excellent targets as cancer vaccine and immunotherapy 4’22’�’9/. 

2.1.6 Aim 

Previous studies demonstrated that Stk31 RNA could be detected in 

spermatogonia (Chapter 1). STK31 is testis-specific; it is not normally expressed in 

other healthy organ systems. On the other hand, STK3J is reactivated in 

gastrointestinal cancer. Therefore, we hypothesize: 1. Stk31 is expressed in 

spermatogonia; 2. STK31 is reactivated in multiple cancers. 

The specific aims of this chapter are: first, to characterize the expression of 

Stk31 in the testis; second, to characterize the expression of STK31 in various 

cancers. 

2.2 Materials and methods 

2.2.1 Animals 
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C57/BL6 mice were purchased from LASEC, CUHK. All procedures were 

approved by the Animal Ethics Committee, CUHK (AEEC Number: 06/044/MIS) 

2.2.2 Clustal alignment 

Clustal alignment was performed by Clustalxl.83 software. 

2.2.3 RT-PCR 

Liver cancer cell lines cDNA were kindly provided by Prof. Guan XY 

(Department of Clinical Oncology, The University of Hong Kong). Nasopharyngeal 

cancer cell lines cDNA were kindly provided by Prof. Lo KW (Department of 

Anatomical and Cellular Pathology, The Chinese University of Hong Kong). 

Gastrointestinal and ovarian cancer samples were kindly provided by our 

collaborators in Mainland China. 

Primer pairs used in this study were STK31 and GAPDH (Appendix), ljil of 

cDNA was mixed with PCR mix [IX PCR buffer; 0.25^iM Forward primer; 0.25^M 

Reverse primer; 0.20jiM dNTPs; 1U GoTaq polymerase (Promega)] and amplified in 

thermocycler (Bio-Rad or MJ research) as indicated (Appendix). PCR products were 

resolved by agarose electrophoresis and analyzed by Gel-Documentation system 

(Alpha-Innotech). 

2.2.4 Western blot 

Multiple mouse tissues and various cancer cell lines were collected and 

homogenized in RIPA buffer (Appendix) followed by lysis on ice for 30 minutes. 

Tissue debris was removed by centrifugation at 15,000 rpm for 30 minutes at 4°C 

(Eppendorf). Protein concentrations were determined by Protein Assay Solution 

(Bio-Rad) and microplate spectrophotometer (BioTek). 
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Proteins were reduced in Sample Buffer (Appendix) followed by heat denatured 

at 100°C for 5 minutes. Protein samples were resolved by SDS-PAGE followed by 

blotting onto Hybond N nitrocellulose membrane (Amersham) using Trans-Blot® 

SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). The membrane was then 

blocked with 4% non-fat milk in IX TBST for 30 minutes at room temperature 

followed by overnight probing with 1:1000 Mouse Anti-STK31 MaxPAb (Abnova) 

and 1:2000 Rabbit Anti-ptubulin (Santa Cruz) at 4°C. Non specific binding of 

primary antibodies was washed off with IX TBST and the membrane was probed 

with 1:10,000 HRP-linked Sheep Anti-mouse IgG (Amersham) for 1 hour at room 

temperature. Membranes were washed with IX TBST and signals were developed 

using ECL reagent (Amersham) and SuperRX-film (Fuji Medical). 

2.2.5 Testis hyperthermia model 

Adult male mice were anesthetized by Ketamine/Xylezine mix. Their scrotums 

were exposed to a 43°C water bath for 30 minutes. A 33°C water bath was used as 

control. Mice were allowed to recover and were humanely terminated at indicated 

time points for the collection of testes samples. 

2.2.6 Histology and immunofluorescent study 

For mouse testis staining, adult mice testes were fixed with 4% PFA and 

embedded in paraffin. Paraffin blocks were sectioned into 5|im thick sections and 

placed on slides. Paraffin sections were rehydrated through a series of ethanol 

treatment followed by washing in IX PBS. Antigens were retrieved by boiling in 

Sodium Citrate buffer for 10 minutes followed by cooling down at room temperature 

for 30 minutes. 

For culture cells staining, Caco2 cells and HEK293 stable transfectants were 
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seeded on a cover slip two days before study. Cells were fixed with 4% PFA in room 

temperature for 5 minutes followed by washing in IX PBS. 

Retrieved sections and cells on the cover slip were permeabilized and blocked 

in 5% normal goat serum in (Invitrogen) IX PBST for 30 minutes at room 

temperature. The testes sections and Caco2 cells were then probed with 1:100 Mouse 

Anti-STK31 MaxPAb (Abnova) and/or 1:50 Rabbit Anti-E-cadherin (Santa Cruz) at 

4°C overnight. The HEK293 stable transfectants were probed with 1:200 Mouse Anti 

j3-tubulin MAb (Sigma) at 4°C overnight. Non specific bindings of primary 

antibodies were washed off with IX PBST and the sections were probed with 

Alexa®488 Anti-mouse high cross absorbed Ab and/or Alexa®568 Anti-rabbit high 

cross absorbed Ab (Molecular Probe) (for testes sections and Caco2 cells) or 

Texas-Red Anti-mouse Ab (Santa Cruz) (for HEK293 stable transfectant) for 1 hour 

at room temperature. Sections were washed with lx PBST and the nucleus was 

counterstained with 100r|g/ml Hoechst 33342 (Invitrogen) for 5 minutes at room 

temperature. The slides were mounted by Anti Fade Gold mounting media 

(Invitrogen) and images were taken by Nikon ECLIPSE 80i imaging system (Nikon) 

and analyzed by SPOT Advanced software (SPOT Diagnostic Inc.). 

2.2.7 Cloning ofSTK31 

The human homo log STK31 in pReceiver M-Ola vector was purchased from 

Genecopoeia (Genecopoeia, USA). For GFP tagging experiment, STK31 were 

shuttled to pEGFP-N2 and pEGFP-C2 vectors (Clontech) through introducing EcoRI 

and Xhol restriction sites. Stop codon in STK31 was substituted in pEGFP-N2 fusion 

construct. 

2.2.8 Cell culture and transfection 
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Caco2 and HEK293 cells were purchased from ATCC. Cells were cultured in 

DMEM medium supplemented with 10% FBS and 1% P/S and maintained in 37°C, 

5% CO2 incubator. 

HEK293 cells were transfected with 2.5 ug DNA and 6|il Lipofectamine 2000 

reagent (Invitrogen). In order to obtain maximum transfection efficiency, 8x105 

HEK293 cells were seed onto 35 mm culture dish with DNA:liposome complex 

pre-loaded in medium. In GFP tagging experiment, stable transfected cells were 

selected with 700^g/nil Geneticin® (Invitrogen) and maintained in 500(ig/ml 

Geneticin® containing medium. 

2.3 Results 

2.3.1 STK31 is highly conserved 

In an evolution point of view, proteins with pivotal functions are typically 

highly conserved among species. To determine the degree of homology in STK31, 

clustalx alignment was made to compare amino acid sequences of STK31 from 

chimpanzees, horses, catties, humans, rats and mice (Figure 2.2). The result shows 

that STK31 is highly conserved among six mammalian species. Highly conserved 

regions were observed in the 5' and the 3’ end of STK31 indicating the presence of 

conserved domains. Conserved segments in the middle of protein indicated the 

presence of structural motif. Overall, there is over 84% homology within the six 

species. This result showed that STK31 might have pivotal functions. 

2.3.2 STK31 contains two highly conserved domains 

To determine whether there are conserved domains among the high score 

residues, the amino acid sequence of STK31 was subjected to bioinformatics analysis 
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CĈ

HI
ll 

KO
UB©

 |||V
SL

AK
IF:D

:F!I
1:B

 
ru

ler
 .

 .T
.. 

.".3
 �

C •.
 . 7

7 H种
U:7

E抑
紅

L这
YR
肚

I 
_
 
. 

IB
-|P

LF
 IB

 t^
Sd

J. 
W

M.
 BM

 VB
 ̂O

BI
'：

 
r î
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ĝ：

 

.
 
t
a
 
6
 
«
 

A
 4
 

.
 

,
<
9
 

• .̂
JiT

lJ-
Cl

l 
RL

 B
St

tfK
ittB

^F
m

m
n1 ! E

LF
BI

 
• 

IK
A

O
lfC

IT
M

lI 
3I

P 
•】

 

^
 • 

:• u
a^

vu
ltM

l 
m

u 
rr

c 醉
，
 

• -
 C

 EK
flĴ
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Figure 2.3| Schematic diagram showing the conserved domains in STK31. Protein 

sequence of STK31 was used to blast for conserved domains. Two conserved domains were 

found. Tudor domain (Blue) is located in the N-terminus while Serine/Threonine Kinase 

Catalytic domain (Red) was located in the C-terminus. 

Figure 2.4| Western blot analysis of Stk31 in mouse multiple tissues. Whole cell lysates 

from a panel of mouse tissues including lung, liver, heart, stomach, colon, spleen, muscle, 

kidney, pancreas, small intestine, ovary, brain and testis were separated by SDS-PAGE and 

probed with antibody against STK31 (Top panel). (3 tubulin was used as loading control 

(Bottom panel). A specific band with a molecular weight of 13kDa was detected in testis 

but not in other tissues. 
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and the results show that there are two conserved domains in STK3J, the tudor 

domain and the Serine/Threonine Kinase Catalytic domain (Figure 2.3). The tudor 

domain is located at the N terminus, this domain is found in many RNA binding 

proteins, however, its function is still unknown. Recently, this domain has been 

implicated in protein-protein interactions in which methylated protein substrates bind 

to this domain 33"35. The Serine/Threonine Kinase Catalytic domain is located at the 

C terminus and confers phosphotransferase activity to serine and/or threonine 

residues. The enzymatic activities of this domain might be regulated by 

phosphorylation of specific residues in activation segment of the catalytic domain 

and/or reversible conformational changes in auto-regulatory tail9 8. 

2.3.3 Testis-specific expression of STK31 

Previous studies demonstrated the expression profile of STK31 in RNA level 

(Section 1.5). Here, the protein expression profile of Stk31 in mouse multiple tissues 

was determined by western blot using the antibodies against fiill length STK31 

(Abnova). From the results, a specific band with an estimated molecular weight of 

113kDa was observed in testis whole cell lysate (Figure 2.4). The band detected in 

the colon had a molecular weight >150kDa while the band detected in the liver had a 

molecular weight <102kDa. Due to these differences in molecular weight, they were 

therefore considered as non-specific binding. No expression was detected in other 

tissue lysates including pancreas, which had been previously shown to have low level 

of STK31 mRNA. This result suggested that the weak PCR product in the human 

pancreas, as shown in RT-PCR (Section 1.5), may be an artifact. If the mRNA was 

present in the pancreas, it was either suppressed at translational level or encoded a 

protein that could not be recognized by antibodies against STK31. These results 

demonstrated that the protein of STK31 is testis specific. 
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2.3.4 Stk31 is expressed in transition-state spermatogonia 

In situ hybridization from our previous study has shown that Stk31 is expressed 

in spermatogonia (Figure 1.11). Furthermore, northern blot results showed that Stk3J 

is expressed in the testis from 6 dpp mice where only primitive type A spermatogonia 

is presenct (Figure 1.10). These results suggested that Stk31 mRNA may be 

expressed in specific types of spermatogonia. Since different types of spermatogonia 

are not well characterized and there are no specific markers for various stages of 

spermatogonia; in order to study the expression of Stk31 in spermatogonia at the 

protein level, two sets of experiments were carried out. 

In the first set of experiments, the mice testes were exposed to hyperthermic 

conditions by soaking the scrotum in a 42°C water bath. This procedure caused 

apoptosis of all types of germ cells. The only germ cells that survived this stress were 

spermatogonial stem cells. These cells will repopulate the seminiferous tubules 

during the early recovery period and regenerate spermatogenesis during recovery 

period " ' , 0° . Testes were collected for western blot analysis at various time points. 

The results showed that the expression of Stk31 decreased during the degeneration 

period (1 hour to 16 hour post treatment). No expression was detected during the 

early recovery period (7 — 14 days) and the expression appeared in the recovery 

period (28 - 56 days) and persists to fully regenerated stage at 98 days (Figure 2.5A). 

The expression did not show a significant difference in the control group, which was 

kept at 33°C (Figure 2.5B). These results demonstrated that Stk31 is not expressed in 

spermatogonial stem cell. 

In the second set of experiments, the expression of Stk31 was studied by 

immunofluorescent staining. Consistent with previous in situ hybridization results, 

Stk31 protein was detected in spermatogonia but not in more differentiated germ cells 
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Figure 2.5| Western blot analysis of mouse hyperthermia testis. Whole cell lysates from 

various time points after hyperthermia treatment (A) or control treatment (B) were analyzed 

by western blot against Stk31 (A and B, Top panels). P tubulin was used as loading control (A 

and B, Bottom panels). Expression of Stk31 decrease in degeneration period (1 — 16 hours). 

The expressions become undetectable during the early recovery period ( 7 - 1 4 days) and 

re-appear during the recovery period (28 - 56 days) and persist after regeneration. No change 

in expression was detected in control treatment group. 
Control Stk31 Stk31 400x 

Stk31 

A B C 

Hoechst 

D E • 
Merged 

G H • 
Figure 2.6| Immunofluorescence study of Stk31 in mouse testis. Adult mouse testis 

sections were stained with anti-STK31 antibody (B and C) or no antibody control (A). 

Nuclei were counterstained with Hoechst (D - F). Merged images are shown in the bottom 

panels (G - I). Signals were detected in spermatogonia but not in more differentiated germ 

cells, Sertoli cells and Leydig cells. Magnification lOOx (A, B, D, E, G, and H), 400x (C，F, 

and I). 



(Figure 2.6). Interestingly, granular signals, which are similar to nuage formed by 

tudor domain containing protein, were observed in some spermatogonia. To clarify 

the subtype of spermatogonia that expresses Stk31, E-cadherin was used as an 

indicator for undifferentiated spermatogonia 63 65. In this set of co-staining 

experiments, Stk31 was co-localized with E-cadherin in the majority of 

spermatogonia (E-cad^IStkSt) (Figure 2.7). However, it was interesting to note that 

some spermatogonia were E-cadherin positive only (E-ca (tlStkSl'WigmQ 2.7 inset), 

while some spermatogonia were Stk31 positive only (E-cad/^A:37+)(Figure 2.7 inset). 

These results suggest that Stk31 is expressed during the transition stage from 

undifferentiated to differentiated spermatogonia and that the expression persists in 

differentiated spermatogonia until the entry of meiotic cycle. 

2.3.5 STK31 is reactivated in multiple cancer and cell lines 

Previous reports have demonstrated that STK31 is reactivated in gastrointestinal 

and esophageal cancers through hypomethylation in promoter region of STK31 27• 

Here, the reactivation of STK31 in cancer and cell lines originating from liver, ovary, 

nasopharnyx and gastrointestinal tract was determined by RT-PCR. The results 

showed that STK31 was reactivated in 7 out of 15 (46.7%) gastrointestinal cancer 

samples and 2 out of 4 (50%) ovarian cancer samples (Figure 2.8). In cell lines, 6 out 

of 7 (85.7%) nasopharyngeal cancer and 7 out of 10 (70%) liver cancer expressed 

STK31 while no expression was detected in normal tissue cDNA (Figure 1.9). These 

results demonstrate that STK31 is reactivated not only in gastrointestinal cancer, but 

in many different types of cancer as well. 

To further characterize the expression of STK31 in cancer, immunofluorescence 

study in Caco2 cells was carried out. The results showed that STK31 was 

predominantly expressed in the cytoplasm (Figure 2.9). Observations from enlarged 
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Figure 2.7| Co-immunofluorescence study of E-cadherin and Stk31 in mouse testis. 

Adult mouse testis sections were stained with anti-STK31 antibody (A), anti-E cadherin 

antibody (E), both (C and F) or no antibody control (B and D). Nuclei were counterstained 

with Hoechst (G - I). Merged images for single antibody staining experiments are shown in J 

and K. Merged images for co-staining experiments are shown in L - O. Most spermatogonia 

were E-cact/Stk3J+ (Arrow head). A number of E-cad/Stk31+ (Asterisk) and E-cactIStk31' 

(Arrow) spermatogonia were also observed (inset). Magnification 400x (A - O). 
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Figure 2«8| RT-PCR showing the reactivation of STK31 in various cancer and cell lines. 

Expression of STK31 (Top panel) was detected in patient samples of gastrointestinal cancer 

(A), and ovarian cancer (B)，nasopharyngeal cancer cell lines (C) and liver cancer cell lines 

(D). GAPDH was used as internal control (Bottom panel). 
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STK51 lOOUx 

STK31 

Hoechst 

Merged 

Figure 2.9| Immunofluorescence study of STK31 in Caco2 cells. Human colon carcinoma 

cell line Caco2 were stained with anti-STK31 antibody (B and C) or no antibody control (A). 

Nuclei were counterstained with Hoechst (D - F). Merged images are shown in bottom panel 

(G - I). Signals were detected in the cytoplasm and some granule-like signals were observed 

(Arrow). Magnification 400x (A, B，D, E, G, and H), lOOOx (C, F, and I). 
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Figure 2.10| Western blot analysis of STK31-GFP fusion proteins. Whole cell lysates 

from HEK293 stable transfectants were probed with anti-STK31 antibody (Top panel) and 

anti-GFP antibody (Two middle panels). (3 tubulin was used as loading control (Bottom 

panel). STK31-GFP fusion proteins in both terminuses (142kDa) were recognized by both 

STK31 and GFP antibodies. GFP proteins (27kDa) were only detected in vector control 

lysate. 
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images showed that STKS1 formed granule-like structures. It is interesting to note 

that some cells showed stronger signal intensity, suggesting that the expression level 

of STK31 is heterogenous even among the same cell lines. 

2.3.6 STK31 forms granular structures in HEK293 cells 

To further characterize the cellular localization of STK31 in live cells, GFPs 

were fused to either the N terminus or the C terminus of STK31 and stably 

transfected to HEK293 cells. Expressions of both fusion constructs were determined 

by western blot analysis. It was estimated that STK31-GFP-N2 and STK31-GFP-C2 

fusion proteins had a molecular weight of 142kDa; the expression of fusion proteins 

could be detected by anti-GFP and ariti-STK31 antibodies in fusion constructs 

transfected lysates, no fusion protein expression was detected in vector control 

lysates. GFP expression (27kDa) was detected in vector control transfected lysates 

but not fusion construct transfected lysates (Figure 2.10). These results indicated that 

the fusion proteins were stably expressed and there were no signs of proteolysis and 

cleavage of fusion proteins. 

The cellular localizations of fusion proteins were then captured from live cells. 

Due to the lack of signaling peptides, GFP proteins expressed from the N2 and C2 

vector were uniformly distributed in the cytoplasm (Figure 2.11). Both fusion 

proteins were also expressed in the cytoplasm; however, the localization was not 

uniform. The fusion protein aggregated to form a granular structure (Figure 2.11). 

This structure is similar to nuage in germ cell or stress granules in somatic cells, 

which are formed by tudor domain containing proteins 36"39. Moreover, the tendency 

to form aggregates was different between the two fusion constructs. STK31-GFP-N2 

ftision proteins (GFP located at C terminus) showed a higher tendency to aggregate 

instead of being uniformly distributed in the cytoplasm, however, STK31-GFP-C2 
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Figure 2.11| Live cell images of STK31-GFP fusion protein. Same numbers of HEK293 
stable transfectants were seeded into 35 mm dish. GFP signals from STK31 -GFP fusion 
proteins and GFP vector control were captured from live cells (Left panel). Nuclei were 
counterstained by Hoechst stain to visualize the total population of cells (Middle panel). 
Merged images are shown in right panel. GFP signals from N2 and C2 vector control are 
distributed uniformly in cytoplasm (Arrow head). Fusion proteins are located uniformly in 
the cytoplasm in some of the cells (Arrow), however, in another population of cells, the 
fusion proteins formed aggregated granules (Asterisk) instead of distributing uniformly. 
Magnification lOOx. 
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Figure 2.12| Immunofluorescence study of STK31-GFP fusion proteins during mitosis. 
HEK293 SPK-GFP-N2 stable transfectants were fixed on cover slips. GFP signals (Top 
panel) from fusion protein or vector control were captured directly. The mitotic spindle was 
stained with anti-(3 tubulin (2nd top panel). Condensed chromosomes were visualized by 
Hoechst stain (2nd bottom panel). Merged images are shown on the bottom panel. Two forms 
of distribution for fusion protein, uniform cytoplasmic distribution and aggregated granules 
were observed. The aggregated granules show asymmetric distribution while GFP alone 
show a uniform distribution during metaphase and anaphase. Magnification lOOOx. 
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fusion protein (GFP located at N terminus) showed similar tendency to both types of 

localization (Figure 2.11). These data suggested that STK31 is localize in the 

cytoplasm and aggregated into granular structures. Moreover, GFPs located at the N 

terminus may affect the granular structure formation. 

2.3.7 Aggregated granules formed by STK31 distributed asymmetrically during 

mitosis 

Previous reports have demonstrated the presence of asymmetrically distributed 

proteins in male germline stem cell niche in Drosophila 80 '8 l J01 '102. Since Stk31 is 

expressed in transition stage between undifferentiated and differentiated 

spermatogonia, therefore, it is possible that aggregated granules formed by STK31 

might also divide asymmetrically. 

To study the cell division, STK31-GFP-N2 stable transfectants were used. The 

spindle fibers were stained with anti-P tubulin antibodies in order to determine the 

orientation of cytokinesis. The nuclei were stained with Hoechst in order to visualize 

the condensed chromosome. The results showed that a number of cells undergoing 

metaphase and anaphase expressed asymmetrical distribution of aggregated granules 

in the fusion protein group, as reflected by the unequal number of GFP signals 

observed from two poles (Figure 2.12). However, in the vector control group, the 

GFP signals were uniformly distributed during cell division (Figure 2.12). These 

results demonstrated that aggregated granules formed by STKS1 distribute 

asymmetrically during mitosis. 

2.4 Discussion 

2.4.1 Spermatogonia specific expression of Stk31 

We reported a comprehensive study of expression profile and cellular 
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localization of Stk31 during spermatogenesis. Previous studies have demonstrated 

that StkSl is expressed in all types of germ cells ranging from spermatogonia to 

spermatozoa using RT-PCR 25. Reports from another group have demonstrated that a 

Equine ortholog of Stk31 is expressed in post-meiotic germ cells using 

immunostaining and western blot analysis 103. These results might be misleading due 

to the possible false positive results in PCR amplification and the discrepancy 

between the observed and expected molecular weight in the western blot analysis. In 

our previous studies, we have shown that Stk31 RNA is first detected in primitive 

type A spermatogonia and restricted to spermatogonia but not differentiated germ 

cells. Here, we have fiorther demonstrated that Stk31 protein is only detected in 

mouse testis lysate but not in other organs, with an expected molecular weight of 

113kDa. Immunofluorescent studies using the STK31 specific antibody showed that 

Stk31 is only expressed in spermatogonia, but not in more differentiated germ cells. 

2.4.2 Stk31 as markers for transitional state between undifferentiated and 

differentiated spermatogonia 

Classification of mouse spermatogonia is a critical, yet challenging task due to 

the lack of stage specific markers. Researchers have attempted to characterize 

spermatogonia according to their microscopic morphologies 60, however, that would 

require complicated fixing procedures and experienced observational capacities. 

Therefore, cell surface markers are widely used for classification of spermatogonia. 

A number of spermatogonial stem cell markers have been identified due to their 

ability to enrich GSCs l2’63. Nonetheless, markers for differentiating spermatogonia 

are limited, c-kit is one of the differentiated spermatogonia marker identified due to 

its absence in GSCs l04'105. Here, we explored whether Stk31 could be a potential 

marker for the spermatogonia that committed to differentiate. First of all, expression 
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of Stk31 was not detected in spermatogonial stem cells that survived hyperthermia. 

Second, the expression of Stk31 was observed in a number of undifferentiated 

spermatogonia as marked by the expression of E-cadherin, while another population 

of spermatogonia only expressed Stk31 but not E-cadherin. This indicates that StkSl 

is expressed in the transition stage between undifferentiated and differentiated 

spermatogonia. Furthermore, expression of Stk31 is upstream of c-kit since c-kit 

expression does not overlap with E-cadherin 59. Therefore, Stk31 could be used as a 

marker for spermatogonia that are committed to differentiation. 

2.4.3 Tudor domain and the intracellular localization of STK31 

Recent reports have indicated that tudor domains are essential in the formation 

of nuage/germinal granules 36-38 and stress granules 39. The formation of germinal 

granules requires tudor domain repeats while a single tudor domain is sufficient for 

the formation of stress granules. Here, we have demonstrated that STK31, which 

confers a tudor domain in the N-terminal, aggregate into granules in the cytoplasm. 

The aggregated granules were observed in both endogenous and GFP-tagged protein 

indicating that they were distinguishable from transfection-induced stress granules 39. 

However, its relationship with germinal granules and processing bodies, cytoplasmic 

structures closely related to stress granules '06, remains to be determined. 

It is interesting to note that the location of GFP tag would affect the aggregate 

granules formation since more aggregated granules were observed in 

STK31-GFP-N2 fusion protein, where GFP was located in C-terminal. However, 

when GFP was tagged in the N-terminal, which was expected to be next to the Tudor 

domain, significant portions of fusion protein expression was observed throughout 

the cytoplasm. This could be explained by the fact that the bulky nature of the GFP 

protein affects the trafficking of STK3J guided by the Tudor domain. 
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2.4.4 Asymmetric distribution of aggregated granules during mitosis 

Nuage was observed in all stages of male germ cells with most prominent 

structures observed in post-meiotic germ cells 36'107,108. Polar granules, a form of 

nuage in oocytes and early embryos, was reported to partition asymmetrically and 

give rise to germ cell precursors l09. No reports so far have demonstrated that 

differentiation of male germ cells involve asymmetric segregation of nuage 36. We 

have demonstrated that Stk31 expression in spermatogonia forms granular structure. 

Although whether these aggregated granules are indeed nuages remains to be 

determined, it is interesting to note that these aggregated granules may exhibit 

asymmetric distribution. In fact, we have demonstrated that aggregate granules 

formed by STK31 distribute asymmetrically during mitosis of HEK293 cells. 

Traditional concepts on mitotic division state that daughter cells should inherit 

identical genetic materials. Mitosis in stem cells or cells with hierarchy, however, 

shows asymmetric segregation of protein determinants 83,86,110 In cell lines, there are 

only two reports on somatic cells mitotic asymmetry. The first study demonstrated 

the asymmetry in interphase but not anaphase 94, which indicated that daughter cells 

obtained identical maternal materials after cytokinesis. The second study 

demonstrated the asymmetry of aggresomes which were formed by diseased base 

misfolded proteins 95. Since there were no polyglutamine repeats, which formed the 

aggresome, in GFP-tagged STK31 protein, misfolding of the fusion protein was 

unlikely to happen. Hence, our results have demonstrated for the first time the 

somatic cell mitotic asymmetry during anaphase. 

The mechanism of asymmetric division involves the interaction of determinants 

with the centrosome and mitotic spindle 80 82，m. We hypothesize that the asymmetry 

is set up by protein-protein interactions between the tudor domain and the 
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segregation machinery. This hypothesis is supported by the observed discrepancy 

between asymmetry in N2 and C2 fusion of STK3J; asymmetry in C2 fusion was not 

observed. The mechanism of aggregate granule asymmetry remains to be elucidated. 

2.4.5 Reactivation of STK31 in multiple cancers 

The reactivation of STK31 by promoter hypomethylation was demonstrated in 

• • 2 7 • 

gastrointestinal cancer by RT-PCR and immunostaining , In this chapter, 

expressions of full length STK31 in various cancer and cell lines were further 

demonstrated by RT-PCR and western blot analysis. On top of gastrointestinal cancer, 

our results showed that more than 50% of cancer or cell lines in the liver, ovaries and 

nasopharnyx show reactivation of STK31. Interestingly, previous report claimed that 

STK31 expression was rarely observed in hepatocarcinoma cell line 21, however, we 

have observed STK31 expression in 7 out of 10 hepatocarcinoma cell line tested. 

These indicate that STK31 is reactivated in multiple cancers and significantly 

increases the clinical applications of STK31 as a candidate for diagnosis and therapy 

in multiple cancers. 

2.4.6 Possible role of STK31 in spermatogenesis and cancer 

In short, we have demonstrated that STK31 contains a highly conserved tudor 

domain. It is expressed in the cytoplasm with aggregated granules occasionally 

observed. It is reactivated in multiple cancers as a CT antigen and the mouse 

homolog is expressed in differentiating spermatogonia. 

In mouse testis, nuage/germinal granules formed by tudor containing proteins 

have been demonstrated to take part in differentiation 36,37. Together with our 

findings, we hypothesize that Stk31 divides asymmetrically during mitotic division of 

spermatogonia and act as a cell fate determinant controlling daughter cells to 
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differentiation lineage. 

Cancer occurrence has been speculated to be a stepwise process of gaining 

"sternness", giving rise to cancer stem cells "2'113. On the other hand, asymmetric 

division was proposed to be a process of acquiring stem cell properties “4"116 We 

hypothesize that STK31 is reactivated during the process of acquiring stem cell 

properties and act as a regulator for "sternness" through asymmetric division of 

cancer stem cells. 

2.5 Conclusion 

In conclusion, we have found that STK31 is reactivated in multiple cancers. 

STK31 is localized in the cytoplasm, and forms aggregated granules that divide 

asymmetrically during mitosis. The localization of STK31 might be guided by 

N-terminal Tudor domain. On the other hand, Stk31 is expressed in the transition 

state between undifferentiated and differentiated spermatogonia and might be used as 

new marker for Apr and/or Aaj spermatogonia. Further studies are required for 

determining the functions of STK31 in spermatogonia and cancer development. 
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Chapter 3 

Functional studies of Stk31 in mouse spermatogonia 

3.1 Introduction 

Spermatogenesis begins from male germline stem cells. Understanding the 

biology of this cell type facilitates the research on spermatogenesis. 

3.1.1 Male germline stem cells (GSCs) 

Male GSCs, also called spermatogonial stem cell (SSCs), are the stem cell 

population in the testis. The self-renewal and differentiation of GSCs are the 

foundation of spermatogenesis. The GSC is one of the most active stem cell systems 

in postnatal life giving rise to millions of spermatozoa daily and persist throughout 

the lifetime of a male. Although GSCs are physiologically important, the molecular 

identity of GSCs has not been characterized. One reason for this might be the rarity 

of GSCs; it is estimated that within 3000 - 5000 testicular cells, only one is a GSC 

(0.02% - 0.033%) ll7,!18. Until today, no unique marker was defined for GSCs and 

the most widely used strategy to identify GSCs was to use a combination of markers 

as described in earlier section (Section 2.1.3). 

In mice, GSCs are formed from the transformation of gonocytes during 0 — 6 

dpp "9. The first appearance of GSCs was recorded in 3 - 4 dpp '20. In humans, the 

transformation process takes years. Studies on the transformation process indicated 

the presence of two subpopulations of gonocytes. The first subpopulation directly 

forms differentiated spermatogonia to support the first round of spermatogenesis 

while the second subpopulation forms the GSCs, which undergo self-renewal and 

differentiation to support subsequent rounds of spermatogenesis I21. 

3.1.2 Niche of male GSC 
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Niche refers to a specialized microenvironment, which supports the stem cell to 

maintain tissue homeostasis. Tissue homeostasis involves generation, maintenance 

and repair of the tissue through self-renewal and differentiation. The balance between 

self-renewal and differentiation is tightly regulated by both architectural support 

from cells and secretion of intrinsic and extrinsic factors within the niche 122,123. The 

niche for male GSCs in mammals is poorly defined; however, the GSC system in 

Drosophila is well defined because of the simple anatomy and the availability of 

molecular markers in Drosophila 124"126. 

In the Drosophila testis, GSCs are located in the apical tip, surrounded by 

clusters of somatic cells called hub cells '27. Cell-cell interactions between GSC and 

hub cells are mediated by Adenomatous polyposis coli protein homologue (APC2), 

E-cadherin and Armadillo (Arm)81. The division of GSCs is asymmetric, resulting in 

one GSC remaining in the niche and one committed progeny named gonialblast, 

which move away from the niche. Once away from the niche, gonialblasts are nursed 

by two somatic cyst cells (SCCs), which help sustain subsequent germ cell 

differentiation 128. Gonialblasts then undergo transit amplifying divisions with 

incomplete cytokinesis to form 16-cell clusters of spermatogonia '29. 

Recent studies have suggested that the niche of GSCs in mouse testis is more 

complicated because of the involvement of Sertoli cells, Leydig cells, peritubular 

myoid cells and possibly other somatic cells 12 (Figure 3.1). Among the various cell 

types, Sertoli cells are recognized as the major contributor to the GSC niche. This is 

supported by the fact that glial cell line-derived neurotrophic factor (GDNF) secreted 

by Sertoli cells is an essential factor for GSC self-renewal lj>0"133. Moreover, adhesion 

molecules pi integrin on both GSCs and Sertoli cells are required for the homing of 

GSCs to the basement membrane 134'135. Furthermore, discovery of gonadotropin 

releasing hormone (GnRH) as a regulator of GSC biological activities also support 
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Figure 3.1| Niche of mouse male GSCs. Niche of mouse male GSCs involve Sertoli cells, 
Ley dig cells, peritubular cells and possibly other somatic cells. GSCs are located on the 
basal membrane. Growth factors include GDNF and FGF2, which are essential for GSCs 
self-renewal, are secreted by Sertoli cells. Adhesion molecule (31 integrin on both GSCs and 
Sertoli cells are required for the homing of GSCs to the basement membrane. Adapted from 

55 



the role of Sertoli cells in the GSC niche since the function of Sertoli cells is 

regulated by follicle stimulating hormone (FSH) and luteinizing hormone (LH), 

which are both regulated by GnRH '36. Leydig cells and myoid cells are also 

participators of the GSC niche. First, similar to Sertoli cells, Leydig cells are also 

regulated by FSH and LH. Second, undifferentiated spermatogonia showed biased 

localization to vascular network and accompanied Leydig cells and other interstitial 

cells in vivo '37. Moreover, colony-stimulating factor-1 (CSF-1), expressed by Leydig 

cells and select peritubular myoid cells, stimulate GSC self-renewal '38. These 

incidate the possible contribution of Leydig cells and myoid cells in the GSC niche. 

3.1.3 Asymmetric division of GSCs 

We have reviewed the concepts of asymmetric division in the previous chapter 

(Section 2.1.4). Here, we focus on asymmetric division in GSCs and review the 

mechanisms of asymmetric division. 

In the Drosophila testis, GSCs normally undergo asymmetric division, which 

gives rise to one self-renewing progeny and one committed progeny 127• It is 

noteworthy that GSCs in Drosophila ovaries are able to undergo symmetric division 

to generate two self-renewing progeny that remains in the niche '39. In the mouse 

testis, GSCs were proposed to be able to undergo both symmetric and asymmetric 

divisions. In the symmetric division model, GSCs are able to give rise to either two 

self-renewing progeny or two progeny that commit to differentiate. In the 

asymmetric division model, GSCs give rise to one self-renewing progeny and one 

committed progeny which then further divide to form Apr spermatogonia 12. Whether 

two models occur simultaneously is still a topic of debate. Moreover, whether Apr 

spermatogonia originates from a second division of committed differentiating 

progeny or one of the Apr progeny able to regenerate to GSCs is currently unknown. 
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Studies from neuroblasts and male GSCs in Drosophila have demonstrated that 

cell division asymmetry resulted from two general mechanisms: the asymmetric 

segregation of intrinsic cell fate determinants or asymmetric localization of daughter 

cells to specific micro environments (niche) m . Both mechanisms require a polarized 

division that could be achieved by maintaining cell polarity or proper orientation of 

the mitotic spindle. Regulating spindle orientation could provide flexibility between 

symmetric and asymmetric division, however, this requires cautious control in order 

to prevent undesirable outcomes such as tumor growth 

Male Drosophila GSCs sustain asymmetry through oriented division within a 

stem cell niche. Male GSCs orient to interact with hub cells through a specialized 

cortex region. These interactions are mediated by E-cadherin and Armadillo (Arm) 

and result in the correct orientation of Adenomatous Polyposis Coli homolog 1 

(APC1), APC2 and centrosomin (cnn) 81'126. This APC protein complex provides an 

anchor for astral microtubules and the result is one daughter cell that remains in 

contact with the hub cell in the niche while the other migrates away from the niche to 

differentiate. 

Drosophila neuroblasts maintain asymmetry through asymmetric segregation of 

protein determinants. In contrast to male GSCs, the polarity of neuroblasts are set up 

through an evolutionally conserved mechanism involving the Par-3/6-aPKC polarity 

complex 8 l , 8 2 ' i n . This complex is localized to the apical cortex, which is opposite to 

where the protein determinant is concentrated. During mitosis, aPKC phosphorylates 

the Lethal giant larvae (Lgl) protein. This protein has been found to bind with actin, 

myosin II，and proteins involved in exocytosis l40'141. Due to the association with 

motor protein or trafficking molecules, Lgl has been speculated to regulate 

intracellular trafficking processes l42. Phosphorylation of Lgl by aPKC in the apical 

cortex is likely to inactivate Lgl and therefore protein determinants include Numb, 
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Pros and Brat concentrate on the basal side and ultimately segregate into daughter 

cells with the help of adaptor proteins Pons and Miranda 80,143. Besides, aPKC can 

phosphorylate the segregating determinant Numb directly t44. The phosphorylation 

releases Numb from the apical side suggesting the presence of an alternative Lgl 

independent segregating model. 

In mouse GSCs, no evidence of asymmetric division had been found until a 

recent report demonstrating that UCH-L1 distributed asymmetrically in GSCs, which 

was associated with the basement membrane '45. This report did not provide direct 

evidence on the fate determining function of UCH-L1, although clues from 

transgenic mice showed that overexpression of UCH-L1 leads to the arrest of germ 

cells in a more differentiated pachytene stage '46. Moreover, the mechanisms for the 

asymmetric division in mouse GSCs have not been elucidated. 

Previous studies in the mouse neural system suggest that mice and flies have 

similar asymmetric division mechanisms since target disruption of the key players 

like Lgl and Par-3 in mice and flies result in similar phenotypes l47'148. Alternatively, 

recent reports have demonstrated that the majority of neural progenitor divisions in 

mice do not occur along the apical-basal axis as it does in flies 149，150. Moreover, a 

recent report has demonstrated that the polarized distribution of protein determinant 

OT 

TRIM32 is independent of the polarity set up by Par-3/6-aPKC complex . These 

recent studies suggest that mice might have evolved an asymmetric division 

mechanism distinct from flies. 

3.1.4 Self renewal of male GSCs 

In the Drosophila testis, self-renewal of male GSCs is regulated by cell-cell 

interactions (Figure 3.2A) and networks of extrinsic and intrinsic factors 12125127 

The GSCs attach to hub cells through various adhesion molecules that are 
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Figure 3.2| Regulations of GSCs self-renewal and differentiation in Drosophila and 
mouse testis, in Drosophila (A), asymmetric division of GSCs is determined by the cell-cell 
interaction with Hub cells (HC) through APC, E-cadherin and Arm. GSCs remaining in the 
niche would self-renew. The progeny that are committed to differentiate are called 
gonialblasts (GB) and leave the niche and are nursed by somatic cyst cells (SCC). In mice 
(B), self-renewal of GSCs is regulated by Sertoli cells through paracrine signaling. GDNF 

secreted from Sertoli cells bind to its receptor on GSCs and promotes self-renewal. Adapted 
from m . 



indispensable in asymmetric division 81,126. Meanwhile, the interactions maintain the 

GSCs in close proximity with the niche and the short distances mediate signaling 

with extrinsic factors. Signaling cascades regulating male GSCs self-renewal include 

Janus Kinase-Signal Transduction and Activator of Transcription (JAK-STAT) and 

Bone Morphological Protein (BMP) and accomplish this through Upd and gbb from 

hub cells respsectively 124,151"154. Other signaling pathways include Piwi/Yb and zpg 

mediated signaling 15 ’ 56. 

Unlike Drosophila, knowledge of factors regulating GSC self-renewal in 

mammals is limited mainly due to the poorly defined niche and lack of model 

systems. However, with the recent breakthrough in establishing in vitro culture of 

GSCs and germ cell transplantation techniques, a number of intrinsic and extrinsic 

factors have been demonstrated to be involved in GSCs self-renewal (Figure 3.2B). 

GDNF and CSF-1 are the extrinsic factors provided by Sertoli cells and Ley dig cells 

respectively. The addition of these factors in GSC cultures promote the expansion of 

GSCs 130"133,138. Subsequent studies on the underlying mechanisms of GDNF 

mediated self-renewal have demonstrated the involvement of Phosphoinositol 3 

kinase/Akt (PI3K/Akt) and Src family kinase (SFK) intracellular signaling cascades 

and identified a number of intrinsic factors including bcl6b, etv5, and IhxJ. These 

intrinsic factors are important for the maintenance of GSC self-renewal l30,157,158. 

Besides the PI3K/Akt and SFK pathways, BMP signaling has been demonstrated to 

take part in GSC self-renewal, although the mechanisms are still undefined 159'160. 

Other extrinsic factors include FGF and EGF, which are both secreted from Sertoli 

cells and shown to promote in vitro GSC expansion in a GDNF-dependent manner 

i32，i6i 163 However, the underlying mechanisms are yet to be determined. Targeted 

disruption experiments have identified nanos2, a TATA box binding protein 

associated factor 4b {Taf4b) and promyelocytic leukemia zinc finger protein (Plzf) as 
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intrinsic factors regulating GSC self-renewal since gene specific null mice showed 

significant germ cell loss or "Sertoli cell only" phenotype 66,164"166. Moreover, in vitro 

RNAi experiments have demonstrated the requirement of the transcription factor 

Oct3/4 in GSC self-renewal 68. However, how these intrinsic factors interact with 

GDNF mediated signaling cascade to regulated GSCs self-renewal remains to be 

determined. 

3.1.5 Differentiation of GSC 

Knowledge on GSC differentiation is limited when compared to self-renewal 

mechanisms because only fragments of evidence are available. In the Drosophila 

testis, differentiation of GSCs are also regulated by cell-cell interactions and intrinsic 

and extrinsic factors in the niche 1251 1. bam is an intrinsic factor promoting 

differentiation of GSCs as indicated by the fact that overexpression of bam leads to 

GSC depletion 151,167. Therefore, bam should be repressed in self-renewing GSCs 

possibly through JAK-STAT and/or BMP pathways. On the other hand, gonialblast 

differentiation is regulated through communication between gonialblasts and SCCs. 

These communications are mediated by zpg mediated signaling 168'169 and induction 

of EGFR signaling in SCCs by an unidentified signal/ligand from gonialblasts '70"173. 

It is still unknown how the zpg signaling between gonialblasts and SCCs differ from 

that between GSCs and hub cells. 

In the mouse testis, the regulation of GSC differentiation has been poorly 

studied. There are only a few known factors that promote GSC differentiation. Stem 

cell factor (SCF) produced by Sertoli cells is one of the most well known extrinsic 

factors to induce differentiation. Binding of SCF to c-kit, a tyrosine kinase receptor 

of SCF on germ cells, promotes differentiation while targeted disruption of the Steel 

locus (encodes SCF) or the W locus (encodes c-kit) results in the arrest of 
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spermatogenia differentiation 75'174"176. BMP4 and Activin A have also been 

demonstrated to induce the differentiation phenotypes of GSCs, and their actions are 

associated with induction of c-kit 177178. Neurogenin 3 is a potential intrinsic factor 

proposed to take part in spermatogonial differentiation according to its molecular 

nature 179, however, experimental evidence supporting this hypothesis has not been 

published. At the moment, there is no report of an intrinsic factor that acts as a cell 

fate determinant in the differentiation of mouse GSCs. 

3.1.6 Aim 

Previous studies have demonstrated that Stk31 is expressed in the transition 

stage between undifferentiated and differentiated spermatogonia. These same studies 

showed that STK31 exhibits mitotic asymmetry in HEK293 cells (Chapter 2). 

Therefore, we hypothesize: 1. Stk31 shows mitotic asymmetry in GSC division; and 

2. Stk31 is a cell fate determinant in GSCs. 

The specific aims of this chapter are: first, to set up a in vitro GSCs model for 

the functional study of Stk31; second, to determine if Stk31 asymmetry presence in 

GSCs; and third, to determine the function of Stk31 in GSCs. 

3.2 Materials and methods 

3.2.1 Animals 

C57/BL6 x DBA F1 (BDF1) hybrid mice and C57/BL6 mice were purchased 

from LA SEC, CUHK. All procedures were approved by Animal Ethics Committee, 

CUHK (AEEC Number: 06/044/MIS). 

3.2.2 Purification of GSCs 

Ten BDF1 pups with age of 2 dpp were humanly terminated and their testes 
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were collected. The tunica albuginea was removed to release the seminiferous 

tubules. The seminiferous tubules were minced with scissors and testicular cells were 

released using a two-step enzymatic treatment 177180183 Minced tubules were placed 

in Solution I (lmg/ml Collagenase Type IV; 40(ig/ml DNasel, Sigma) for 10 minutes 

at 37°C. Tissues and cells were collected by centrifugation at 600 g for 7 minutes 

followed by incubation in Solution II (0.25% Trypsin, ImM EDTA, Invitrogen; 

40(ig/ml DNasel, Sigma) for 5 minutes at 37°C. The trypsin reaction was stopped by 

the addition of 10% FBS. Tissue debris was removed by filtering through a 60|im 

nylon mesh and testicular cells were collected by centrifugation at 600 g for 7 

minutes. 

3.2.3 Establishment of GSC cultures 

Testicular cells were cultured in GSC medium [StemPro 34 SFM medium 

supplemented with StemPro supplement (Invitrogen); 25^ig/ml insulin (Sigma); 

lOOpg/ml iron-saturated transferring (Sigma); 60mM putrescine (Sigma); 3 0 t ] M 

sodium selenite (Sigma); 6mg/ml D-(l)-glucose (Sigma); 30ng/ml pyruvic acid 

(Sigma); l^il/mi DL-lactic acid (Sigma); 5mg/ml bovine serum albumin (Sigma); 

2mM L-glutamine (USB corp); 5xl0"5M P-mercaptoethanol (Sigma); minimal 

essential medium (MEM) vitamin solution (Invitrogen); MEM nonessential amino 

acid solution (Invitrogen); 10"4M ascorbic acid (Sigma); lO^g/ml d-biotin (USB 

corp); 30r|g/ml (3-estradiol (Sigma); 60r|g/ml progesterone (Sigma); 20r]g/ml mouse 

epidermal growth factor (BD Bioscience); 10r|g/ml human basic fibroblast growth 

factor (Sigma), 103U/ml ESGRO (murine leukemia inhibitory factor; Chemicon), 

10r|g/ml recombinant rat glial cell line-derived neurotrophic factor (GDNF) (R&D 

Systems, Minneapolis, MN) and 1% fetal bovine serum (Gibco)] and maintained in 

37°C in an atmosphere of 5% carbon dioxide in air. Germline stem cells were 
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obtained through differential plating and long term cultures were established 

according to established protocol t61. 0.5 - 1 x 105 cells were seeded onto each well 

of a 0.2% gelatin coated 24 well plate. After 1 to 2 days in vitro (DIV), floating cells 

enriched in germ cells were transferred to another well after overnight attachment. 

After 3 DIV, floating cells were maintained in a 24 well plate for 12 days with the 

medium changed every 3 days. On the 15th DIV, GSC clumps were flushed off from 

attached cells through gentle pipetting and transferred to STO feeder layer (Section 

3.2.4). 

3.2.4 Long-term GSC cultures on STO feeder layer 

STO cells were purchased from ATCC. STO culture were maintained in STO 

culture medium (DMEM, Gibco; 10% FBS, Gibco; 1% P/S, Gibco; lOO^iM 

J3-mercaptoethanol, Sigma) and passaged as recommended. 

For mitotic inactivation of STO cells, cultures at 90% confluence were treated 

with 1 Ojag/ml mitomycin C (Sigma) for 3 hour at 37�C. Mitotic inactivated STO were 

washed with HBSS and either used immediately or frozen by addition of 10% 

DMSO for storage. 

For preparation of the feeder layer, 5 x 105 of fresh or 1 x 106 of frozen 

mitomycin C treated STO cells were plated onto 0.1% gelatin coated 35 mm dish. 

The feeder layer was used 1 - 7 days after seeding. 

On the 15th DIV, 1 - 2 x 105 GSCs were seeded onto the feeder layer with the 

medium changed every 2 - 3 days. The GSCs were passaged every 4 - 6 days. GSC 

clumps were flushed off by gentle pipetting, followed by centrifugation at 600 g for 7 

minutes. GSC clumps were resuspended into a single cell suspension and seeded 

onto the feeder layer at a 1:2 to 1:3 ratio. 
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3.2.5 Serum free and feeder free culture 

For serum free culture, all procedures were the same as indicated (Section 3.2.4) 

except that 1% FBS in GSCs medium was replaced by B-27 supplement (Gibco, 

Invitrogen). 

For feeder free culture, all procedures were the same as indicated (Section 3.2.4) 

except that GSCs were seeded onto 20p.g/ml laminin (BD Bioscience) coated 35 mm 

dish. 

3.2.6 Time Lapse Imaging of GSCs culture 

GSCs were cultured onto MatTek glass bottom culture dish (MatTek) under 

feeder layer culture condition. Images were taken every 20 minutes for 60 hours by 

Time Lapse Imaging System (CarlZwiss) 3 days after seeding. 

3.2.7 Collection of GSCs for molecular analysis 

GSCs were collected for molecular analysis as described 58,184. GSCs were 

flushed off from feeder layer by gentle pipetting and pelleted by centrifugation at 600 

g for 7 minutes. This protocol yields GSCs with purity over 95% and minimizes the 

background signal from feeder layer. 

3.2.8 RT-PCR 

RNA from GSCs were extracted using TRIzol reagent (Invitrogen). The RNA 

was dissolved in DEPC-treated ddH20. RNA concentrations were measured by 

Nanovue Spectrophotometer (GE Healthcare). 

For reverse transcription, 2.5jig RNA were mixed with 0.5|xg/nl Oligo dT 

primer (Invitrogen) followed by incubation at 70°C for 10 minutes. Oligo dT was 

annealed to RNA by incubating on ice for 2 minutes. RT mix (IX PCR buffer; 2mM 
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MgCl2； 8mM DTT; 0.25mM dNTP) was then added to the reaction followed by 

incubation at 42°C for 5 minutes. 200U MMLV-RT (Invitrogen) was then added and 

the RT reactions were completed by incubating at 42�C for 50 minutes followed by 

70°C for 15 minutes. RNA in cDNA mixture were degraded by addition of 1U of 

RNase H (Invitrogen) and incubated at 37°C for 20 minutes. 

Primer pairs used in this study were Stk31, SSEA-1, EpCAM, (31-integrin, 

E-cadherin, Cd9, Oct3/4, c-kit, Ccnal, Hlf3, and Gapdh (Appendix). Ipil of cDNA 

were used for RT-PCR as indicated (Section 2.2.3). 

3.2.9 Recipient mice 

According to histocompatibility 185186, C57/BL6 or BDF1 mice were used as 

recipient mice. To deplete endogenous germ cells, 40mg/kg busulfan (Sigma) was 

injected into mice at 4 weeks of age through intra-peritoneal injection. Mice were 

kept for 6 — 8 weeks before transplantation. 

3.2.10 Germ cell transplantation 

i Q-y I Q7 I 父父 

Germ cells transplantation was carried out as described ’ ’ . To prepare 

GSC suspension for transplantation, GSCs were flushed off from feeder layer 

followed by three times wash in HBSS. GSCs were resuspended in injection solution 

(0.04% Trypan blue, Sigma; 100|ig/ml DNase I; in HBSS, Gibco) with concentration 

of 107 cells/ml. 

Recipient mice were anesthetized with a Ketamine/Xylazine mix. Incision was 

made at the mid-line of the lower abdomen. The testes were pulled out and placed on 

sterilized paper. The cells suspensions were loaded into micropipettes and injected 

into the seminiferous tubule through efferent duct injection. Sham transplantation 

were made by injecting the injection solution. Any leaked cells were washed away 

66 



with physiological saline and the wound was sealed with sutures. The mice were 

allowed to recover and comfortably housed for 2 months to allow regeneration of 

spermatogenesis. 3(ig/kg Temgesic were given via intra-subcutaneous injection when 

needed after surgery. Recipient mice were allowed to mate with female mice and 

their testes were collected after these mating experiments. The numbers of pups was 

counted per recipient. 

3.2.11 Retinoic acid treatment of GSCs 

GSCs were treated 5 days after passaged. I j j M Retinoic acid (Sigma) were 

added to the culture medium and cultured for 3 days. GSCs were collected for 

RT-PCR studies as indicated. For immunofluorescence study, 3 days after RA 

treatment, cultures were fixed for immunofluorescence study. 

3.2.12 Immunofluorescent studies 

GSCs were fixed by 4% PFA, permeabilized and blocked in 5% normal goat 

serum (Invitrogen) in IX PBST for 30 minutes at room temperature. The sections 

were then probed with 1:100 Mouse Anti-STK31 MaxPab (Abnova) at 4°C overnight. 

Non-specific binding of primary antibodies were washed off with IX PBST and the 

sections were probed with Alexa®488 Anti-mouse high cross absorbed Ab 

(Molecular Probe) for 1 hour at room temperature. The sections were then washed 

with lx PBST and the nuclei were counterstained with 100r|g/ml Hoechst 33342 

(Invitrogen) for 5 minutes at room temperature. The slides were mounted by Anti 

Fade Gold mounting media (Invitrogen) and images were taken with a Nikon 

ECLIPSE 80i imaging system (Nikon) and analyzed via SPOT Advanced software 

(SPOT Diagnostic Inc.). Daughter GSCs from a single mitotic division were 

characterized by the presence of an intercytoplasmic bridge 145. 
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3.2.13 Cloning ofStk3J 

The mouse homolog Stk31 was cloned from mouse adult testis cDNA. Primer 

pairs Stk31 FL was used in this experiment. The full-length coding region of Stk31 

was amplified by FideliTaq polymerase (USB corp) as indicated (Appendix). PCR 

products were purified with illustra™ GFX™ PCR DNA and Gel Band Purification 

Kit (GE Healthcare) and cloned into pQCXIH retroviral vector (Clontech) using NotI 

and BamHI restriction sites. Plasmid DNA was prepared using Mini Plus or Midi 

Plus Plasmid DNA Extraction Kit (Viogene). 

3.2.14 Retrovirus production 

Retroviral system was used in Stk31 overexpression studies. Retrovirus was 

produced using BD Retro-X™ Universal Expression System (Clontech). GP2-293 

packaging cells were maintained in DMEM (Gibco) supplemented with 10% FBS 

(Gibco), 1% P/S (Gibco), 4mM L-glutamine (USB corp) and ImM Sodium Pyruvate 

(Sigma). To produce the retrovirus, 3x106 GP2-293 cells were transfected using 

of overexpression vector, 5|ig of pAmpho and 20p,l of Lipofectamine 2000 reagent 

(Invitrogen) in a 60 mm culture dish. To increase viral titre, packaging cells were 

seeded onto the culture dish with the DNA:liposome complex pre-loaded in medium. 

24 hours post-transfection, the medium was changed to full medium supplemented 

with MEM nonessential amino acid solution (Invitrogen). Viral supernatant was 

collected 72 hour post-transfection. 

Cell derbis in both the retroviral supernatant was removed by filtering through 

MILLEX-HV® PVDF 0.45nm filter unit (Millipore). Viral titres were determined by 

transducing NIH3T3 cells. 
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3.2.15 Transduction 

GSCs were cultured for 3 days after passage for transduction, lml viral 

supernatants (104 T U / m l , � 0 . 1 MOI) were pre-incubated with 6|ig/ml polybrene 

(Sigma) for 5 minutes followed by adding to GSCs culture containing lml GSCs 

medium. 20 hours post-transduction, viral containing medium was changed to GSCs 

medium. 

3.2.16 Selection of transduced GSCs 

Hygromycin resistant feeder layers were prepared by retroviral transduction of 

the pQCXIH vector (Clontech) into STO cells. 

To obtain stable transduced GSCs, transduced GSCs were passaged onto 

antibiotics resistant feeder layer 3 days after transduction. 3 days after passage, GSCs 

were selected with 40-200|ig/ml Hygromycin (Invitrogen). 4-5 days after selection, 

resistant GSCs were passaged to new feeder layer with addition of normal GSCs to 

maintain cell confluence 189. Selection cycles were repeated until resistant GSCs 

colonies acquired sufficient cell confluence for maintaining the proliferation status. 

3.3 Results 

3.3.1 Establishment of GSCs culture on STO feeder cells 

To study the functions of Stk31 in spermatogonia, an in vitro culture of GSC 

were established. This experiment was based on previous established GSC cultures 

161 and maintained on STO feeder layers. Germ cells were first extracted from 

neonatal BDF1 mice through double enzymatic treatments ’ and germ cells 

were enriched by differential plating. During the differential plating periods, somatic 

cells were attached to gelatin-coated plate while germ cells, which were 

distinguished by their large size, remained floating. After three rounds of negative 
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selection, the majority of somatic cells were removed and the floating population was 

enriched in germ cells. These steps resulted in a favorable somatic cell: germ cell 

ratio, which is critical for the initiation of GSC cultures. The germ cells and the small 

amount of somatic cells were seeded onto a 24 well plate in the presence of GDNF, 

FGF, EGF and LIF, which have been shown to be required or enhanced GSCs 

maintenance and self-renewal ,32'i61',77'180'182',g°-192. After 3 - 1 5 DIV, somatic cells 

began to attach, proliferate and spread on the well. GSCs attached to the somatic cell 

layer, proliferated and formed cell clumps. These clumps were recovered from the 

attached cells and seeded onto STO feeder layers for further culturing. 

To characterize the GSC cultures on STO feeder cells, the growing properties of 

the culture were compared with previous studies 161 • During the first 1 - 2 days on 

fresh STO feeder, GSCs attached to the feeder layer as a single cell (Figure 3.3A). 

On day 3，GSCs began to proliferate and form small clumps (Figure 3.3B). On day 

4 - 5 , GSCs formed large clumps of cells (Figure 3.3C and D), which is a 

characteristic of self-renewing divisions of GSC l32，16丨’丨81. Chains of proliferating 

cells, resembling the Aai spermatogonia in vivo, were observed (Figure 3.3E). 

However, unlike the previous studies, the clusters of cells had distinct borders instead 

of unclear borders 132 ,6 丨丨81. 

Furthermore, GSCs attached preferentially to laminin 162 and self-renew on 

laminin-coated plates in feeder free conditions 162. In order to determine whether 

GSCs on STO feeder maintain this property, GSCs were seeded onto laminin-coated 

plates after passage. GSCs on STO feeder attached to laminin one day after seeding 

exhibits a flattened round morphology (Figure 3.4). Consistent with previous report 

l62, the attached cells proliferated during days 2 - 5 and upon reaching confluency, 

the morphology of the cells switched from being flattened and round to being 

fibroblast-like (Figure 3.4). 
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Figure 3.3| Culturing properties of GSCs on STO feeder iayer�GSCs morphologies were 

captured 1 - 2 days (A), 3 days (B), and 4 - 5 days (C - E) after seeding onto fresh STO 

feeder layer. Individual cells were observed on day 1 - 2. Small clusters of cells were 

observed on day 3. Large clumps of proliferating GSCs were observed on day 4 - 5 . GSCs in 

clumps with distinct borders (Arrow) and chains of proliferating GSCs were observed 

(Arrow head). Magnification 1 OOx. 
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Figure 3.4| Culturing properties of GSCs on laminin. GSCs morphologies were captured 

1 day (Left) or 5 days (Right) after seeding onto laminin-coated plate. Individual GSCs 

attached on to laminin with a flattened round morphology (Arrow) (Inset). GSCs proliferated 

on laminin and upon reaching confluence, fibroblast-like morphology were observed (Arrow 

head) (Inset). Magnification 100x� 
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Besides laminin binding activity, GSCs have been shown to be able to be 

cultured on MEFs in serum-free condition '62. To study whether this property could 

be applied in GSCs on STO feeder, serum in the GSC culture medium was replaced 

by B-27 nutrient supplement. On the first day of serum replacement, the STO feeder 

layer rounded up and detached from culture plate, which were the signs of apoptosis 

(Figure 3.5). This indicated that GSCs are not suitable for culturing on STO feeder 

layers under serum-free conditions. However, it is interesting to note that large cell 

clumps with unclear borders were found 5 days after serum replacement (Figure 3.5). 

This morphology is similar to GSCs under anchorage independent culturing 

conditions 193. 

3.3.2 Molecular characterization of GSCs culture 

On top of cell morphology and culturing properties, the identities of GSCs on 

STO feeder layers were further characterized by studying the expression of 

molecular markers. Markers for the testis (Histone It) l94’195，primordial germ cells 

(SSEA-1)丨96，197，spermatogonial stem cells (pi-integrin and Oct3/4) 6丨’68’198, 

spermatogonia (CD9, EpCAM and E-cadherin) 62，63，199，differentiated spermatogonia 

(c-kit) i05, and primary spermatocytes (Ccnal) 200 were used in this experiment. 

GSCs from initial cultures (7 DIV) and prolong cultures (100 DIV) were compared 

to a commercially available mouse spermatogonia cell line GCl-spg. STO feeder 

was used as a control to eliminate possible contamination of feeder in GSC cultures. 

Both initial and prolonged GSC cultures expressed a testis specific histone 

isoform, Histone It. No expression was detected in STO feeder control confirming 

their testicular origin. Similar to previous reports 68'161，162，both initial and prolonged 

cultures maintained the expression of spermatogonial stem cell markers, pl-integrin 

and Oct3/4. They also expressed undifferentiated spermatogonia markers, CD9 and 
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Figure 3.5| Culturlng properties of GSCs on STO feeder under serum-free condition. 

GSC morphologies were captured 1 day (Left) or 5 days (Right) after serum replacement. 

STO feeder layer detached from culture plate 1 day after serum replacement. Large clumps 

with unclear borders similar to anchorage independent growth were observed (Arrow) 5 days 

after serum replacement. Magnification lOOx. 
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Figure 3.6| Expressions of stage specific germ cell markers in GSCs cultured on STO 

feeder layer. Expressions of testis specific marker (Histone It), markers for primordial germ 

cells (SSEA-l), spermatogonial stem cells (pi-integrin and Oct3/4), spermatogonia (CD9, 

EpCAM and E-cadherin), differentiated spermatogonia (c-kit), and primary spermatocytes 

were determined (Upper panels). GAPDH was used as internal control (Bottom panel). 

Expression in prolonged culture (Red rectangle) were compared with initial cultures and the 

GCl-spg cell line. STO feeder was used to eliminate possible contamination in GSCs. 

Mouse testis cDNA were used as positive control. 
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E-cadherin (Figure 3.6). The expression of more differentiated stage markers, c-kit 

and Ccnal were detected in the initial culture. However, after prolonged culture, the 

expression of these markers was lost, indicating that only undifferentiated stem cells 

are able to self-renew under this culture condition. In contrast to GSCs on MEF 

feeder, which are negative in SSEA-1 and positive in EpCAM expression 1 6 U 6 2, 

GSCs on STO feeder were positive for SSEA-1 expression. EpCAM expression 

significantly decreased after prolonged culture (Figure 3.6). This suggested that 

GSCs on STO feeder might maintain more primitive properties. In our previous 

studies, it was demonstrated that Stk31 is expressed in the transition state from 

undifferentiated to differentiated spermatogonia (Section 2.3.4). Interestingly, the 

present study showed that Stk31 was expressed in initial cultures, but not prolonged 

cultures. 

3.3.3 GSC cultures maintain spermatogonial stem cell activity 

Spermatogonial stem cell activity, the most critical property of GSCs, is 

characterized by the ability to repopulate the seminiferous tubules and regenerate 

spermatogenesis '87. The only known method to test this is by germ cell 

transplantation. In order to determine whether our GSC cultures maintained this 

property, the GSCs were transplanted to histocompatible, germ cell depleted 

recipient mice. After two months of regeneration, the fertilities of recipient mice was 

determined by mating and their testes morphologies was recorded. Upon GSC 

transplantation, the recipient mice testes recovered to a size similar to normal adult 

testes, however, testes from sham-transplantation groups were significantly smaller 

due to the depletion of germ cells (Figure 3.7). Furthermore, GSC transplanted mice 

regained fertility as shown by the ability to impregnate female mice. No pups were 

found on sham-transplanted group (Table 3.1). 
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A B 
Sham testis Transplanted testis 

Figure 3.7| Morphology of testis after germ cell transplantation. GSCs were transplanted 

into recipient mice testes through efferent duct injection (A, Adapted from 183). After 

regeneration, testes from GSC transplanted (Right) and sham transplanted (Left) mice were 

excised and imaged (B). The testes that received GSCs showed regeneration of 

spermatogenesis as reflected by testis size. 

Treatment No. of No. of No. of %of %of Days for pups 

replicates pregnant pups male female after 

female laid transplantation 

GSCs 2 4 20 55 45 ~ 3 months 

transplanted 

Sham 2 0 0 N/A N/A N/A 

Table 3.11 Regeneration of spermatogenesis and restoring fertility of recipient mice 

after germ cell transplantation. Recipient mice received GSCs transplantation or sham 

transplantation were mated with female mice. Numbers of pups lay by female mice were 

counted. Upon transplantation, recipient mice restored fertility while sham transplanted mice 

remained sterile. 
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These results indicate that our GSCs maintain similar culturing properties, germ 

cell marker expressions, and more importantly, spermatogonial stem cell activity. 

Therefore, these GSCs were suitable for subsequent analysis. 

3.3.4 Retinoic acid induce differentiation in GSCs 

Since the GSCs were maintained in undifferentiated states and did not express 

Stk31, it was necessary to induce differentiation in order to study the transition state 

between undifferentiated to differentiated spermatogonia. Retinoic acid, which has 

been demonstrated to induce differentiation in various stem cell systems 201_204, has 

also been found to be able to induce differentiation in GSCs 68. It was therefore used 

to induce the differentiation of GSCs, and subsequently the transition state of GSCs. 

The GSCs started to differentiate three days after the induction via retinoic acid. 

This differentiation was characterized by changes in two culturing properties: clump 

dissociation and detachment from feeder layers. While the earlier section and 

previous studies demonstrated that self-renewal division occurs preferably in clumps 

of GSCs (Section 3.3.1), the current study showed that after RA induction, the 

clumps began to dissociate, forming small clusters of not more than 15 cells. GSCs 

in vehicle control groups remained in normal mounds (Figure 3.8). Furthermore, it 

has been suggested that differentiating GSCs would detach from feeder layers after 

induction by retinoic acid 58181. In this study, during the collection of GSCs, 

RA-induced GSCs readily detached from feeder layer in response to light vibration. 

The vehicle treated group, however, required repeated pipetting in order to flush the 

GSCs off the feeder layer. These results suggested that RA is able to induce 

differentiation in GSCs culture on STO feeder layers. 
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Retinoic acid Vehicle 

Figure 3.8| Induction of GSCs differentiation by retinoic acid. GSCs on STO feeder layer 
were treated with lfiM retinoic acid (Left panel). 4 days after treatment, cell morphologies 
were recorded. Absolute ethanol was used as vehicle control (Right panel). GSCs clumps 
were dissociated into small clusters of cells (<15 cells/cluster) (Arrow) after RA treatment. 
Sizes of clumps remain unchanged in the vehicle control group. Magnification lOOx. 
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3.3.5 Induction of Stk31 expression upon RA-induced differentiation 

It has been demonstrated that Oct3/4, which is required for spermatogonial stem 

cell self-renewal, is down-regulated during RA induced differentiation 68. In this 

experiment, RNA was extracted from GSCs 3 days after RA induction. Expression of 

these germ cell markers were analyzed by RT-PCR. Consistent with the previous 

studies 68，Oct3/4 was down-regulated after induction by RA in this study. Despite 

the weak expression of EpCAM, its expression was still down-regulated in 

concomitant with Oct3/4. The expressions of SSEA-1, pi-integrin and CD9 were not 

affected by RA induction. Strikingly, the expression of Stk31 was induced upon RA 

induction (Figure 3.9). 

In order to study whether the induced Stk31 expression would be translated into 

protein, an immunofluorescence study was carried out. In this experiment, GSCs 

cells 3 days after RA induction or vehicle treatment were fixed and stained with 

anti-STK31 antibody. Consistent with the RT-PCR results, protein of Stk31 was 

detected in the RA treated group, but not the vehicle control group (Figure 3.10). 

Interestingly, the induction of StkSl expression was heterogeneous. Strong 

expression of Stk31 was detected from individual cells dissociated from clumps. 

Weak expression of Stk31 was detected from cells that remained in small clusters 

(Figure 3.10). In contrast to the RA-treated group, GSCs in the vehicle group 

remained in clumps of more than 15 cells, and were negative in Stk31 staining. 

These results indicate that self-renewal of GSCs decreases upon differentiation 

as reflected by decrease in Oct3/4 expression. Meanwhile, the expression of Stk3J is 

induced. These data further support our hypothesis that Stk31 is expressed in the 

transition state between undifferentiated and differentiated spermatogonia. 
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Figure 3.9| Expressions of stage specific germ cell markers in GSCs after RA induced 
differentiation. Expressions of markers for primordial germ cells (SSEA-1), spermatogonial 
stem cells (pl-integrin and Oct3/4), spermatogonia (CD9, EpCAM and E-cadherin), and 
differentiated spermatogonia (c-kit) were determined (Upper panels). GAPDH was used as 
internal control (Bottom panel). Differential expressed genes, Oct3/4, EpCAM and Stk31, 
were marked (Red rectangle). Oct3/4 and EpCAM were down-regulated while expression of 
Stk31 was induced upon differentiation. 
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Figure 3.10| Immunofluorescence study of Stk31 in differentiating GSCs. GSCs on STO 
feeder layer were treated with lfxM retinoic acid (A, C, E and G) or vehicle control (B，D, F 
and H). 4 days after treatment, cells were fixed and stained with anti-STK31 antibody (C and 
D). Nuclei were counterstained with Hoechst (E and F). Bright fields are shown on the top 
panels; merged images are shown on the bottom panels. Heterogeneous Stk31 expression was 
induced upon differentiation. Strong expressions were detected in dissociated cells (Arrow) 
while weak expressions were detected in small clusters (Arrow head). Magnification 200x. 
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3.3.6 Asymmetrical distribution of induced Stk31 protein during GSCs mitotic 

division 

Studies in Drosophila have shown that GSCs in males divide asymmetrically 

during differentiation. The asymmetry was proposed to be determined by cell-cell 

interaction, cell-ECM interaction, localization of extrinsic and intrinsic factors 

81，101’I37’205’206 From our previous results, Stk31 was found to be expressed in the 

transition state during GSC differentiation. Moreover, the induction of Stk31 was 

heterogeneous. This suggested that Stk31 might be the intrinsic factor that acts as a 

cell fate determinant in mouse GSC system. To study this, immunofluorescent 

studies were used to study the expression of Stk31 from daughter cells of a single 

mitotic division of GSCs. These two daughter cells were characterized by the 

presence of an intercellular cytoplasmic bridge '45. 

Immunofluorescent studies showed that Stk31 localized asymmetrically within 

daughter cells derived from individual cells dissociated from clumps (Figure 3.11). 

More importantly, asymmetrical distributions were found in cells with two nuclei, 

which mimics the stage before division/cytokinesis (Figure 3.11)，indicating that the 

asymmetry was set up before division instead of being induced after division. 

Uniform cytoplasmic distribution and aggregated granules expression patterns, as 

suggested by GFP fusion protein, were also found in GSCs exhibiting asymmetrical 

division (Figure 3.11). 

3.3.7 Stk31 induce differentiation phenotype in GSCs 

As a intrinsic factor which is divided asymmetrically during GSCs division, it 

would affect the cell fate of the daughter cells through altering the self-renewal or 

differentiation 83,207'208. To study the consequence of asymmetric distribution of Stk31, 

whether or not it acts as a cell-fate determinant, we overexpressed Stk31 in GSCs 
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B u m H t k M B n d i t S l k 3 1 

Figure 3.11| Asymmetry of Stk31 in GSCs division. After RA treatment, GSCs were fixed 
and stained with anti-STK31 antibody. Nuclei were stained by Hoechst. Merged images were 
showed on the right panel. Bright field were showed on the left panel. Daughter cells from 
single parental cells were characterized by intra-cytoplasmic bridge. Stk31 distributed 
asymmetrically in two daughter cells after division (A 一 J). Uniform cytoplasmic distribution 
(C and D) and aggregated granules (G and H) were observed in the asymmetric division. The 
asymmetry was set up before division/cytokinesis (I and J). Magnification 400x. 
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using retroviral transduction. The results showed that retrovirus was able to 

overexpress Stk31 in GCl-spg and STO cells (Figure 3.12A). The expression of 

Stk31 in GSCs was not checked since transduced cells were used for subsequent 

selection. Nonetheless, the success of transduction was monitored by the expression 

of GFP. 

Before transduction, GSCs grew in mounds (Figure 3.12B). After transduction, 

7-overexpressed groups showed a significant decrease in the number of mounds 

as compared to the vector control group (Figure 3.12B). This indicated that Stk31 

overexpression was able to initiate a differentiated phenotype in GSCs. 

3.4 Discussion 

3.4.1 GSCs on STO layers enhance the flexibility of genetic manipulation 

We have demonstrated that by using established serum-containing , culture 

condition l61, GSCs are able to self-renew and expand on STO feeder layers. Early 

reports have demonstrated the feasibility of GSC cultivation in the presence of STO 

feeder layer 209. Although proliferation was noted during cultivations, the number of 

GSCs could only be maintained for 4 months without expansion. After the discovery 

of GDNF, the key regulator for expansion of undifferentiated spermatogonia 64,210, 

long term GSC cultures have been established 16 丨.Subsequent experiments on 

• , J ftQ 1 1 ) 1 ? 

genetic manipulation of GSC culture have been successfully conducted ， ’ . 

These systems utilize MEFs instead of STO as the feeder layer, possibly due to the 

better maintenance of mES cells on this feeder layer 2I3. Soon after the establishment 

of the long term culture method, another group has reported an improved culture 

condition using serum-free conditions with specialized supplements where STO was 
cQ j j 9 2 . , 

used as feeder layer ' ’ . Yet, no genetic manipulation using this culture 

condition has been reported. Although MEFs confer more reproducible 
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Figure 3.12| Induction of differentiation phenotypes by Stk31. GSCs were transduced 
with retrovirus carrying Stk31 overexpression vector. Overexpressions of Stk31 by retrovirus 
were confirmed by western blot in GCl-spg and STO cells (A). Cell lysates of transduced 
cells were probed with anti-STK31 antibody (A — top panel) and (3 tubulin was used as 
loading control (A - bottom panel). Morphologies of GSCs were recorded before and after 
transduction (B). Stk31 overexpression initiates clump dissociation after transduction (B -
top panel). Mounds of GSCs were still observed in vector control group after transduction 
(B - bottom panel). 
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characteristics than STO, the flexibility of genetic selection, which usually involves 

various antibiotic selections, is limited due to the lack of resistant MEFs. Due to the 

immortalized nature of STO, introduction of antibiotic resistances are more feasible 

and therefore greatly enhances their flexibility for genetic manipulation. 

3.4.2 Cultures on STO layers shows primitive GSCs signatures 

GSCs on STO layers share various similarities regarding morphological 

characteristics and molecular signatures with GSCs on MEFs. These included the 

chains and clump formations; expression of GSC markers such as CD9 and 

Pl-integrin; and laminin binding and anchorage independent growth properties 

丨6丨’162，丨93 The discrepancies lie on the cell border morphology and expression of 

primordial germ cell marker SSEA-1. GSCs grown on STO exhibit flattened clumps 

with distinct borders. On the other hand, GSCs on MEFs exhibit clumps with unclear 

borders. This morphology is more comparable with early reports on maintaining 

GSCs on STO for 4 months 209. However, in our system, GSCs were able to expand 

and passage for more than 3 months. 

SSEA-1 is expressed in ES/EG cells, which are only available during embryonic 

period. FACs analysis showed that GSCs on MEFs did not express SSEA-1 161. In 

our system, GSCs were obtained from postnatal mice and therefore should be 

negative for SSEA-1. However, the cells in our experiment expressed SSEA-1. This 

indicated that either the cultured cells were ES/EG cells or that they retained some 

properties of their lineage progenitors. It is unlikely that the cultured cells were 

ES/EG cells because the cultured cells were morphologically distinguishable from 

ES/EG cells. Moreover, transplantation of ES/EG cells into seminiferous tubules 

results in tumor formation and causes the death of recipient '88. However, 

transplantation of our culture cells into seminiferous tubules did not result in tumor 
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formation and death. Instead, spermatogenesis was regenerated and fertility was 

restored. Therefore, we speculate that GSCs on STO retain some properties of their 

progenitors. Further study on the expression of the SSEA-1 protein is necessary for 

clarification of this interesting phenomenon. 

3.4.3 Induction of Stk31 during GSCs differentiation 

Since the cells in GSCs culture were heterogenous, it was postulated that only a 

portion of cells display Oct3/4 expression are the spermatogonial stem cell 68. 

However, it is reasonable to consider that these cells as undifferentiated 

spermatogonia due to: first, the presence of undifferentiated markers; second, the 

absence of differentiated markers; and third, the chain morphologies resembling Apr 

and Aai spermatogonia. Retinoic acid is able to induce differentiation in GSC cultures 

as indicated by changes in growing properties and marker expression. This 

differentiation should start from undifferentiated to differentiated spermatogonia. 

Consistent with our hypothesis, Stk31 expression was induced after differentiation; 

meanwhile, expression of Oct3/4 was down-regulated, further supporting that Stk31 

is a differentiating spermatogonia (Apr to A】）marker. As spermatogonia is thought to 

be the spermatogonial stem cell. Oct3/4 is among one of the proteins expressed in 

this subset of cell type 133 214 217 it would be interesting to examine if there are 

co-relations between the expression of Stk31 and Oct3/4，as this would provide a hint 

on the hierarchy of spermatogonia. Positive co-relations might indicate that 

spermatogonial stem cell presents in Aai population. Positive co-relations might also 

indicate that As spermatogonia may differentiate into Ai spermatogonia directly. 

On top of Oct3/4, c-kit was reported to be induced during RA induced 

differentiation 68. However, in our system, after 3 days of treatment, c-kit expression 

was not detected. This may due to the fact that our GSCs have a more primitive 
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phenotype. Also, this indicates that induction of Stk31 may be upstream of c-kit. 

Longer periods of induction may be necessary in order to determine the co-relations 

between StkSl and c-kit. 

3.4.4 Mechanisms for Stk31 asymmetry in GSCs 

Asymmetric segregation of protein determinants have been reported in various 

mammalian stem cells system such as neural progenitors cells 83, hematopoietic stem 

cells and progenitors cells 84 and muscle satellite cell 85. Asymmetric division has 

also been demonstrated in cell systems with hierarchies such as T cells 86. The 

spermatogonial stem cell system differs from these systems in that mitotic divisionin 

spermatogonial stem cells undergo incomplete cytokinesis 55'57’218. The intercellular 

cytoplasmic bridge resulting from incomplete cytokinesis allows for the exchange of 

materials between daughter cells. Therefore, asymmetric segregation should require 

unique machinery for maintaining this asymmetry. Our results showed that the 

asymmetry of Stk31 was set up before cytokinesis occurs. Interestingly，a gradient 

distribution of Stk31 was observed. This indicated that such machinery would have 

been set up before cytokinesis and is able to set up a protein gradient. Previous 

reports on Drosophila suggested that asymmetry in GSC systems was determined by 

the niche through protein-protein interactions with the cortex region of GSCs 81,126. A 

recent report on mitotic asymmetry in mouse GSC systems also suggested the 

involvement of the basement membrane t45. The niche of mouse GSCs is likely to 

consist of Sertoli cells which are epithelial cells. However, in vitro cultures of GSCs 

were maintained on a fibroblast feeder. Due to the differences in surface protein 

architectures of the two cell types, this culture condition was not suitable for 

mimicking the niche. This also suggested that Stk31 asymmetry was unlikely to be 

set up by protein-protein interaction between GSCs and the niche. Further studies are 
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needed to elucidate the molecular mechanism underlying Stk31 asymmetry, which 

might be independent of Par-3/6-aPKC polarity complex as in the case of TRIM32. 

3.4.5 Stk31 is a cell fate determinant in GSCs 

Cell fate determinants are discerned by their asymmetric distribution in stem 

cell division and the ability to regulate the cell fate after division. In mouse GSCs, 

cell fate determinants have not yet been identified. In our experiments, we have 

demonstrated the asymmetry of Stk31 and more importantly, when overexpressed, 

StkSl is able to initiate the differentiated phenotype of GSCs. These results indicated 

that Stk31 is a cell fate determinant in mouse GSCs. This is the first evidenced cell 

fate determinant in mouse GSCs. 

What is the underlying mechanism for the cell fate specifications by Stk311 

C-kit is a potential candidate since the expression of c-kit was down-regulated by 

Plzf, which is responsible for GSC self-renewal 2I7. Interestingly, c-kit might be a 

downstream target of Stk31 as suggested by the delayed induction of c-kit after 

retinoic acid treatment. BMP-SMAD signaling cascade would be another target due 

to their conserved role in GSC differentiation in Drosophila and mice, which were 

also associated with c-kit expression l77’178. Indeed c-kit and SMAD1 were 

down-regulated in STK3J knocked-down Caco2 cells in a dose-dependent manner 

(Chapter 4). Besides receptor signaling pathways, the cell cycle regulator cyclin D2, 

which has been demonstrated to take part in GSCs self-renewal induced by Ras 2ig, 

was up-regulated in STK31 knocked-down Caco2 cells (Chapter 4). This suggested 

that Stk3J might also regulate GSC self-renewal through cell cycle regulation. 

Taken together, we hypothesize that upon stimulation from extrinsic factors, 

expression of the cell fate determinant Stk31 is induced. Stk31 may be distributed 

asymmetrically in GSC division through unique asymmetry machinery. The 
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accumulation of Stk31 in committed progeny will trigger the BMP-SMAD pathways, 

which would result in the induction of c-kit expression and subsequent differentiation 

processes. On the other hand, the accumulation of StkSl would suppress cyclin D2 

expression and prevent GSC self-renewal. These pathways together with the niche 

regulate the homeostasis of male mouse GSCs. 

3.5 Conclusion 

In conclusion, we have demonstrated that GSCs can be cultured on STO feeder 

without the loss of GSC properties. Expression of Stk31 was induced in RA-induced 

differentiation. Stk31 is distributed asymmetrically during GSC division and 

overexpression of Stk31 in GSCs induces the differentiation phenotype. We propose 

the involvement of BMP-SMAD cascade and c-kit in the cell fate specification by 

Stk31. Further studies are required to elucidate the molecular mechanisms underlying 

the Stk3J asymmetry and the requirement of StkSl in spermatogenesis in vivo. 
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Chapter 4 

Functional studies of STK31 in human colon cancer 

4.1 Introduction 

Cancer is one of the most common lethal diseases. Research has been focused in 

the origin of cancer. Recently, the emerging concept of the "cancer stem cell" has 

facilitated the understanding of tumor origin and progression. 

4.1.1 Cancer stem cells 

One common characteristic of all cancers or tumors is the variability in diverse 

properties among the cancer cells within a tumor. These properties include the 

expression of surface antigens, cell morphology (differentiation stages), proliferation 

properties, metastatic capacity, tumorigenecity and therapeutic resistance 220,22'. 

These variables in tumors are referred to as tumor heterogenicity 222. Currently, there 

are two models accounting for tumor heterogenicity: the "cancer stem cell" model 

and the "clonal evolution" model 6,223 (Figure 4.1). The clonal evolution model states 

that cancer cells acquire genetic alterations over time. Combinations of these changes 

provide growing advantages to cells that undergo natural selection. Therefore, during 

tumor initiation and progression, a cell that received mutations would have more 

progeny that might in turn acquire additional genetic alterations. Meanwhile, another 

cell would acquire other advantageous mutations. The result of this is a mixture of 

tumor cells that have acquired different mutations or characteristics, in a single tumor. 

Furthermore, all cancer cells can potentially become invasive, tumorigenic and 

resistant to therapeutic strategies " . In the cancer stem cell model, only a 

particular subset of cells within the tumor contains stem cell properties. These stem 

cell properties determine the invasiveness, therapeutic resistancy and tumorgenicity 

of the tumor. This particular subset of cells is called "Cancer stem cells (CSCs)". In 

90 



A St€f71 cell 

B 

C 

6 " � 

6 3 D O 
Figure 4.11 "Cancer stem cell" and "Clonal evolution，，model for cancer heterogenicity. 
Under normal conditions, stem cells undergo differentiation and form a cell hierarchy (A). In 

the “Clonal evolution" model (B), all cells may acquire genetic alteration and have similar 

tumorigenic potential. In the "Cancer stem cell" model (C), only the "cell-of-origin" acquires 

CSC properties. Tumor heterogenicity arises from the differentiation of CSCs. The two 

models are not mutually exclusive. CSC1 have been demonstrated to undergo clonal 

evolution, acquiring additional alteration such as metastatic potential to become CSC2 (D). 
Adapted from 6. 
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the cancer stem cell model, tumor heterogenicity is explained by the hierarchical 

alignment of cells according to their self-renewal and differentiation status 227"230. 

These two models share the common concept that cancer cells express stem cell 

properties, although these properties may not be completely acquired in the clonal 

evolution model. The major difference between the two models is the explanation for 

tumor heterogenicity. Whereas acquisitions of selective advantageous genetic events 

are used in the clonal evolution model, stem cell hierarchy is used in the cancer stem 

cell model. Despite the difference, the two models are not mutually exclusive since 

CSCs have been demonstrated to undergo clonal evolution 231. A common 

misunderstood concept in the cancer stem cell model is that cancer stem cells must 

originate from normal stem cells. Emerging evidence suggests that CSCs do not 

necessarily originate from normal stem cells 232, instead, they can also originate from 

committed progenitors or differentiated progenies. Therefore, a recent discussion 

published in Cell Stem Cell revised the term cancer stem cell to refer to the cancer 

cells that fulfill the classic stem cell criteria 233. 

CSCs can be identified by the formation of tumors after serial transplantation 

into immuno-compromised or immuno-deficient mice. The existence of CSCs was 

first evidenced in acute myeloid leukemia. Since then, CSCs have been identified 

from tumors originating from the brain, breast, lung, liver, colon and pancreas 234-244. 

The frequency of CSCs in different populations varies from 0.03% 245 to nearly 

100% 246. The high occurrence of tumorigenic cells can be explained through the 

clonal evolution model because the majority of cells can acquire tumorigenic 

properties in this model. Some investigators hypothesize that the low occurrence of 

tumorigenic cells found in some tumors is due to non-optimal micro environments for 

particular tumor types after transplantation 1. In the identification of CSCs, cell 

surface markers were used to isolate subsets of cells that were rich with CSCs. These 
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subsets of cells were not purely CSCs since there was no unique marker for CSCs 

available at the moment. The cell surface markers used include CD133, CD44, CD24, 

CD90 and EpCAM 234 244 (Table 4.1). Among these markers, CD133 and CD44 could 

enrich CSCs across various tissue origins while the others show certain degrees of 

tissue specificity. 

In the war against cancer, delayed diagnosis, resistance to chemotherapy or 

targeted therapy and cancer relapse often result in poor clinical outcomes. The 

central question in these cases is: are we targeting the right cells (Figure 4.2)? The 

discovery of CSCs could explain the limitation of current diagnostic method, 

therapeutic resistance and recurrence. Furthermore, it sheds light on the solutions for 

these problems and opens up new possibilities for cancer therapy. Currently, most of 

the tumor markers, such as prostate-specific antigen (PSA) in prostate cancer, are 

found on differentiated cell types 5. These types of cells are formed from cancer stem 

cells during the late stages of carcinogenesis. Therefore, these markers might not 

reflect earlier steps of carcinogenesis. In these cases, elucidation of gene signatures 

associated with cancer stem cells would greatly improve the prognosis. Indeed, "stem 

cell gene" signatures have been recently reported in 10 different types of 

malignancies 247,248. Current chemotherapy agents often target the active proliferation 

properties of cancer cells. These agents include cell cycle inhibitors and DNA 

damaging agents which induce apoptosis in actively proliferating cancer cells. 

However, there is evidence that suggests certain types of cancer stem cells are 

quiescent and remain dormant in Go phase 249，250，and are therefore resistant to cell 

cycle dependent apoptosis. Besides, stem cells often have enhanced DNA repair and 

anti-apoptotic ability 251252, and hence, CSCs might also be resistant to DNA 

damaging agents. The anti-apoptotic activities also account for their resistance to 

cytotoxic chemotherapy agents 5. Together, these therapeutic strategies would kill 

93 



？ymoyr type CSC marker Tumour CGIIS, (VUir̂imal number of cells 3njeeted m TronsplamtatSon Strain expressing CSC 
marker, % expressing CSC markers Matrigct si位 expressing CSC 
marker, % for tumour formation 

Matrigct 
Brcnst CD仲/CI>2�〜-•' 20H + Mrnnwyfat NODSriD 
Brosifit ND ,\4f~):rmnry fm MD：； SUIT 
Bmt Mithr 3 [r. +" Mrynmmy f̂ t pnd MOD sriD 
H:'ii： 

�.D:ii. (V；屮 O /. } 
iii" 
hi,' 

• M l(; 
U >1.1：； 

Bra i it conv 2-3 咖 - Br,iir\ iilu/ilui 
Colon conr •f KidnoyTApsiib MOD-Sf.lD 
C.obn com 0.7-b Subcutaneous SC1D 

Colon IfXAhWCD^ 0.0 皿 •t Subf lit̂ ftĉ ui (MOD-SCID 
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Table 4.11 CSC markers used in various can( :er. Various surface markers have been used 

to isolate or enrich cancer stem cells. Among these, CD133 and CD44 are the two most 

commonly used markers. Adapted from 6. 
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Figure 4.2| Comparison between conventional cancer therapy and CSC targeted 

therapy. Conventional cancer therapy targets tumor cells at low hierarchy. The survived 

CSCs regenerate and cause tumor relapse. In CSC targeted therapy, termination of CSCs 

would leave behind a non-self-renewing tumor population that is not tumorigenic, hence, 

cancer could be cured. Adapted from 253. 
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flimsy differentiated progeny from CSCs but not the CSCs themselves. This would 

lead to the degeneration of tumors and transient clinical improvements, however, 

survived CSCs would lead to the relapse of the tumor. In these cases, selectively 

targeting CSCs but not normal stem cells would be a more efficient method to treat 

cancer. Emerging therapeutic strategies include: 1. antibody based therapy which 

target CSCs specific surface antigen for targeted therapy; 2. inhibition of stem cell 

signaling such as Notch and Hedgehog cascades; and 3. differentiation therapy which 

attenuate tumor forming ability of CSCs through enforced differentiation 5,6,223. 

4.1.2 Properties of cancer stem cells 

Since cancer stem cells are defined as cancer cells that fulfill the classic stem 

cell criteria 233, CSCs share various properties with normal tissue stem cells. These 

properties include the ability to self-renew, the ability to differentiate, the ability to 

migrate and metastasize. On top of these properties, CSCs also have the ability to 

form tumors i.e. tumorigenicity 5，233. Self-renewal in CSCs and normal stem cells 

represent their ability to proliferate and divide into daughter cells which sustain stem 

cell identity. Differentiation in CSCs and normal stem cells represent the ability to 

form multi-lineage cells found in the tissues. A classical example is the 

hematopoietic stem cell system in which the stem cell is able to differentiate into 

leukocytes, erythrocytes and thrombocytes 254. Homeostasis of self-renewal and 

differentiation in normal stem cells is achieved by asymmetric division (Section 

2.1.4). It is still unknown whether CSCs adhere to this homeostasis. Interestingly, 

asymmetric division has been postulated as a path for CSCs formation 81,115'227. 

Migration properties confer to normal stem cells the ability to migrate to regions that 

require cell generation or replacement such as wounds. Migration and metastasis of 

CSCs allows the tumor to invade the adjacent region within the primary site or 
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voyage through the circulating system and/or lymphatic system to the secondary site 

5 where they show the fourth property, the ability to initiate the formation of new 

tumors. 

At the moment, research on CSCs mainly focuses on subsets of cells which 

express CSCs markers in primary tumors. However’ the availability of these primary 

CSCs are limited due to the limited number of clinical samples and low occurrence 

frequency of CSCs in certain tumor types. Recently, argument that cancer cell lines 

could be used as alternative models of cancer stems cells has arisen25�’256. During the 

establishment of cancer cell lines, primary tumors were dissociated and tumor cells 

were plated on culture dishes. After at least 30 passages, only small subsets of cells 

within the primary tumor showed immortality. These cells were established into cell 

lines while others cells were not able to go through crisis. The molecular profiles of 

these cell lines were remarkably different from in vivo tumors probably due to the 

low occurrence frequency of CSCs in in vivo tumors. However, these cell lines do 

show similar CSC phenotypes such as indefinite growth through self-renewal 

(immortality), the ability to differentiate and tumor formation 255. In support of this 

argument, CSC-like cells have been identified in various cancer lines originating 

o < 7 "J 
from mammary, breast, liver and nasopharyngeal cancers “ . 

4.1.3 Signaling involved in cancer stem cell 

As discussed earlier, initiation of tumor formation by CSCs involve self-renewal 

and differentiation. Similarly, these two processes are also important in normal stem 

cell functions. Therefore, it is reasonable to speculate that CSCs and normal stem cell 

systems share some molecular mechanisms underlying self-renewal and 

differentiation. The proposed signaling pathways regulating self-renewal and 

differentiation in CSCs include Sonic Hedgehog (Shh), Wnt/p catenin, Notch and 
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Bmi-1 cascade. Besides, regulators for cellular responses to DNA damage such as 

PTEN and INK4A and regulators for genomic integrity such as telomerase have also 

been proposed as alternative mechanisms 6�261’262, These pathways have been proved 

to be involved in regulating the self-renewal and differentiation of normal stem cells. 

In addition, key players in these pathways have been found to be mutated or 

mis-regulated in various cancers. Their roles have been implicated in tumor growth, 

migration, metastasis and maintenance in vivo 263-265. However, the precise pathways 

activated in CSCs remains to be determined 6-262. 

Regarding the signaling pathways in CSCs, several key concepts have emerged 

recently '13. First, since the function of CSCs involve the homeostasis of self-renewal 

and differentiation, it is important to consider the coordination and crosstalk between 

different pathways, for example promoting self-renewal versus inhibiting 

differentiation and vice versa. Second, signaling pathways involved in the molecular 

control of CSCs are not simply switched on or off. Instead, they are fine-tuned with 

thresholds to achieve a desired set point "3 . An excellent example in normal stem 

cell counterparts is the morphogen gradient, which is set up during development. 

Third, pathways involved in regulation of CSCs by the stem cell niche should be 

considered. As discussed earlier, the niche determines the fate of stem cells (Section 

3.1.2). There is increasing evidence suggesting the existence of CSC niches which 

might regulate the formation, maintenance and metastasis of CSCs 266. Therefore, it 

is important to consider regulations from the niche as well when elucidating the 

signaling pathways involved in CSCs. 

4.1.4 Colon cancer stem cell 

Colon cancer is one of the most common cancers in developed countries 267. 
Although the tumorigenesis initiates locally, tumor cells often migrate to secondary 
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sites such as the liver causing death 268，269. CSCs have been identified in colon cancer 

simultaneously by two independent research groups using CD133 as CSCs surface 

2 T Q T Q 十 • 

markers — . Later reports demonstrated that CD133 was not restricted to stem 

cells and both CD133+ and CD133" population are able to initiate tumor formation210. 

So subsequent studies on colon CSCs used CD44, which is functionally important 

for colon CSCs 271, in combination with CD133 or other markers such as CD24, 

EpCAM and Lgr5 for enrichment of colon CSCs 240 272_274. 

Although the origin of tumors in many tissues is still a topic of debate, the 

"cell-of-origin" in intestinal cancer has been proposed to localize in the stem cell 

population of colonic crypt 275. Supporting evidence for this proposal is that colonic 

tumors take years to develop while the turnover of coloncysts usually cycle within 

days. Therefore, stem cell populations may have a higher chance to accumulate 

mutations and initiate tumor 273. Moreover, expression of CD133 is observed in 

normal crypt stem cells. The increment in number of CD133+ cells in colon cancer 

sample further indicates their colonic crypt stem cells origin 253. Furthermore, the 

crypt stem cells has been beautifully demonstrated as the "cell-of-origin" in intestinal 

cancer using transgenic mice model where mouse homolog of adenomatous 

polyposis coli {Ape) was conditionally knocked out in crypt stem cells 276. Together 

with the existence of CSCs in colon cancer, it is reasonable to hypothesize that colon 

CSCs originate from colonic crypt stem cells. However, arguments have been raised 

claiming that committed precursor cells could also be the "cell-of-origin" 215. Further 

experiments are required in order to clarify these hypotheses. 

As discussed earlier, CSCs and their normal stem cell counterparts might share 

similar signaling pathways. Therefore, reviewing the signaling pathways involved in 

normal crypt stem cells may provide clues to signaling in CSCs. In the human 

intestine, epithelial renewal is supported by crypt stem cells. These stem cells divide 
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asymmetrically in order to maintain homeostasis 211. Upon asymmetric division, the 

daughter cells commit to two lineages, the adsorptive and the secretory lineage 

(Figure 4.3). Progeny in the adsorptive lineage will ultimately form enterocytes while 

progeny in the secretory lineage will form three different cell types: enteroendocrine 

cells, goblet cells and Paneth cells. Wnt signaling promotes the 

proliferation/self-renewal of stem cells and/or transit amplifying cells. The 

proliferative effects of Wnt signaling have been linked to cell cycle regulator c-Myc 

278, cyclin Dl 279280 and possibly D2 277’281. Wnt signaling may also promote 

differentiation; however, supporting experimental data has not been published 111. 

Alternatively, the differentiation of crypt stem cells and/or transit amplifying cells 

might be regulated by Wnt counteracting pathways, TGF-p and BMPs cascades. 

TGF-p shows a strong cytostatic response in intestinal culture in vitro 282 while BMP 

inhibits intestinal stem cells renewal in vivo 283. These suggested that the 

counteracting role of TGF-p and BMP against Wnt cascade. Since BMP also belongs 

to the TGF-p superfamily, they share the intracellular messenger SMADs proteins. 

There are three subclasses of SMADs protein: Receptor-regulated SMADs (SMAD1, 

2，3, 5, and 8)，common SMAD (SMAD4) and inhibitory SMAD (SMAD 6 and 7). 

Upon stimulation, receptor-regulated SMADs are phosphorylated and associate with 

common SMAD. The complex then translocates into the nucleus where it regulates 

transcription 282. Other signaling such as Notch and Hedgehog pathways are not 

reviewed here. However, these pathways also take part in the regulation of normal 

crypt stem cells. 

Although the above signaling pathways have been demonstrated in the 

regulation of normal crypt stem cells system, their roles in colon cancer stem cells 

remain to be elucidated. 
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Figure 4.3| Cell hierarchy in colon stem cells. Asymmetric division of stem cells drive the 
differentiation process. Progeny differentiate into the secretory and the adsorptive lineages. 
Progeny in adsorptive lineage will form the enterocyte while progeny in the secretory lineage 
will form enteroendocrine cell, goblet cells and Paneth cells. Wnt signaling promotes the 
proliferation/self-renewal of stem cells whereas the TGFp superfamily signaling promotes 
the differentiation. Adapted from 253. 
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4.1.5 Aim 

Previous studies have demonstrated that Stk31 is a cell fate determinant in GSCs 

(Chapter 3). STK31 is reactivated in multiple cancers and the expression in Caco2 

exhibits heterogeneity (Chapter 2). Therefore, we hypothesize that STK31 regulates 

the cell fate in CSCs through regulating the self-renewal and differentiation. The 

homeostasis between these cell fates determines the “sternness” of CSCs. The 

specific aims of this chapter were: first, to determine the function of STK31 in colon 

cancer; and second, to determine the underlying mechanisms of STK31 functions in 

cancer cells. 

4.2 Materials and methods 

4.2.1 miR RNAi against STK31 

microRNA mimics against human homologs of STK31 were designed by RNAi 

designer online (Invitrogen). Pairs of designed oligos (Appendix) were annealed and 

cloned into pcDNA™6.2-GW/EmGFP-miR vector (Invitrogen). Two to three 

separate designs were used to target STK31, design against LacZ were used as 

control. Plasmids DNA were prepared using Mini Plus or Midi Plus Plasmid DNA 

Extraction Kit (Viogene). Sequence of miR RNAi designs were proof read by DNA 

sequencing (Tech Dragon HK Ltd). 

The efficiency of miR RNAi knock down were determined by co-transfecting 

STK31 expression vectors and STK31 miR RNAi vectors into HEK293 cells 

followed by western blot analysis. 

4.2.2 Cell culture and transfection 

Caco2 cells and HEK293 cells were maintained as described (Section 2.2.8). 

HEK293 cells were transfected with 2.5 ug DNA and 6pl Lipofectamine 2000 

101 



reagent (Invitrogen). For overexpression experiments, 2.5jig overexpression vector 

were used. For knock down experiments, a mixture of 1.5(ig overexpression vector 

and 1.5 jig miR RNAi vector were used. In order to obtain maximum transfection 

efficiency, 8x105 HEK293 cells were seed onto 35 mm culture dish with 

DNA:liposome complex pre-loaded in medium. For overexpression and knock down 

experiments, cells were collected 48 hours post-transfection for western blot 

analysis. 

Caco2 cells were transfected using 2\ig vector and 4^1 Lipofectamine 2000 

reagent (Invitrogen). In order to obtain maximum transfection efficiency, 5x105 

Caco2 cells were seed onto 35 mm culture dish with DNA:liposome complex 

pre-loaded in medium. Stable transfectant were selected with 8^ig/ml Blasticidin and 

maintained in 5 jig/ml Blasticidin containing medium. 

4.2.3 Western blot 

Western blot for HEK293 cells and Caco2 stable transfectant were performed as 

described in section 2.2.4. 

4.2.4 Contact inhibition assay 

Stable transfectant were seeded onto 6 well plate at three confluences, lxlO5 

cells/well; 3x105 cells; and 6x105 cells/well. 48 hours after seeding, cells morphology 

at sub-confluence, confluence and post-confluence were recorded by inverted 

microscope (Nikon). 

For flow cytometry analysis, cells at different confluence were collected by 

trypzin followed by three times wash in lx PBS. Cells were fixed in chilled 70% 

ethanol for 30 minutes at 4°C. DNA ploidy were stained with Propidium Iodide 

solution (20ug/ml Propidium Iodide; and 1 Oug/ml RNase A)(Sigma) at 37�C for 30 
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mins followed by analysis in CALIBUR flow cytometer (Beckman Dickson). Cell 

cycle and apoptosis profiles were analyzed by FCS express software (De Novo 

Software). 

4.2.5 Proliferation assay 

Cell proliferations were determined by direct cell counting and Cell Titre96® 

AQueous Cell Proliferation assay kit (Promega). 

For cell counting experiment, stable transfectant were seeded onto 24 well plate 

1 day before counting at a density of 5xl04 cells/well. Single cell suspensions were 

obtained by trypsin treatment and cell viability were determined by Trypan blue stain 

(Sigma). Viable cells were counted from day 1 to day 7. 

For MTS proliferation assay, stable transfectant were seeded onto 96 well plate 

1 day before experiment at a density of 5x103 cell/well. On each time point, 20^1 

MTS reagent were added to each well containing 100(il medium followed by 

incubation at 37°C for 2 hours. Cell proliferations were reflected by optical density 

of MTS reagent at 490r|m. Data were recorded from day 1 to day 7. 

4.2.6 Migration assay 

Stable transfectant were seeded onto 6 well plates at a density of 3 x 105 

cells/well. V-shape plastic rods were placed in each well to make a "cell-free 

channel". 72 hours after seeding, the plastic rods were removed followed by two 

times wash in DMEM free medium. Cells were incubated in DMEM free medium 

and migrations to "cell-free channel" were recorded by Time Lapse Imaging System 

(CarlZwiss) at 6 hour interval for 96 hours. Cell migrations were determined by 

measuring distances between parallel lines from initial sites to migrated sites. 
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4.2.7 Attachment assay 

96 well plate were pre-coated with 20ug/ml laminin (BD Bioscience), 0.1% 

gelatin (Sigma), lOug/ml fibronectin (Biosource); 25ug/ml poly-L-lysine (Sigma); 

and matrigel (1:8; BD Falcon) at 4°C overnight. 5xl04 cells/well were seed and 

allowed to attach for 1 hr or 2 hr. Unattached cells were washed off with 100^1 

DMEM free medium. Numbers of attached cells were determined by Cell Titre96® 

AQueous Cell Proliferation assay kit (Promega) as described in section 4.2.4. 

4.2.8 Enterocytic differentiation assay 

Stable transfectant were seeded onto 24 well plates at a density of 6 x 104 

cells/well. After confluences were reached, medium was changed to DMEM free 

medium. Medium was changed twice a week and cell morphology was recorded 5 — 

14 days post-confluence. Dome and cyst structure, which were morphological 

features of enterocytic differentiation, were observed and captured under inverted 

microscope. 

4.2.9 Colony formation assay 

Base agar (0.5% Agar; DMEM supplemented with 10% FBS and 1% P/S) were 

prepared by mixing pre-warmed (40°C) DMEM medium with 1 % agar at 1:1 (v/v) 

ratio. 1.5 ml base agar was solidified per 35 mm dish. Top agar (0.35% Agar; DMEM 

supplemented with 10% FBS and 1% P/S) were prepared by mixing pre-warmed (40° 

C) DMEM medium with 0.7% agar at 1:1 (v/v) ratio. 

Stable transfectants were mixed with top agar before seeding at a density of 

3.3x103 cell/ml. 1.5 ml cell-containing top agar was solidified and covered with 

DMEM medium. Medium was changed twice every week. Colonies were visualized 

and counted two to three weeks after seeding by staining with 0.005% crystal violet 
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(Sigma) solution for 1 hour. 

4.2.10 Human whole genome microarray 

RNA from stable transfectant was extracted using TRIzol reagent (Invitrogen). 

RNA was dissolved in DNase/RNase free ddH20. RNA concentrations were 

measured by Nanovue Spectrophotometer (GE Healthcare). 

RNA was labelled and hybridized onto Agilent Whole Genome Oligo 

Microarray 44K (G4112F, Two colored with dye swapped, Agilent 

Technologies)(Core Facilities, Li Ka Shing Institute of Health Sciences, The Chinese 

University of Hong Kong). Data were analyzed by GeneSpring GX10 software 

(Agilent Technologies). 

4.2.11 Real-time PCR 

Reverse transcription were performed as described in section 3.2.8 except that 

5(ig RNA was used. Primers were designed by qPrimerDepot 284. Primers used in this 

study were KIT, SMAD1 Realtime PCR were amplified using Power SYBR® Green 

PCR Master Mix (Appendix) and analyzed by 7500 software v2.0.1 using 

comparative A Act method (Applied Biosy stems). 

4.2.12 Tumorigenicity assay 

Nude and NOD/SCID mice were purchased from LASEC, CUHK. Stable 

transfectant were collected by trypsin treatment followed by three times wash in IX 

PBS. Cells were re suspended in DMEM free medium to a density of 1 x 107 for nude 

mice injection and 5x107 cells/ml for SCID mice injection. lxlO6 cells or 5x106 cells 

were injected subcutaneously into nude and SCID mice respectively. Mice were 

housed for 12 - 16 weeks for nude mice experiment and 8 - 10 weeks for SCID mice 
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experiment. Solid tumor formation was recorded. All procedures were approved by 

Animal Ethics Committee, CUHK (AEEC Number: 06/049/MIS). 

4.2.13 Statistical analysis 

Statistical analyses were performed by Prizm 3.0 software. Results were 

presented by mean 士 S.E.M.. Groups of data were compared by student /-test or 

One-way ANOVA analysis, p value <0.05 was considered statistically significant. 

4.3 Results 

4.3.1 Generation of STK31 stable knock-down Caco2 cells 

Functional genomic studies rely on gain-of-function and loss-of-function 

models. To prepare for the functional studies of STK3J, overexpression and RNAi 

clones for STK31 were made. 

For the human homolog, a vector of STK31 ORP under the control of CMV 

promoter was purchased (Genecopoeia) and transfected to HEK293 cells. Whole cell 

lysates were then used for western blot analysis. The result showed that STK31 

protein with a molecular weight of 115kDa was detected in STK31 transfected lysate 

but not in vector control lysate (Figure 4.4). This indicated that the STK31 clone 

could be overexpressed in HEK293 cells. Next, the miR RNAi was designed and 

cloned to be expressed with GFP, in a co-cistronic manner, under the control of CMV 

promoter. The RNAi vectors were then co-transfected with overexpression vector 

and the lysates were again used for western blot analysis. The result showed that all 

three RNAi designs could knock down STK31 overexpression with different 

efficiency when compared with LacZ RNAi control (Figure 4.4). Design 2 and 453 

were the most effective designs and were used for the generation of STK31 stable 

knock down cell lines. 
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Figure 4.4j Overexpression and knock down of STK31 in HEK293 cells and Caco2 cells. 
Overexpression and knock down of STK31 in HEK293 cells and knock down of endogenous 
expression of STK31 in Caco2 cells were analyzed by western blot analysis. Whole cell 
lysate were probed with anti-STK31 antibody (Top panel). P tubulin was used as loading 
control (Bottom panel). Both miR RNAi design 2 and 453 efficiently knock down 
oeverexpressed and endogenous STK31 when compared to LacZ control. 
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To study the function of STK31 in cancer, a colorectal adenocarcinoma cell line 

Caco2 was used for the following reasons. First, Stk31 is expressed in the transition 

state between undifferentiated to differentiating spermatogonia in mouse testis 

(Section 2), therefore it is possible that it may take part in cancer stem cells functions. 

CD133 and CD44, both of which are well-characterized colon cancer stem cells 

markers, are expressed in Caco2 cells 272'285; Second, STK31 has been reported to be 

• 27 i 

reactivated in gastrointestinal cancer ； and lastly, Caco2 was shown to have strong 

STK31 expression (Section 2.3.5). 

Caco2 cells were transfected with effective RNAi against STK31 and stable 

transfectant were selected with antibotics. The knock down efficiencies were 

confirmed by western blot and the result showed that design 2 (designated Caco�"1^ 2) 

could effectively knock down the endogenous expression while design 453 

(designated Caco2miR 453) could completely abolish the endogenous expression when 

compared to LacZ RNAi control (designated Caco2LacZ) (Figure 4.4). After the 

establishment of stable knock-down cell line, various properties of CSCs including 

self-renewal or proliferation, migration, differentiation and tumorigenicity were 

studied. 

4.3.2 Knock-down of STK31 decreases cell proliferation in confluent culture 

Since STK31 was shown to be reactivated in cancers, it might take part in 

oncogenic activities such as enhancing cell proliferations of cancer or self-renewal of 

cancer stem cells. In these experiments, proliferations of stable knock-down cell lines 

were studied by cell counting and MTS assay. Same numbers of stable transfectants 

were seeded into 24 well plates or 96 well plates respectively. Cell proliferations 

were recorded from day 1 to day 7 after seeding. 

In cell counting experiment, during the sub-confluent period (day 1 - 3), no 
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significant difference was observed among the three lines. Upon reaching confluence 

(day 4)，growth of Caco2miR 453 began to decrease. Significant decrese was observed 

in Caco21TuR 453 (p<0.05) from the first day of post-confluent culture (day 5) and the 

rate of proliferation in Caco2 further decreased on day 6 (p<0.001) and 7 

(p<0.01) when compared to Caco2LacZ control. On the other hand, significant decrese 

on proliferation of Caco2miR 2 line was found only on day 6 and 7 (p<0.05) when 

compared to Caco2LacZ control (Figure 4.5A). 

In MTS assay, consistent with the cell counting results, no significant difference 

was observed among the three lines on day 1 - 4 after seeding. Starting from day 5, 

Caco2miR 2 and Caco2miR 453 showed significant decrease 

in rate of proliferation 

(p<0.001 and p<0.01 respectively). The decrese persisted in Caco2miR 453 on day 6 

(p<0.00J) and C a ^ ^ ^ n day 6 and 7 (p<0.001 and p<0.01 respectively) (Figure 

4.5B). 

From the results, we found that knock-down of STK31 in Caco2 cells results in 

decrease in proliferation rate and that the decrease was only observed after the 

cultures reached confluence, no significant differences were observed in 

sub-confluent cultures. More importantly, as reflected by the cell counting 

experiments, the decreases in proliferation were dependent on the STK31 expression 

level. 

4.3.3 Knock-down of STK31 reactivates contact inhibition 

The cell cycle of normal cells, upon reaching confluence, is arrested. This 

phenomenon is described as contact inhibition 286,2 1. Loss of contact inhibition is a 

hallmark property obtained by transformed cells during transformation 28 ’ 89. The 

contact inhibition of Caco2, a transformed cell line, was lost and grew into multiple 

layers after reaching confluence 290. To study if the decreases in proliferation in 
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Figure 4.51 Proliferation studies of STK31 knock down Caco2 cells. Proliferation of 
STK31 knock-down Caco2 cells were studied by cell counting (A) and MTS assay (B). No 
significant differences were obtained in sub-confluent culture (day 1 - 4). After reaching 
confluence, STK31 knock-down Caco2 cells showed decrease in proliferation compared to 
LacZ control. (Data were presented by mean 土 S.E.M.; Significance were calculated by t-test 
*p<0.05; **p<0.01; ***p<0.001) 
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STK31 knock-down cells were due to the reactivation of contact inhibition, cell 

morphologies were recorded in cultures of different confluences. In this experiment, 

same number of Caco2 stable transfectant were seeded into 6 well plate and cell 

morphology were recorded at different confluences. 

The results showed that Caco2 cells exhibited normal epithelial morphology, no 

significant difference in growing properties were found among three lines in 

sub-confluent condition (Figure 4.6). However, after reaching confluence, the growth 

of Caco2miR 453 arrested as indicated by the 2D monolayer of cells. In contrast, 

Caco2LacZ continued to grow, forming multiple layers of cells. The growth of 

Caco2miR2 lied between the Caco�" 1 ^ 4 5 3 and Caco2LacZ, which also showed multiple 

layers formation but significantly less than Caco2LacZ group (Figure 4.6). It was 

interesting to note that cells that grew into multiple layers were significantly smaller 

than cells that grew in monolayer (Figure 4.6). These data demonstrated that 

knock-down of STK31 results in reactivation of contact inhibition and the degrees of 

reactivations were dependent on the expression level of STK31. Therefore, STK31 

would be responsible for inactivating the contact inhibition in Caco2 cells. 

4.3.4 Knock-down of STK31 causes Gl /S arrest upon confluence 

Decrease in proliferation could be resulted from cell cycle arrest " . On the 

• • • • 292 other hand, contact inhibition could also cause cell cycle arrest at Gl /S phase To 

further elucidate the results from proliferation and contact inhibition studies, the cell 

cycle profiles of STK31 knock-down cells were analyzed by flow cytometry. In this 

experiment, cells were seeded at three densities and collected at sub-confluent, 

confluent and post-confluent. DNA ploidy were stained by propidium iodide and 

analyzed by flow cytometer. 

The results showed that as the Caco2LacZ cells started to grow from 
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sub-confluent to confluent stage, the percentage of cells at G1 phrase increased from 

38% to 48%. In post-confluent environment, the G1 population further increased 

from 48% to 54% (Figure 4.7). These results were consistent with previous report 

that contact inhibition would cause cell cycle arrest of Caco2 cells in G1 phrase 292. 

The cell cycle profile in sub-confluent Caco2miR 453 and Caco2m,R 2 were similar to 

Caco2LacZ control (Figure 4.7). However, upon reaching confluence, the population 

mil? /I C'S 

of Caco2 cells shifted from S phrase to G1 phrase where G1 population of cells 

increased from 39% to 54% while S population decreased from 27% to 16%. The G1 

population was significantly higher while the S phrase population was significantly 

lower than that in Caco2LacZ control (48% G1 population; 23% S population) 

(p<0.01 and p<0.001 respectively). The cell cycle profile did not show significant 

difference in Caco2miR 2 group in confluent situation (Figure 4.7). In post-confluent 

situations, Caco2miR 453 showed significant G1 arrest (64% G1 population) when 

compared to Cacc^1^2 control (54% G1 population) (p<0.001). Meanwhile, the 

population of S phrase and G2/M phrase significantly decreased (p<0.01 and p<0.05 

respectively). On the other hand, Caco2miR 2 also had the trend to increase in G1 

population while S phrase population was also significantly decreased (p<0.05) 

(Figure 4.7). These results demonstrated that knock-down of STK31 would cause G1 

arrest in post-confluent condition. 

Together, these observations indicate that STK31 promote proliferation of 

Caco2 cells after confluent through inactivating/by passing the contact inhibition 

resulting in G1 cell cycle arrest. 

4.3.5 Knock-down of STK31 enhances binding to ECM 

The second property of cancer stem cells is the ability to migrate from one site 

to the other. This process involves several steps including detachment from ECM, 
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entry of circulating system, invasion into secondary site and attachment to 

microenvironment of new site 29 —94. In the following experiments, the effects of 

STK31 knock-down on binding affinities to ECM were studies by attachment assay. 

In these experiments, 96 well plates were coated with purified ECM matrigel or 

component of the ECM including laminin, gelatin or flbronectin. Poly-L-lysine was 

used as positive control. Cells were allowed to attach for 1 - 2 hrs and the number of 

attached cells were measured by MTS assay. 

The results showed that Caco2miR 453 and Caco2miR 2 had significantly higher 

binding affinities to matrigel than Caco2LacZ control (p<0.00J). Furthermore, 

Caco2miR 453 had significantly higher binding affinities to laminin {p<0.001), gelatin 

(p<0.00 J) and fibronectin (p<0.05) which were components of the ECM (Figure 4.8). 

_ * inil̂  2 miR 453 i * * * 

It was interesting to note that Caco2mi" z and C a c o 2 m � … h a d higher binding 

affinities to poly-L-lysine {p<0.05) when compared to Caco2LacZ control. These 

results indicate that knock-down of STK31 results in stronger binding to ECM and 

hence less tendency to migrate. 

4.3.6 Knock-down of STK31 decreases cell migration 

To study whether enhanced ECM binding affinities resulted in decreased 

migration ability, cell migration assays were carried out. Same numbers of cells were 

seeded onto 6 well plates with the introduction of "cell-free channel", upon reaching 

confluence, cell migration in the "cell-free channel" were recorded by calculating the 

migrated distances. 

The results showed that Caco21TllR 453 had a significantly lower cell migration 

when compared to Caco2LacZ control (Figure 4.9) and that the cell migration 

decreased from 4.74|im to 3.07(im (p<0.01). The migration of Caco2miR 2 also 

decreased from 4.74(xm to 4.63(im. 
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A Laminin binding activity 

E
U
0
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2
O
 

B 

a 巧， 

0 25-

0 00丄 

Gelatin binding activity 

STK31 m?R2 STK31 miR453 LacZ m!R STK31 m.R2 STK31 m»R453 LacZ 

Matrigel binding activity 

E Poly-L-lysine binding activity 

D Fibronectin binding activity 

STK31 STK3t m!RJS3 LacZ 

Figure 4.8| Attachment assay of STK31 knock-down cells. Same numbers of cells were 
allowed to attach to various ECM components. Numbers of attached cells were determined 
by MTS assay. Binding affinities to various ECM components were shown in Figure A - D. 
Poly-L-lysine was used as positive control (E). Binding affinities to Matrigel were 

significantly higher in STK31 knock-down cells (C). Caco2 miR 453 attached more readily to 

laminin (A), gelatin (B) and fibronectin (D) when compared to Caco2LacZ control. (Data were 

presented by mean 士 S.E.M.; Significance were calculated by One way ANOVA:Turkey test 

*p<0.05- ***p<0.001) 
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Before After 

STK31 STK31 miR453 LacZ miR 

Figure 4.9| Migration assay of STK31 knock-down cells. Cell free channels were made by 

placing a V-shape glass rod into culture well. Cells were seeded in confluent density.. 

Migration was recorded by Time Lapse Imaging and migrated distances were measured. 

Photomicrography of the front line of cells before and after assay were shown in figure A - F . 

Knock down of STK31 results in a decrease in the migration rate of Caco2 cells (A - F). The 

migration rate was significantly lowered in Caco2miR 453 cells compared to Caco2LacZ control 

(p<0.05) (G). Magnification lOOx (A - F) (Data were presented by mean 土 S.E.M.; 

Significance was calculated by One way ANOVA: Turkey test ** p<0.01) 
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Taken together, the results confirmed that STK31 promotes migration of Caco2 cells 

probably through decreasing the binding affinities to ECM as shown above. 

4.3.7 Knock-down of STK31 induces enterocytic differentiation 

The third property of cancer stem cells is the ability to differentiate into 

different lineages of cells in that organ 5,112 Colon cancer stem cells from patients 

were found to be able to differentiate into two possible lineage-restricted cell types, 

enterocytes and globlet cells after in vitro expansion 274,295. Caco2 cells express colon 

cancer stem cells markers CD133 and CD44 272 285. Moreover they were shown to 

undergo enterocytic differentiation in vitro 2%, therefore, they are a good model to 

study the effect of STK31 knock-down in enterocytic differentiation. It had been 

reported that Caco2 cells are able to differentiate under serum or serum-free " 

conditions where insulin:transferring:selenium are supplemented in serum free 

condition. In this experiment, both serum and serum-free (without supplement 

conditions) were used. Same numbers of stable transfectants were seeded into 24 

well plates at confluent density. After attached, the medium was changed to 

serum-free medium for serum-free condition. Cells were cultured for 14 days. The 

medium was changed twice a week and images were captured at indicated time 

points. 

5 days after incubation, the degrees of differentiation were limited. After 14 

days in culture, Caco2UcZ undergo enterocytic differentiation under serum containing 

condition as remarked by the formations of cyst and dome structure. The 

differentiation was serum-dependent as few cells were differentiated under 

serum-free conditions probably due to the absence of ITS supplement. Strikingly, 

under both conditions, Caco2miR 453 and Caco2miR 2 significantly enhanced the 

differentiation as reflected by the number and size of cysts and dome (Figure 4.10). 
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These indicated that knock down of STK3J resulted in enhancement of spontaneous 

enterocytic differentiation under serum-containing condition. On the other hand, 

knock-down of STK31 might decrease the self-renewal as remarked by 

differentiation potential under serum-free condition. 

Taken together, the results suggest that STK31 might promote the maintenance 

of un-differentiated state. It might also take part in the de-differentiation process for 

acquisition of "sternness" in Caco2 cells. 

4.3.8 Knock-down oiSTK31 decreases tumorigenicity in vitro and in vivo 

Despite the fact that tumorigenicity of cancer stem cells in different mouse 

models is controversial 246，298’ it is widely accepted that tumorigenicity was the 

hallmark of cancer stem cells "2 . Since STK31 is able to alter three cancer stem cell 

properties, it might be possible that STK31 also takes part in controlling the 

tumorigenicity of Caco2 cells. In the hierarchy of cancer cells, only cancer stem cells 

are able to form new tumor. The ability to form tumors could be reflected by the 

ability to grow in anchorage-independent conditions 2 " . Therefore, in this section, 

the effects of STK31 knock-down in anchorage-independent grow was determined by 

colony formation assays. In this experiment, stable transfectant were seeded into agar 

gel, which mimiced the anchorage-independent condition. Then, the numbers of 

colonies formed were counted. 

The results showed that knock-down of STK31 significantly inhibit the colonies 

formation of Caco2 cells (Figure 4.11). Moreover, the inhibitions were dependent on 

the expression level of STK31, since the number of colonies in Caco2ITuR453 was less 

than that in Caco2miR 2. These results suggest that STK31 promote 

anchorage-independent growth of Caco2 cells. 

To address whether inhibition of anchorage-independent growth in STK31 
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A 

2 miR 453 miR LacZ miR 

B 

STtat肥妙am納 
；.J 

m：'^^ ] ar'/ m M 

Figure 4.11| Colony formation assay of STK31 knock-down cells. Cells were seeded in 
soft agar to mimic anchorage-independent growth conditions. After incubation for 14 _ 21 
days, the number of colonies were counted. Representative images for formed colonies are 
shown in A. Knock down of STK31 in Caco2 cells resulted in inhibition of colony formation 
when compared to LacZ control (B). (Data were presented by mean 土 S.E.M.; Significance 
were calculated by One way ANOVA: Turkey test ** p<0.01; *** p<0.001) 
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Athymic n u d e mice NOD/SCID mice 
miR 2 miR 453 LacZ miR mjR 2 miR 453 LacZmLR 

f 

•hmmmm* rnm^m 

Athymic n u d e mic 

一 — 

Group No. of mice formed 
solid tumor 

Occurrence rate Average weight of 
tumor (mg) 

Caco2 miR 2 10 / 15 66.66% 48.3 

Caco2 miR 453 9 /15 60% 127.1 

Caco2 LacZ miR 9 /12 75% 55.3 

Sham 0 / 5 0 ° o N/A 

NOD/SCID mice 

Group No. of mice formed 
solid tumor 

Occurrence rate Average weight of 
tumor (mg) 

Caco2 miR 2 1/ 5 20% 40 

I ^ H B B H I H H I H H B H H B H I H H H H I 
Caco2 LacZ iniR 3 / 4 75% 59.5 

Sham 0 / 1 0% N/A 

Figure 4.12| Tumorigenicity of STK31 knock-down cells in vivo. Cells were 

intrasubcutaneously injected into nude or NOD/SCID mice. The numbers of solid tumor 

formed were counted. Knock down of STKS1 decreased the tumorigenicity of Caco2 cells as 

reflected by the percentage of mice that formed solid tumor. 
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knock-down cells would result in reduced tumor formation in vivo, stable 

transfectant were injected into nude and NOD/SCID mice intra-subcutaneously. The 

results showed that knock-down of STK3J decreased the tumorigenicity in vivo as 

reflected by the decrease in number of mice that formed tumor (Figure 4.12). 

4.3.9 Signaling pathways involved in CSCs properties alteration in STK31 

knock-down cells 

Together, we have showed that STK31 plays a role in regulating the four 

"sternness" properties in cancer stem cells. So the next question is how STK31 

regulate the "sternness"? What are the underlying mechanisms? To address these 

questions, the transcriptomes of Caco�1"^ 453 were compared with Caco2UcZ by 

whole genome microarray analysis. In this experiment, two experimental groups 

were compared by two-color microarray duplicated with dye swap labeling. 

Differentially expressed transcripts withp<0.08 and fold change >2 were reported. 

The results showed that 96 genes were differentially expressed in STK31 

knock-down cells. Among the 96 genes, 28 genes were up-regulated while 68 genes 

were down-regulated (Table 4.2). Common pathways among these 96 genes were not 

reported indicating the possible involvement of novel signaling pathways. To 

confirm the microarray results, primers for ten genes, of particular interest due to 

their co-relations with cancers, were designed from database for realtime PCR 

studies. 

The real-time PCR results showed that KIT, ARL11, PTPN13, HDGFRP3 and 

SMAD1 were significantly down-regulated in STK31 knock down cells, meanwhile, 

the down-regulations were depended on the remaining level of endogenous STK31 

(Figure 4.13). On the other hand, LUM and FGF12 were significantly 

down-regulated only in Caco2miR 453 cells where endogenous STK31 level was 
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dô

m
 

3.6
03

30
22

 
Ho

m
o s

ap
ien

s A
DP

-ri
bo

sy
ltr

an
sfa

ais
e 4

 (D
om

bro
ck

 bl
oo

d g
ro

up
) (

AR
T4

) 
LY

PD
6 

N
M

J9
43

17
 

do
wn

 
5.1

66
89

16
 

Ho
m

o s
ap

ien
s L

Y6
PL

AU
R

 do
m

ain
 co

nta
ini

ng
 6

 (L
YP

D6
) 

AK
12

36
49

 
AK

12
36

49
 

do
wn

 
2.2

85
02

77
 

Ho
m

o 
sap

ien
s c

DN
A

 F1
J4

16
55

 fi
s 

TN
NT

1 
BC

10
77

98
 

up
 

4^
64

06
05

 
Ho

m
o s

ap
ien

s t
ro

po
nin

 T
 Q

pe
 1

 (s
ke

l̂a
], 

slo
w)

 
L0

06
41

51
8 

BC
D2

06
24

 
do

wn
 

8.8
74

49
1 

Ho
m

o s
ap

ien
s h

yp
oth

eti
ca

l p
ro

tei
n 

L0
06

41
51

8  
j 

FA
M

59
A

 
NM

_Q
22

75
1 

do
wn

 
5.0

54
10

53
 

Ho
m

o s
ap

ien
s f

am
ily

 w
ith

 se
qu

en
ce

 sim
ilax

iQ
r 5

9,
 m

em
ter

 A
 (F

AM
59

A)
 

OD
AM

 
NM

_0
17

85
5 

do
wn

 
6.7

44
88

2 
Ho

m
o s

ap
ien

s o
do

nto
sp

nit
; a

m
do

bla
st 

as
sso

da
ted

 (O
DA

M
) 

| 
HD

GF
RP

3 
NM

_0
16

07
3 

do
wn

 
26

.74
37

5 
Ho

m
o s

aid
en

s h
ep

ato
m

a-
dt

oe
d s

co
vr

th
 fa

cto
r,  r

el
at

ed
 pr

ote
in

 3 
(H

DG
FR

P3
) 



Ge
ne

Sv
m

M
 

Ac
ce

ssi
on

 nu
m

be
r 

Re
gu

lat
ion

 
Fo

ld
 

De
scr

ipt
ion

 
| 

AA
DA

C
 

NM
.00

10
86

 
do

wn
 

5.5
91

34
4 

Ho
mo

 sa
pb

is 
aiy

lac
eta

m
ide

 de
ac

ety
bs

e (
est

era
se)

 (A
AD

AC
) 

AL
B 

NM
_0

00
47

7 
up

 
3.7

97
42

8 
Ho

mo
 sa

pie
ns

 alb
um

in
 (A

LB
) 

M
ID

2 
MM

 0
12

21
6 

do
wn

 
2.0

68
45

47
 

H
or

n
�

sa
p
ie

n
s m
idl

ine
 2 

CM
D2

) 
DC

P1
B

 
NM

_1
52

64
0 

do
wn

 
3.7

75
65

03
 

Ho
mo

 sa
pie

ns
 D

CP
1 

de
cap

pin
g e

siz
ytt

ie 
ho

m
olo

g B
 (S

. c
ae

vis
iae

) (
DC

P1
B)

 
DD

U4
 

NM
 0

19
05

8 
up

 
15

55
41

59
 

Ho
mo

 sa
pie

ns
 D

NA
-db

ao
â
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Differential expression of various genes in STK31 knocked down 
Caco2 cells 

KIT ARLI3 PTPN13 HDGFRP3 SMAD1 CCND2 AR FGF12 LUM 

• STK31miR2 • • STK31 miR453 • LacZ miR 

Figure 4.13| Real-time PCR for selected differentially expressed genes in STK31 
knock-down cells. Gene expressions were compared by comparative AAct method and data 
were presented by fold change. KIT, ARL11, PTPN13, HDGFRP3 and SMAD1 were 
regulated in a STK31 expression dependent manner. Down-regulation of FGF12 and LUM 
were only observed in Caco�™^

453 only. CCND2 and AR showed an antagonistic expression 
among two STK31 knock-down cells and the antagonistic expressions were significantly 
differed from LacZ control. (Data were presented by mean 土 S.E.M.; Significance were 
calculated by unpaired test *p<0.05; **p<0.01; *** p<0.001) 
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completely abolished. No significant differences were found between Caco2miR 2 and 

Caco2UcZ control (Figure 4.13) suggesting that trace amount of STK3J was sufficient 

to drive the expression of these two genes. Interestingly, CCND2 and AR showed an 

antagonistic expression profiles in the two STK31 knock-down cells. CCND2 was 

up-regulated in Caco2miR 453 but down-regulated in Caco2miR 2 cells. AR was 

down-regulated in Caco2miR 453 but up-regulated in Caco2,TliR 2 cells (Figure 4.13). 

These results suggested that the expression threshold of STK31 was crucial in those 

signaling cascades. 

Together, we have identified differentially expressed genes in STK31 

knock-down cells that might take part in controlling the "sternness" properties in 

Caco2 cells. 

4.4 Discussion 

4.4.1 Regulators of "sternness" in colon cancer stem cell 

Since the discovery of cancer stem cells, research has focused on the 

identification of CSCs in various tissues using different cell surface markers. Colon 

CSCs have been identified using mainly CD 133 and CD44 as markers 238'240'272"274. 

Although CD44 has been shown to be functionally important to colon CSCs 27 

genes involved in "sternness" have not been identified. Here, we reported a novel 

gene STK31 as a potential regulator of "sternness" in colon CSCs. Expression of 

STK31 in colon carcinoadenoma cell line Caco2 was crucial for loss of contact 

inhibition, cell migration, maintaining differentiation potential and tumor formation. 

These are the hallmark properties of CSCs. Interestingly, low levels of STK31 

expression are sufficient for cell migration whereas contact inhibition, differentiation 

and tumor formation are regulated in a STK31 level dependent manner. These modes 

of regulation perfectly match with emerging concepts that molecular control of CSCs 
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involve fine-tuned with thresholds to achieve a desired set point 1 '3. 

When using cell line models to study CSCs, the most debatable property is the 

self-renewal. Self-renewal describes the division that results in daughter cells that 

maintain the differentiating potential. Since differentiations are not well 

characterized in cell line, one can argue that proliferation in cell line does not equal 

to CSCs self-renewal. However, proliferation of Caco2 could be defined as 

self-renewal since daughter cells maintains the differentiation potential after division. 

The differentiation potential of Caco2 would be lost after confluence and in the 

presence of serum which were known to induce differentiation. Hence, the 

proliferation after confluence in a serum free condition could reflect the self-renewal 

properties of Caco2 cells. Our results demonstrated that knock down of STK31 

results in post-confluence cell cycle arrest and induces differentiation in serum free 

condition. These clearly indicated that STK31 regulates the self-renewal of Caco2 

cells. Together with its role in migration, differentiation and tumorigenicity, STK31 is 

the first protein reported to regulate the "sternness" properties of CSCs. 

4.4.2 Signaling pathways regulating "sternness" 

Signaling pathways involved in CSCs have not been elucidated. The emerging 

concept is that coordination and cross talk between pathways are crucial 1 丨3. Our 

microarray profiling results indicated that there was no outstanding pathway 

underlying the "sternness" properties regulated by STK31. Instead, expressions of 

players from various pathways in cancer cells were altered. Among these, CCND2 

(Cyclin D2), KIT and SMAD1 were well studied to take part in cell cycle regulation, 

differentiation, cell survival, tumor growth and invasion 300-310 

Cyclin D2 belongs to the cyclin D family. Its association with Cdk4 was 

required for cell cycle progression through G1 phase 31!. Interestingly, its role in cell 
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cycle progression is cell type specific. There are reports suggesting that expression of 

cyclin D2 was responsible for G1 arrest 312,313. Besides, cell cycle independent 

expressions of cyclin D2 have been proposed to take part in differentiation of 

marcophages 3I4. Interestingly, expression of cyclin D2 was down-regulated during 

differentiation in human colon cell line 3I5. From our results, cyclin D2 expression 

was up-regulated in Caco�"1^ 453 which endogenous STK31 expression complete 

abolished. This would cause G1 arrest in confluent and post-confluent culture. 

Moreover, this would assist the differentiation process. 

KIT is a tyrosine receptor kinase. Binding with its ligand, stem cell factor (SCF), 

would trigger signaling cascade that has been demonstrated to promote cell migration 

in human umbilical vein endothelial cells 3i6. It also enhance proliferation and 

invasion in prostate 300 and colon cancer through PI3K/Akt pathway 302. Moreover, 

SCF/KIT signaling has been demonstrated to inhibit erythroid differentiation through 

modulating the G1 -cyclin dependent kinase complex activity 304. From our results, 

knock down of STK31 resulted in down-regulation of KIT in a STK31 expression 

level dependent manner. This in turn would cause the decrease in proliferation in 

confluent and post-confluent culture. On the other hand, this would also cause the 

decrease in cell migration. Regarding the differentiation, down-regulation of KIT 

decreased the SCF/KIT signaling. This might associate with up-regulation of cyclin 

D2 which enhance the differentiation in Caco2miR 453 cells. In Caco� 1 "^ 2 cells, cyclin 

D2 was down-regulated. In this case, the crosstalk between SCF/KIT and cell cycle 

regulator might be absence. The increase in differentiation in Caco2,IuR 2 cells might 

have resulted from KIT alone or association with other pathways. 

SMAD1 belongs to the receptor-regulated SMAD family. It transduces signaling 

from BMP receptor in response to BMP sub-family ligands BMP2, 4, and 7. Besides, 

recent reports have suggested that TGFp also transduces signals through 
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phosphorylation 306 and alteration in expression of SMAD1 317. SMAD1 dependent 

signaling have been implicated in anchorage independent growth 306 and 

tumorigenicity 307. It is also responsible for induction of pancreatic cancer cell 

invasiveness partially through increasing MMP2 activity j09. From our results, knock 

down of STK31 resulted in down-regulation of SMAD1 in a STK31 expression level 

dependent manner. This would suppress the anchorage independent growth in vitro 

and the tumor forming ability in vivo. 

Although cyclin D2, KIT and SMAD1 could explained the observed phenotype 

in STK31 knock down Caco2 cells, other differential expressed genes in the 

microarray would also contribute to the "sternness" properties. Moreover, the 

crosstalk between these pathways remains to be clarified. 

4.4.3 Acquisition of "sternness" 

Reactivation of STK31 was observed in 47 - 86% cancer samples and cell lines 

from various tissues (Chapter 2). Does this means that STK3J negative cancer cells 

do not retain CSCs "sternness" properties? According to the "clonal evolution" 

model, genetic alterations accumulate during divisions. Cells that acquire beneficial 

alteration have growing advantages against the selection pressures. In this sense, 

tumors might acquire several but not all "sternness" properties. Since STK31 

regulates the "sternness" properties, STK31 positive cells represents a more primitive 

"stem cell" state while STK31 negative cells might be at the mid-way of "sternness" 

acquisition from terminal differentiated cells to cancer stem cells. In cell lines model, 

only tumors cells with certain CSCs properties such as immortality are able to 

survive the cell line establishment protocol. Therefore, a numbers of cell lines should 

represent the CSCs. However, from our previous studies, significant populations of 

cell lines (15 - 30% of nasopharyngeal and liver cell lines) were STK31 negative. A 
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reason for this might due to activation of other "sternness" regulators from other stem 

cell systems. StkSl, the mouse homolog, has been demonstrated to regulate stem cell 

fate in germline stem cell system (Chapter 3). It is likely that STK31 positive cancer 

cells adapted the regulating system from germline stem cell. STK31 negative cancer 

cells might adopt other tissue specific "sternness" regulator from other stem cells 

system such as hematopoietic stem cell and neural stem cells system. 

4.4.4 Cell fate specification in CSCs 

In the "cancer stem cell" model, the heterogeneity of cancer comes from the 

self-renewal and differentiation of CSCs. How is the homeostasis between 

self-renewal and differentiation controlled in CSCs? In normal stem cells, this 

homeostasis was maintained through asymmetric division. The asymmetric division 

was regulated by the niche, extrinsic factors and intrinsic factors. Mis-regulation of 

asymmetric division has been demonstrated to cause tumorigenesis in Drosophila 

neuroblast ll4"116. In our previous studies, we have demonstrated that besides the 

asymmetry in germline stem cells, STK31-GFP fusion protein also divided 

asymmetrically in HEK293 cells. This led to the speculation that mis-regulation of 

STK31 asymmetry caused tumorigenesis. However, STK31 asymmetry was unlikely 

to occur in normal colon crypt stem cells since STK31 is not expressed in normal 

colon (Chapter 2). Moreover, overexpression of Stk31 in STO and GCl-spg cell line 

did not cause transformation in these cells (data not shown). Therefore, it is unlikely 

that STK31 asymmetry caused tumorigenesis. On top of causing tumorigenesis, cell 

fate specifications by asymmetric division resembling the normal stem cell could 

also occur in CSCs, however, this area have not been considered. We hypothesize 

that STK3J was reactivated in CSCs acting as a "sternness" regulator. Mitotic 

asymmetry in CSCs retains the "sternness" in CSCs while loss of STK31 in 
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differentiated progeny lead to loss of "sternness" properties such as tumorigenecity. 

In support of this hypothesis, Stk31 was only expressed in differentiating germline 

stem cells but not more differentiated germ cells (Chapter 2). However, mitotic 

asymmetry was not observed in Caco2 cell under standard culture condition (data not 

shown). This might due to the fact that normal culture condition favored the 

self-renewal of CSCs instead of differentiation. Further studies were required to 

demonstrate the STK31 asymmetry in CSCs in culture condition that favors 

differentiation. 

4.4.5 STK31 as a novel diagnostic and therapeutic target 

The discovery of CSCs has opened up new possibilities in cancer diagnosis and 

therapy. Here, we reported that STK31 regulates "sternness" properties in cancer cells 

and that it could be a candidate for cancer diagnosis and therapy. STK31 could be an 

excellent diagnostic marker for cancer occurrence because: first, the promoter 

hypomethylation cause abnormality in expression. This allows simple diagnosis by 

expression screening; second, reactivation of STK3J is observed in multiple cancer 

tissues with a high hitting rate in gastrointestinal cancer (32% - 46.7%) 27 but not 

their normal tissue counterpart. This allows diagnosis for multiple cancers with one 

marker and high confidences in gastrointestinal cancer and possibly other cancers; 

and third, STK31 regulates "sternness" in cancer cells. This allows the diagnosis for 

the presence of potential cancer stem cells which would in turn provide valuable 

information in therapeutic design. 

In cancer therapy, targeting the right population of cells is the main challenge. 

Cancer would be curable if one can target the tumor initiating cells and eliminate 

them. Along with this idea, STK31 would be an excellent candidate for cancer 

therapy because: first, STK31 is expressed in cancer cells, but not normal tissue 
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counterparts. This allows therapeutic agents target to specifically target cancer cells 

without affecting normal cells; second, STK31 regulates "sternness" properties. This 

provides a higher chance of targeting cancer stem cells; third, STK31 belongs to a 

kinase family where inhibitors are often available. The use of inhibitor confers 

advantage in drug designs and delivery when compared to other agents such as 

antibodies and gene therapy; and fourth, knock down of STK31 results in significant 

increase in differentiation and decrease in tumorigenicity. This type of differentiation 

therapy is a new direction to target specifically cancer stem cells. Since 

differentiation normally occur in normal stem cell system, this therapeutic approach 

is unlikely to cause side effects. 

Together, using STK31 as diagnostic marker might allow the diagnosis of cancer 

stem cells in multiple cancers. Meanwhile, using STK31 as therapeutic marker might 

allow cancer cell specific treatment with readily available inhibitors and minimal 

side effects. 

4.5 Conclusion 

In conclusion, knock-down of STK31 in Caco2 cells results in G1 phase arrest 

and decrease in proliferation in confluent culture. It also enhances the cell attachment 

to several ECM proteins and decrease cell migration. Moreover, it enhances 

enterocytic differentiation and inhibits tumorigenicity. STK31 regulates these 

"sternness" properties through altering the expression of key players in various 

pathways including KIT, SMAD1 and Cycline D2. STK31 appears to be an excellent 

candidate for cancer diagnosis and therapy. Further studies are needed to elucidate 

the detailed underlying mechanisms of "sternness" and investigate the clinical 

application of STK31. 
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Chapter 5 

General discussion 

5.1 STK31, presence and future 

Functional genomics in spermatogenesis is a difficult task due to the lack of in 

vitro model. Although knock-out (KO) technology has been advanced throughout the 

years, knocking out essential genes in spermatogenesis often results in sterility even 

in the heterozygous animals. This has limited the breeding of KO mice and increases 

the difficulties for obtaining a sufficient number of mice for studies. The 

development of GSC cultures and transplantation techniques has significantly 

shortened the experimental period. A sufficient number of mice could be obtained by 

expanding the GSCs in vitro followed by transplanting them back into recipient mice. 

Since no breeding was required the bottleneck from KO mice sterility could be 

bypassed. 

GSCs have been considered truly immortal since their progenies are able to 

form zygotes and ES cells in the beginning of the next generation of life. Research 

on GSCs has focused in their self-renewal where the differentiation has attracted less 

attention. Since asymmetric division is usually involved in differentiation, 

asymmetric division in GSCs has been poorly studied. We have demonstrated 

asymmetric division of GSCs where Stk31 acts as a cell fate determinant. However, 

several lines of questions have to be answered in order to draw a clear picture of the 

functions of Stk31 in spermatogenesis. First, is Stk31 required for differentiation of 

GSCs in vivo? To answer this question, we can first stably introduce RNAi against 

Stk31 in GSCs and study the regeneration of spermatogenesis where Stk31 was 

knocked down upon transplantation. Second, since Stk31 is specifically expressed in 

transition state of differentiating GSCs, is the absence of Stk31 in more differentiated 

progeny also due to asymmetric division? What would happen if Stk31 expression is 
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sustained in these progeny? To answer these questions, we can make use of 

"state-of-the-art" Imagestream Cytometry System (Amnis Corp.). In this system, we 

could use cell surface markers such as c-kit to identify the dividing population of 

differentiated spermatogonia. Imaging of StkSl in these populations would tell 

whether mitotic asymmetry is present in these populations. The use of transplantation 

models with a stage specific expression of Stk31 would allow us to study the 

presence of Stk31 in more differentiated progeny. Third, what is the mechanism for 

Stk31 asymmetry? To answer this question, we can first determine whether this 

asymmetry is dependent on Par3/6-aPKC complex by co-immunoprecipitation 

analysis. If asymmetry is set up independent of the Par3/6-aPKC polarity complex, 

novel interacting partners could be identified by TAP tag protein interaction system. 

Fourth, what is the underlying mechanism of StkSl in GSCs differentiation? 

Although signaling pathways from cancer cell line was available, the expressions of 

downstream signaling players such as SMAD1, KIT and CyclinD2 have to be 

determined in GSCs system. 

It has been postulated that certain types of tumors are initiated and maintained 

by a population of cells known as cancer stem cells. The identification of CSCs has 

great impact on the field of cancer biology but it is just the beginning of the 

functional genomics studies in CSCs. We have demonstrated that CSC "sternness" 

properties are regulated by STK31 in a human colon adenocarcinoma cell line, Caco2. 

However, several lines of questions have to be answered in order to define the 

functions of STK31 in CSCs. First, we have observed the expression of STK31 in 

various cancer samples and cell lines. Among these cell lines, Caco2 expressed two 

common colon CSCs markers CD 133 and CD44. However, direct evidence on 

expression of STK3J in CSCs remains to be elucidated. To study this, CSC 

populations could be isolated from clinical samples using a combination of CSCs 
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markers. Expression of STK31 in these populations could then be determined by flow 

cytometry. Second, we have demonstrated the function of STK31 in enterocytic 

differentiation. However, its role in multi-lineage differentiation including goblet and 

enteroendocrine lineage have not been evaluated. To study this, a Caco2 model with 

multi-lineage capacity could be used 318. Besides, colon cell line with other lineage 

potential such as HT-29 and T84 could be used 3I9. On top of the cell line models, 

differentiation could be studied in CSCs isolated from patient. Third, we have 

demonstrated the change in expression of various players in signaling pathways. 

However, how do these signaling pathways work alone or in combination to regulate 

the "sternness" has not been delineated. To study this, individual players could be 

inhibited or knocked down and subsequent "sternness" phenotype could be analyzed. 

Fourth, we have demonstrated that STK31 shows mitotic asymmetry in HEK293 

cells, does this asymmetry occur in CSCs and regulates the homeostasis between 

self-renewal and differentiation? To study this, cell line model or CSCs could placed 

in differentiation condition where the distribution of STK31 in dividing cells could be 

studied. 

5.2 Differentiation in GSCs versus de-differentiation in CSCs 

We have demonstrated that expression of Stk3J in GSCs promote differentiation. 

On the other hand, reactivation of STK31 in cancer cells may result in 

de-differentiation of terminally differentiated cells to cancer stem cells state. Two 

explanations for these controversial observations could be offered. First, although 

STK31 is involved in these two processes, the underlying mechanisms may be 

different. There is no co-relation between these two events. Second, STK31 is 

expressed in transit amplifying (TA) stage. In germline, expression of Stk31 may 

marks the differentiation from GSCs to TA stage (Figure 5.1). In tumor, expression of 
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Figure 5.1| Schematic diagram of the role of STK31 in germline stem cells and cancer 
stem cells. Involvement of Stk31 in mouse male germline stem cell system was shown on A. 
Upon asymmetric division of GSC, Stk31 distribute in committed progeny, but not 
self-renewing stem cells. Stk31 act as a cell-fate determinant and trigger the expression of 
c-kit, Smadl, which take part in differentiation and suppress the expression of Cyclin D2, 
which take part in self-renewal of GSCs. In cancer stem cells (B), the "cell-of-origin" 
de-differentiate to a more stem-cell-like state. Reactivation of STK31 by promoter 
hypomethylation may initiate the de-differentiation or it is reactivated during the proces. 
STK31 acts as "sternness" regulator through regulating the expression of KIT, SMAD1 and 
Cyclin D2 which take part in tumor growth, differentiation, migration and tumorigenicity. 
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STK31 remarked the de-diferentiation from terminal differentiated cells to TA stage 

(Figure 5.1). The question is whether these TA stage cells confer "sternness" 

properties. Indeed, in mouse testis, the differentiating spermatogonia (TA stage) has 

been demonstrated to be able to generate stem cell populations in vitro and in vivo 59. 

These suggest that "sternness" could be acquired or sustained in the TA stage of 

GSCs. In cancer, it has been postulated that CSCs could be derived from stem cells, 

TA population and differentiated cells 1. Are these "sternness" properties necessarily 

characteristics of the stem cells state of tumor cells? Is it possible that CSCs are in 

TA state instead of stem cells state? From our results, there are hints that the 

"cell-of-origin" in colon cancer uses the GSCs machinery to reprogram to CSCs. The 

CSCs state appears to be the same as the TA state in GSCs where "sternness" is 

sustained. Interestingly, the active proliferating properties of the TA state mimic 

more of the cancer state when compared to the quiescent stem cell state. This notion 

would be important in stem cell-based therapy since tumorigenicity is one of the 

biggest problems in the therapy. Take induced pluripotent stem cells (iPS) cells as an 

example. Since the first demonstration of reprogramming mouse fibroblast to iPS 

cells 320, the identity of iPS cells in the cell hierarchy has not been determined 32 

Although similar to ES cells, they have discrete molecular signatures . Strikingly, 

the tumorigenicity of iPS cells derived neurosphere was significantly higher than that 

derived from ES cells. The authors explained the observation by the presence of 

higher number of pluripotent cells 323. However, according to our proposal that 

cancer stem cell is at the TA stage, it is possible that iPS cells may be at the TA stage, 

where the reprogramming is not all the way to the ES state, thus leading to a stronger 

tumorigenicity. 

5.3 Concluding remarks 
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Genes involved in spermatogenesis and cancer stem cells are largely unknown. 

Due to the close relation between spermatogenesis and carcinogenesis, as 

exemplified by the CT antigens, functional studies of novel genes in these two 

processes could open up new opportunities in both reproductive biology and cancer 

biology, giving rise to novel therapeutic methods for sterility and cancer. The present 

study has demonstrated that STK31 is one of these CT antigens playing a crucial role 

in GSC differentiation and cancer "sternness" regulation. Further studies on this gene 

may lead to promising new methods for treatment of cancer. On the other hand, 

novel STK37-mediated mechanisms regulating mammalian stem cell asymmetric 

division during spermatogenesis may unravel one of puzzling mysteries in 

reproductive biology. 
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Appendix 

Primer list 
Primer name Sequence Annealing temp. 

A R F 5’ - AGT CAA TGG GCA AAA CAT GG - 3 ' 60°C 

A R R 5' - TTG TGT CAA AAG CGA AAT GG - 3' 60°C 

ARL11 F 5' - ATT CAC AG A ACC CAT GGT GG - 3 ' 60°C 

ARL11 R 5，- CTT CCT TCC CAT CTC GCT C T - 3 ' 60"C 

Ccnal F 5' - GCT GTG GCT TAC TAG GCA AT - 3' 55'C 

Ccnal R 5' - GCT GTG GCT TAC TAG GCA AT - 3' 55'C 

CCND2F 5' - ACG TTG GTC CTG ACG GTA CT - 3 ' 60°C 

CCND2R 5' - TGA GCT GCT GGC TAA GAT CA - 3 ' 60°C 

Cd9F 5' - TGA TGC TGG TTG GTT TCC - 3' 55�C 

Cd9R 5' - CCC ACT GCT CCA ATG ATG - 3' 55°C 

c-kitF 5' - CTG CCG AAA TGT ATG ACG - 3' 55'C 

c-kitR 5' - TCG TAA AGG CGG AAT CAC - 3' 55°C 

E-cadherin F 5' - GAC. AAC GCT CCC ATC CCA - 3' 55°C 

E-cadhenn R 5' - CCA CCT CCT TCT TCA TCA TAG - 3' 55'C 

EpCAMF 5' - AGA ACC GAC AAG GAC ACG - 3' 55°C 

EpCAM R 5' - ACC ACA ATG ACA GCG ATG - 3' 55'C 

FGF 12 F 5' - GGT ACC ATC TGG GTG CAT C T - 3 ' 62°C 

FGF12 R 5' - ATT GAA CTT CCC AGO ACT C G - 3 ' 62°C 

GAPDHF 5' - TCC CAT CAC CAT CTT CCA G - 3' 52�C 

GAPDHR 5' - TCC ACC ACT GAC ACG TTG - 3' 52°C 

Gapdh F 5' - GAC CAC AGT CCA TGC CAT CAC TGC - 3' 60°C 

GapdhR 5' - GCT GTT GAA GTC GCA GGA GAC AAC - 3' 60°C 

GAPDH Realtime F 5' - AGG GTC ATC ATC TCT GCC - 3' 60�C 

GAPDH Realtime R 5' - CCA TCA CGC CAC AGT TTC - 3' 60�C 

HDGFRP3 F 5' - GGA AAA AGG TCT TTG GGA CC - 3 ' 60�C 

HDGFRP3 R 5，- CAA GAT GAA GGG CTA CCC G - 3 ' 60�C 

Hlf3F 5' - TCT TGA CCA TGT CGG AAA CG - 3' 60°C 

Hlf3 R 5' - CTT TGG CGG GGC TTT TAC GT - 3' 60°C 

KITF 5，- GTT CTG CTC CTA CTG CTT CGC - 3' 6(TC 

KITR 5' - TAA CAG CCT AAT CTC GTC G C C - 3 ' 60°C 

LUM F 5' - AGT AGG ATA ATG GCC CCA GG - 3 ' 62°C 

LUMR 5，- GGT TGA GCT GGA TCT GTC C T - 3 ' 6TC 
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Primer name Sequence Annealing temp. 

Oct3/4 F 5' - TGG CAT ACT GTG GAC CTC - 3' 62°C 

Oct3/4 R 5' - ATT GTT GTC GGC TTC CTC - 3' 62°C 

PTPN13 F 5' 一 GCC CAT ATT TCT 丁CC TCC T G A - 3 ! 60°C 

PTPN13 R 5' - GCG CTC CAG TAG CAG GAC - 3' 60°C 

SMAD-1 F 5' - TTG A AG TCC AG A AG A GTA GAA ATT ACC - 3' 60°C 

SMAD-1 R 5，— CCA CTC GTG CTC CCA CA 3' 60'C 

SSEA-1 F 5' - ATT CCA GTG CCT TGA GCC - 3' 60°C 

SSEA-1 R 5' - ACC CAA GGA AGC CAA AGG - 3' 60°C 

STK31 F 5' - GCA TAG ATC AAA CCA GTC AAC C - 3' 55°C 

STK31 R 5' - AGT AGT AAA GCA CCC TTC ATC C - 3' 55'C 

Stk31 F 5' - ACT TAG CAG CAA GCG TCC - 3' 55°C 

Stk31 R 5' - GAG AGC AAA CTC AAT CCA CC - 3' 55°C 

Stk31 F L F 5' - ATA GCG GCC GCA AGC TGG AGG GCT GAG G - 3' 6TC 

Stk31 FL R 5' - GGG GGA TCC AAG GGA CAT ATA CAG CAA CAA - 3' 62'C 

STK31 miR IF 
5' - TGC TGT AAA GTC ACC AAC AGC CAA ACG TTT TGG CCA 

CTG ACT GAC GTT TGG CTT GGT GAC TTT A - 3' 
N/A 

STK31 miR 1R 
5' - CCT GTA AAG TCA CCA AGC CAA ACG TCA GTC AGT 

GGC CAA AAC GTT TGG CTG TTG GTG ACT TTA C - 3' 
N/A 

STK31 miR 2F 
5' - TGC TGA TAA GTC TGA ACC TGG AGA AGG TTT TGG CCA 

CTG ACT GAC CTT CTC CAT TCA GAC TTA T - 3' 
N/A 

STK31 miR 2R 
5' - CCT GAT AAG TCT GAA TGG AGA AGG TCA GTC AGT 

GGC CAA AAC CTT CTC CAG GTT CAG ACT TAT C - 3' 
N/A 

STK31 miR 453 F 
5' - TGC TGT GAG CAA CCA ATC TTC ATG ATG TTT TGG CCA 

CTG ACT GAC ATC ATG AAT TGG TTG CTC A - 3' 
N/A 

STK31 miR 453 R 
5' - CCT GTG AGC AAC CAA TTC ATG ATG TCA GTC AGT GGC 

CAA AAC ATC ATG AAG ATT GGT TGC TCA C - 3' 
N/A 

pi-integrin F 5' - ACC AAT CGC AGC AAA GGG - 3' 60°C 

pl-integrin R 5' - TGA AAC CCA GCA TCC GTG - 3' 60°C 
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II. PCR reaction 
Template 

Primer F (2.5 uM) 

Primer R (2.5 uM) 

dNTPs( lOuM) 

Go Tag 

10X PCR buffer 

ddH20 

III. Cloning PCR reaction 

Template 

Primer F (2.5 uM) 

Primer R (2.5 uM) 

dNTPs( lOuM) 

FideliTaq 

10X FideliTaq buffer 

MgCl2 (25 mM) 

ddH20 

IV. Real-time PCR reaction 

Template 

Primer F (2.5 uM) 

Primer R (2.5 uM) 

2X SYBR green master mix 

ddH20 

V. Buffer recipe 
Sample buffer 

Tris-Cl, pH 6.8 

Glycerol 

SDS 

DTT 

Bromophenol Blue 

RIPA buffer 

NaCl 

Tris-Cl, pH 8.0 

NP-40 

1 ul 

2.5 ul 

2.5 ul 

0.5 ul 

0.2 ul 

2.5 ul 

15.8 ul 

2u l 

2.5 ul 

2.5 ul 

1 ul 

0.2 ul 

2.5 ul 

0.25 ul 

14.05 ul 

2.5 ul 

2.5 ul 

2.5 ul 

12.5 ul 

5ul 

0.35M 

30% 

10.3% 

0.6M 

0.05%-0.1% 

150mM 

50mM 

1% 
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Deoxycholic acid 0.5% 

SDS 0.1% 

PI mix IX 

PMSF 0.5mM 

Protein transfer buffer 

Tris base 25mM 

Glycine 0.192M 

SDS 0.1% 

Methanol 20% 

Running buffer 

Tris base 25mM 

Glycine 0.192M 

SDS 0.1% 

TBST 

Tris-Cl, pH 8.0 lOmM 

NaCl 150mM 

Tween 20 0.5% 

PBS 

NaCl 137mM 

KC1 2.7mM 

Na2HP04 4.3mM 

KH2P04 1.4mM 

PBST 

PBS IX 

Tween 20 0.5% 
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