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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
anovel 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 STK3/ was reactivated in 47 —
86% of multiple cancers. Immunofluorescent study and GFP tagging experiment
showed that STK3/ 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, Stk3/, was expressed in the
transition state between undifferentiated and differentiated spermatogonia. These
data suggest the possible involvement of STK3/ in mouse spermatogonia and cancer
development.

In the second part of the experiment, the function of Stk3/ 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 spermatogonzal stem

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












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

adhesion molecules promotes the attachment to the new secondary sites ",

1.4 Similarities between cancer development and spermatogenesis

Spermatogenesis and tumor development share important biological similanties
(Figurc 1.4).

Immertalization — 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 siep
by which normal cells bypass these two barriers and undergo tumorigenesis in cancer
development is called transformation .

Migration — During spermatogenesis, spermatogenic cell migrate from the basal
lamina towards the lumen of the seminiferous tubule. In later stages of canger
development, tumor cells migrate from the primary site to invade other parts of the
body, a process known as metastasis >

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 .

1.5 Identification and characteristics of NYD-SPK/STK31

In our previous studies, cDNA from adult and 6 month old fetal testes were






hybridized to human cDNA microarray containing 9216 c¢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 7pl15.3, 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
kighly similar to transcript variant 2 of STK3/, but NYD-SPK is 56bp longer at the 5’
end. The sequence can be aligned with all three transcript variants of STK3/ 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 STK3/.
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 STK3! 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 STK3/, 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 STK3/ using RT-PCR. The results
showed that a specific band at 481bp could be amplified in the testis. This supported

our previous data that STK3/ 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 ¢DNA 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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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 STK3/ mRNA

and was found only in testis but not other tissue.
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Figure 1.9} RT-PCR showing the testis specific expression of STK31. STK3] 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 intemnal
control (Bottom panel). No DNA template control was labeled as blank. Specific

amplification of size 48 1bp was noted in testis. Weak expression was also noted in pancreas.



STK31 was detected in other vital organs including brain, liver, heart, and lung. [ 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 *
and the expression could be detected in all types of germ cells . 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 Stk3] RNA could be
detected at 6 dpp where only primitive type A spermatogonia is present (Figure 1.10)
?® The expression increased in a developmental dependent manner and reached the
peak at 24dpp. To further characterize which type of cells express Sth31, probes for
Stk31 were hybridized in sitt to mouse testis sections. In contrast to previous reports
%, expression of Stk37 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 STK3/ 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 7 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. STK31I 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 STK3/7; second, to study its function in spermatogenesis and cancer
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Figure 1.10] Northern blot analysis showing the developmental dependent expression of
Stk31 during spermatogenesis. 10pg RNA from mouse testes during different
developmental stages were probed with Stk3! (Top panel), 18s RNA were used as a control
(Bottom panel). Results showed that 543/ mRNA first appeared at 6dpp. The expression

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

A "l

Figure 1.11| In sit# hybridization analysis showing the expression of S#31 in
spermatogonia. Adult mice testes were sectioned and hybridized with antisense probes
against Stk3/ (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 STK3/ in

spermatogenesis and cancer development.
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Figure 2.1| Two classification schemes in mouse spermatogonia. In the first scheme, A, —
A, spermatogonia act as the renewing stem cells while Ay spermatogonia act as the reserve
stem cells {(A). A, spermatogonia are able to generate new A, spermatogonia. In the second
scheme, A, spcrmatogonia is the proposed stem cell. Mitotic division of A, spermatogonia
give rise to A, spenmatogonia which are connecied with intercelluiar cytoplasmic bridge.
Subsequent mitosis give rise to more differentiated progeny (B). A, A, and Aa
spermatogonia are considered undifferentiated spermatogonia while A4, Intermediate and

type B spermatogonia were considered as differentiated spermatogonia (C). Adapted from
47,52
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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 (7). 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
47
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others. However, no unique makers have been identified for A,,; or A, spermatogonia.
Humans and rodents share a number of spermatogonia markers like Plzf and GFRAL,
however, not all rodent markers are applicable in humans. For example, ¢-kit was
reported in mouse differentiating spermatogonia but is undetectable in human
spermatogonia '’. 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 "7, 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 ***, 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 *, hematopoietic stem and progenitors cells *,
muscle satellite cell * and T cells *®. 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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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 1X TBST for 30 minutes at room temperature
followed by overnight probing with 1:1000 Mouse Anti-STK31 MaxPAb (Abnova)
and [:2000 Rabbit Anti-ptubulin (Santa Cruz) at 4°C. Non specific binding of
primary antibodies was washed off with 1X TBST and the membrane was probed
with 1:10,000 HRP-linked Sheep Anti-mouse [gG {(Amersham) for 1 hour at room
temperature. Membranes were washed with 1X 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 Sum thick sections and
placed on slhdes. Paraffin sections were rehydrated through a series of ethanol
treatment followed by washing in 1X 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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Figure 2.5/ Western blot analysis of mouse hyperthermia testis. Whole cell tysates from
various time points after hyperthermia treatment (A) or control treatment (B) were analyzed
by western blot against Stk3/ (A and B, Top panels). B tubulin was used as loading control (A
and B, Bottomn panels). Expression of Stk31 decrease in degeneration period (1 — 16 hours).
The expressions become undetectable during the early recovery period (7 — 14 days) and

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

in expression was detected in control treatment group.
Control Stk31 Stk31 100x

Stk3l

Hoechst

Alerged

Figure 2.6/ Immunofluorescence study of StA3/ 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 100x (A, B, D, E, G, and H), 400x (C, F,
and I).
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Figure 2.7] Co-immunofluorescence study of E-cadherin and StA37 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-cad'/Stk31" (Arrow head), A number of E-cad /Stk31" (Asterisk) and E-cad /Stk31

{Arrow) spermatogonia were also observed (inset). Magnification 400x (A — O}.
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Figure 2.8| RT-PCR showing the reactivation of STK37 in various cancer and cell lines,
Expression of STK3/ (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 intemal control (Bottom panel).
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Figure 2.9] Immunofluorescence study of STK3! 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 — ). Signals were detected in the cytoplasm and some granule-like signals were observed
{Arrow). Magnification 400x (A, B, D, E, G and H), 1000x (C, F, and I).
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Figure 2.10| Western blot analysis of STK31-GFP fusion proteins. Whole cell lysates
frem HEK293 stable transfectants were probed with anti-STK31 antibody (Top panel) and
anti-GFP antibody (Two middle panels). B 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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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 visuvalize the tolal 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 apgpregated pranules (Asterisk) instead of distributing uniformly.

Magnification 100x.
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Figure 2,12| Immunofluorescence study of STK31-GFP fusion proteins during mitosis.
HEK?293 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-B tubulin (2™ top panel). Condensed chromosomes were visualized by
Hoechst stain (2™ 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 1000x.
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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 S7TK3/! 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 S7K3! distributed asymmetrically during
mitosis

Previous reports have demonstrated the presence of asymmetrically distributed
proteins in male germline stem cell niche in Drosophila *>*"""', Since Stk37 is
expressed in transition stage between undifferentiated and differentiated
spermatogonia, therefore, it is possible that aggregated granules formed by S7K37
might also divide asymmetrically.

To study the cell division, STK31-GFP-N2 stable transfectants were used. The
spindle fibers were stained with anti-B 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 S7K37 distribute

asymmetrically during mitosis.

2.4 Discussion
2.4.1 Spermatogonia specific expression of Stk3/

We reported a comprehensive study of expression profile and cellular
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of Stk31 was not detected in spermatogonial stem cells that survived hyperthermia,
Second, the expression of Stk3! was observed in a number of undifferentiated
spermatogonia as marked by the expression of E-cadherin, while another population
of spermatogonia only expressed Stk37 but not E-cadherin. This indicates that Stk31
is expressed in the transition stage between undifferentiated and differentiated
spermatogonia. Furthermore, expression of Stk3/ is upstream of c-kit since c-kit
expression does not overlap with E-cadherin *, Therefore, S$tk3/ could be used as a

marker for spermatogonia that are committed to differentiation.

2.4.3 Tudor domain and the intracellular localization of STK3/
Recent reports have indicated that tudor domains are essential in the formation

%% and stress granules *°. The formation of germinal

of nuage/germinal granules
granules requires tudor domain repeats while a single tudor domain is sufficient for
the formation of stress granules. Here, we have demonstrated that STK3/, which
confers a tudor domain in the N-terminal, aggregate into granules in the cytoplasin.
The aggregated granules were observed iﬁ both endogenous and GFP-tagged protein
indicating that they were distinguishable from transfection-induced stress granules *°.
However, its relationship with germinal granules and processing bodies, cytoplasmic
structures closely related to stress granules '®, 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 STK3/ guided by the Tudor domain.
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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 (§8Cs), 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%) '"""'*. 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 '"’. The first appearance of GSCs was recorded in 3 — 4 dpp '*°. 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 '*'.

3.1.2 Niche of male GSC
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intrinsic factors regulating GSC self-renewal since gene specific mell mice showed
significant germ cell loss or “Sertoli cell only” phenotype *'**'*® Moreover, in vitro
RNAI experiments have demonstrated the requirement of the transcription factor
Oct3/4 in GSC self-renewal **. 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 Drosophiia
testis, differentiation of GSCs are also regulated by cell-cell interactions and intrinsic

" . - - - 3
3427 pam is an intrinsic factor promoting

and extrinsic factors in the niche
differentiation of GSCs as indicated by the fact that overexpression of ham leads to
GSC depletion '*"'*". 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,

16¥, 169

These communications are mediated by zpg mediated signaling and induction

of EGFR signaling in SCCs by an unidentified signal/ligand from gonialblasts '’*'"”.
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 kKinase 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 '’*'"°, BMP4 and Activin A have also been
demonstrated to induce the differentiation phenotypes of GSCs, and their actions are

177178 Neurogenin 3 is a potential intrinsic factor

associated with induction of c-kit
proposed to take part in spermatogonial differentiation according to its molecular
nature '°, 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 StA3/ is expressed in the transition
stage between undifferentiated and differentiated spermatogonia. These same studies
showed that STK3/ exhibits mitotic asymmetry in HEK293 cells (Chapter 2).
Therefore, we hypothesize: 1. Stk3] 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 mode! for
the functional study of Stk3/; second, to determine if Stk3/ asymmetry presence in

(GSCs; and third, to determine the function of St37 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 LASEC, 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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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. 3ug/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 Retineic acid treatment of GSCs

GSCs were treated 5 days after passaged. 1uM 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 1X 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 1X 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 1x PBST and the nuclel were counterstained with 100ng/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 '**.
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3.2.13 Cloning of Stk3]

The mouse homolog Stk3/ was cloned from mouse adult testis cDNA. Primer
pairs Stk31 FL was used in this experiment. The full-length coding region of Stk37
wag amplified by FideliTug 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 Not#/
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 Stk3/ 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 1mM Sodium Pyruvate
(Sigma). To produce the retrovirus, 3x10° GP2-293 cells were transfected using Sug
of overexpression vector, Sug of pAmpho and 20ul 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 supematant was
collected 72 hour post-transfection.

Cell derbis in both the retroviral supernatant was removed by filtering through
MILLEX-HV® PVDF 0.45um filter umt (Millipore). Viral titres were determined by

transducing NIH3T3 cells.
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Figure 3.3| Culturing properties of GSCs on STO feeder layer. GSCs morphologies were
captured | — 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 100x.

Figure 3.4| Culturing properties of GSCs on laminin. GSCs morphologies were captured
| 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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Figure 3.5 Culturing 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 | day after serum replacement. Large clumnps
with unclear borders similar to anchorage independent growth were observed (Arrow) 5 days

after serum replacement, Magnification 100x,
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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 1t), markers for primordial germ
cells (SSEA-1), spermatogonial stem cells (Bl-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 contro! {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, ¢-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 '*"'%
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 Si#t3/ is expressed in the transition state from
undifferentiated to differentiated spermatogonia (Section 2.3.4). Interestingly, the

present study showed that Stk3/ 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

'$7 The only known method to test this is by germ cell

spermatogenesis
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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Sham testis Transplanted testis

A

Figure 3.7| Morphology of testis after germ cell transplantation. GSCs were transplanted
into recipient mice testes through efferent duct injection (A, Adapted from '®). 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 Days for pups
replicates pregnant pups female after
female Laid transplantation
GECs 2 4 20 55 45 -- 3 months
transplanted
Sham 2 0 0 N/A N/A N/A

Table 3.1| 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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RN
acid. GSCs on STO feeder layer
were treated with 1pM retinoic acid (Left panel). 4 days after trcatment, 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) (Amow) after RA treatment.

Sizes of clumps remain unchanged in the vehicle control group. Magnification 100x.
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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 (Bl-integrin and Oct3/4), spermatogenia (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 Se31,
were marked (Red rectangle). Oct3/4 and EpCAM were down-regulated while expression of

Stk3i was induced upon differentiation.
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Figure 3.10) Immunofluorescence study of Stk317 in differentiating GSCs. GSCs on STO
feeder layer were (realed with 1uM 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 Stk3/ 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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. Asymmetric division

Figure 3.11| Asymmetry of Stk37 in GSCs division. ARer 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 {rom
single parental cells were characterized by intra-cytoplasmic bridge. St3/ distributed
asymmetrically in two daughter cells after division (A — 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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Figure 3.12] Induction of differentiation phenotypes by Stk3I. GSCs were transduced
with retrovirus carrying Stk3/ overexpression vector. Overexpressions of Stk3/ 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 (§ tubulin was used as
loading control {A — bottom panel). Morphologies of GSCs were recorded before and after
transduction {B). Stk3/ overexpression initiates clump dissociation after transduction (B —
top panel). Mounds of GSCs were still observed in vector control group after transduction

(B — bottom panei).
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phenotype. Also, this indicates that induction of Stk37 may be upstream of c-kit.
Longer periods of induction may be necessary in order to determine the co-relations

between Stk3/ and c-kit.

3.4.4 Mechanisms for Stk3/ asymmetry in GSCs

Asymmetric segregation of protein determinants have been reported in various
mammalian stem cells system such as neural progenitors cells o, hematopoietic stem
cells and progenitors cells ** and muscle satellite cell *°, Asymmetric division has
also been demonstrated in cell systems with hierarchies such as T cells **. The
spermatogonial stem cell system differs from these systems in that mitotic divisionin
spermatogonial stem cells undergo incomplete cytokinesis ****', 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. Qur results showed that the
asymmetry of Stk3/ was set up before cytokinesis occurs. Interestingly, a gradient
distribution of Stk3/ 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 *"'%. A
recent report on mitotic asymmetry in mouse GSC systems also suggested the
involvement of the basement membrane '*°. 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 Stk3/ 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 Stk37 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 n 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 Stk3/ and more importanily, when overexpressed,
Stk31 is able to initiate the differentiated phenotype of GSCs. These results indicated
that Stk3/ 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 Stk317?
C-kit is a potential candidate since the expression of c-kit was down-regulated by
Plzf, which is responsible for GSC self-renewal *'7. Interestingly, c-kit might be a
downstream target of Stk3/ as suggested by the delaved 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 '"7'"®  Indeed c-kit and SMADI were
down-regulated in STK3/ 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 2",
was up-regulated in STK3/ knocked-down Caco2 cells (Chapter 4). This suggested
that Stk3 1 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 Stk37 is induced. Stk3] may be distributed

asymmetrically in GSC division through unique asymmetry machinery. The
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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 stats **'2*°,
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

i
31 A common

CSCs have been demonstrated to undergo clonal evolution
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 **, 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 .

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

T, . . 234244
from tumors originating from the brain, breast, lung, liver, colon and pancreas )

* 1o nearly

The frequency of CSCs in different populations varies from 0.03%
100% 2**. The high occurrence of mmorigenic 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 microenvironments for

particular tumor types after transplantation ’. 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 **** (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 diagnosts, 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 (Figurc 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 . 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
assoctated with cancer stem cells would greatly improve the prognosis. Indeed, “stem
cell gene” signatures have been recently reported in 10 different types of
malignancies **’#**. 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

240250

quiescent and remain dormant in Gy phase , and are therefore resistant to cell

cycle dependent apoptosis. Besides, stem cells often have enhanced DNA repair and

#1232 and hence, CSCs might also be resistant to DNA

anti-apoptotic ability
damaging agents. The anti-apoptotic activities also account for their resistance to

cytotoxic chemotherapy agents 5 Together, these therapeutic strategies would kill
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voyage through the circulating system and/or lymphatic system to the secondary site
> 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 arisen ******. 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 hines were remarkably different from in vivo tumors probably due to the
low occurrence frequency of CSCs in in vive 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 **°. In support of this
argument, CSC-like cells have been identified in various cancer lines originating

: 257-260
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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sites such as the liver causing death . CSCs have been identified in colon cancer

simultaneously by two independent research groups using CD133 as CS8Cs surface

238239
markers 2%

. Later reports demonstrated that CD133" was not restricted to stem
cells and both CD133" and CD133" population are able to initiate tumor formation .
So subsequent studies on colon C8Cs used CD44, which is functionaily important
for colon CSCs *’', in combination with CD133 or other markers such as CD24,
EpCAM and Lgr5 for enrichment of colon CSCs 240272274

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 *”°. 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 >°. 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 ***. 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 {4pc) was conditionally knocked out in crypt stem cells *’°. 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” *”. 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

98






—> Whnt signals
o Notch signals Paneth Goblet Entero- Enterocyte

esll  cell endocrine
> Other signals coll

- ~00 ™
N

Proliferation
<O

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 >,
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significant difference was observed among the three lines. Upon reaching confluence
(day 4), growth of Caco2™" *** began to decrease. Significant decrese was observed

2mR 453 (5,<(.05) from the first day of post-confluent culture (day 5) and the

in Caco
rate of proliferation in Caco2™® 43 further decreased on day 6 (p<0.001) and 7
(p<0.01) when compared to Caco2'*” control. On the other hand, significant decrese
on proliferation of Caco2™*? line was found only on day 6 and 7 (p<0.05) when

LeZ control (Figure 4.5A).

compared to Caco2

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,
Caco2™® 2 and Caco2™R *¥ ghowed significant decrease in rate of proliferation
(p<0.001 and p<0.0! respectively). The decrese persisted in Caco2™ *** on day 6
(p<0.001) and Caco2™ ?on day 6 and 7 (p<0.00! and p<0.01 respectively) (Figure
4.5B).

From the results, we found that knock-down of STK37 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 iIn
sub-confluent cultures. More importantly, as reflected by the cell counting

experiments, the decreases in proliferation were dependent on the STK37 expression

level,

4.3.3 Knock-down of STK317 reactivates contact inhibition

The cell cycle of nommal cells, upon reaching confluence, is arrested. This
phenomenon is described as contact inhibition “****’. Loss of contact inhibition is a
hallmark property obtained by transformed cells during transformation “***°, The
contact inhibition of Caco2, a transformed cell ling, was lost and grew into multiple

layers after reaching confluence 0 To study if the decreases in proliferation in
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Figure 4.5| Proliferation studies of STK37 knock down Cace2 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, $STK3/ knock-down Caco2 cells showed decrease in proliferation compared to
LacZ control. (Data were presented by mean + 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

2mi.R 453

of Caco arrested as indicated by the 2D monolayer of cells. In contrast,

Lacs
2 acs

Caco continued to grow, forming multiple layers of cells. The growth of

Caco2™® % lied between the Caco2™® *** and Caco2'*, which also showed multiple

2% group (Figure 4.6). It was

layers formation but significantly less than Caco
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 STK3/7 results in reactivation of contact inhibition and the degrees of

reactivations were dependent on the expression level of STK3/. Therefore, STK31

would be responsible for inactivating the contact inhibition in Caco?2 cells.

4.3 4 Knock-down of STK37 causes G1/S arrest upon confluence

Decrease in proliferation could be resulted from cell cycle arrest *! On the
other hand, contact inhibition could also cause cell cycle arrest at G1/S phase 2. To
further elucidate the results from proliferation and contact inhibition studies, the cell
cycle profiles of STK31 knock-down cells were analyzed by flow cytomeiry. In this
experiment, cells were seeded at three densities and collected at sub-confluent,
confluent and post-confluent. DNA ploidy were stained by propidiwm iodide and
analyzed by flow cytometer.

The results showed that as the Caco2™ cells started to grow from
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sub-confluent to confluent stage, the percentage of cells at G1 phrase incteased 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 2.
omiR 2

The cell cycle profile in sub-confluent Caco2™® % and Caco were similar to

Caco2™ control (Figure 4.7). However, upon reaching confluence, the population

Of CacozmlR 453

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 Caco2"*Z control (48% Gl population; 23% S population)
(p<0.0! and p<0.001 respectively). The cell cycle profile did not show significant
difference in Caco2™R?2 group in confluent situation (Figure 4.7). In post-confluent
situations, Caco2™® ** showed significant G1 arrest (64% Gl population) when
compared to Caco2™Z control (54% Gl population) (p<0.00I). Meanwhile, the
population of S phrase and G2/M phrase significantly decreased (p<0.0! and p<0.05
respectively). On the other hand, Caco2™® 2 also had the trend to increase in Gl
population while S phrase population was also significantly decreased (p<0.035)
(Figure 4.7). These results demonstrated that knock-down of STK37 wouid cause G1
arrest in post-confluent condition.

Together, these observations indicate that STK3/ 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 STK 31 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, Iinvasion into secondary site and attachment to

29329 In the following experiments, the effects of

microenvironment of new site
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 fibronectin. 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.

2R 453 and Caco2™® ? had significantly higher

The results showed that Caco
binding affinities to matrigel than Caco2"™* control (p<@.00/). Furthermore,
Caco2™®*53 had significantly higher binding affinities to laminin (p<0.001), gelatin
(p<0.001) and fibronectin (p<0.05) which were components of the ECM (Figure 4.8).
It was interesting to note that Caco2™® % and Caco2™® *** had higher binding
affinities to poly-L-lysine {(p<0.05) when compared to Caco2“** control. These

results indicate that knock-down of STK3/ results in stronger binding to ECM and

hence less tendency to migrate.

4.3.6 Knock-down of STK3/ 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 Caco2™ ** had a significantly lower cell migration

2% control (Figure 4.9) and that the cell migration

when compared to Caco
decreased from 4.74um to 3.07um (p<0.04). The migration of Caco2™® ? also

decreased from 4.74pum to 4.63um.
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Figure 4.8| Attachment assay of STK3/ 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™"*? attached more readily to
laminin (A), gelatin (B) and fibronectin (D) when compared to Caco2 control. (Data were

presented by mean £ S.E.M.; Significance were calculated by One way ANOVA :Turkey test
* p<0.05, *** p<(.001)
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Figure 4.9| Migration assay of STK3J 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 STK3/ results in a decrease in the migration rate of Caco2 cells (A — F). The

R433 cells compared to Caco2Z control

migration rate was significantly lowered in Caco2™
(p<0.05) (G). Magnification 100x (A — F) (Data were presented by mean * SEM.;

Significance was calculated by One way ANOVA: Turkey test ** p<0.01)
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These indicated that knock down of STK3/ resulted in enhancement of spontaneous
enterocytic differentiation under serum-containing condition. On the other hand,
knock-down of S7K3/ might decrease the self-renewal as remarked by
differentiation potential under serum-free condition.

Taken together, the results suggest that STK3/ might promote the maintenance
of un-differentiated state. It might also take part in the de-differentiation process for

acquisition of “stemness” in Caco2 cells.

4.3.8 Knock-down of STK31 decreases tumorigenicity in vitro and in vivo
Despite the fact that tumorigenicity of cancer stem cells in different mouse

246 208

models is controversial , it is widely accepted that tumorigenicity was the

"2 Since STK31 is able to alter three cancer stem cell

hallmark of cancer stem cells
properties, it might be possible that STK3/ also takes part in controlling the
tumnorigenicity 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 ***. Therefore, in this section,
the effects of STK3 ! 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 S7X37 significantly inhibit the colonics
formation of Caco2 cells (Figure 4.11). Moreover, the inhibitions were dependent on
the expression level of STK3/, since the number of colonies in Caco2™R*? was less
than that in Caco2™® %  These results suggest that STK3/ promote

anchorage-independent growth of Caco2 cells.

To address whether inhibition of anchorage-independent growth in STX3/
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Figure 4.11| Colony formation assay of STK37 knock-down cells. Cells were seeded in
soft agar to mimic anchorage-independent growth conditions. Afier incubation for 14 — 21
days, the number of colonies were counted. Representative images for formed colonies are
shown in A. Knock down of STK37 in Caco2 cells resulted in inhibition of colony formation
when compared to LacZ control (B). (Data were presented by mean £ S.E.M.; Significance
were calculated by One way ANOVA: Turkey test ** p<0.01, *** p<0.001)
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Differential expression of various genes in 8TK31 knocked down

Caco2 cells
LLid
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Figure 4.13| Real-time PCR for selected differentially expressed gemes in STK3!
knock-down cells. Gene expressions were compared by comparative AAct method and data
were presented by fold change. KIT, ARL11, PTPNI13, HDGFRP3 and SMADI were
regulated in a STK3/ expression dependent manner. Down-regulation of FGF12 and LUM
were only observed in Caco2™®*** only. CCND2 and AR showed an antagonistic expression
azmong two STK37 knock-down cells and the antagonistic expressions were significantly
differed from LacZ conirol. (Data were presented by mean + S.EM.; 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 Caco2™®? and

2'*Z control (Figure 4.13) suggesting that trace amount of STK3/ was sufficient

Caco
to drive the expression of these two genes. Interestingly, CCND2 and AR showed an
antagonistic expression profiles in the two STK3/ knock-down cells. CCND2 was
up-regulated in Caco2™® *** but down-regulated in Caco2™® ? cells. AR was
down-regulated in Caco2™® ** but up-regulated in Caco2™= ? cells (Figure 4.13).
These results suggested that the expression threshold of STK3/ was crucial in those
signaling cascades.

Together, we have identified differentially expressed genes in STK3/

knock-down cells that might take part in controlling the “stemness” properties in

Caco? cells.

4.4 Discussion
4.4.1 Regulators of “stemness” 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 CD133 and CD44 as markers »%*4027227¢
Although CD44 has been shown to be functionally important to colon CSCs *’',
genes involved in “stemness” have not been identified. Here, we reported a novel
gene STK3/ as a potential regulator of “stemness” in colon CSCs. Expression of
STK3! 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 S7K37
expression are sufficient for cell migration whereas contact inhibition, differentiation

and tumor formation are regulated in a S7TK31 level dependent manner. These modes

of regulation perfectly match with emerging concepts that molecular control of CSCs
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counterparts. This allows therapeutic agents target to specifically target cancer cells
without affecting normal cells; second, STK3/ regulates “stemness”™ properties. This
provides a higher chance of targeting cancer stem cells; third, STK3/ 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 STK3/ 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 STK3! as diagnostic marker might allow the diagnosis of cancer
stem cells in multiple cancers. Meanwhile, using STK3/7 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 STK37 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 migratton. Moreover, it enhances
enterocytic differentiation and inhibits tumorigenicity. STK3/ regulates these
“stemness” properties through altering the expression of key players in various
pathways including KIT, SMADI and Cycline D2. STK3/ appears to be an excellent
candidate for cancer diagnosis and therapy. Further studies are needed to elucidate
the detailed underlying mechanisms of *‘stemness” and investigate the clinical

application of STK31.
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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 Stk3/ in these populations would tell
whether mitotic asymmetry is present in these populations. The use of transplantation
models with a stage specific expression of Stk3/ would allow us to study the
presence of Stk3/ 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 parmers could be identified by TAP tag protein interaction system.
Fourth, what i1s the underlying mechanism of Stk3/ in GSCs differentiation?
Although signaling pathways from cancer cell line was available, the expressions of
downstream signaling players such as SMADI, KIT and CychnD2 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 “stemness”
properties are regulated by STK3/ in a human colon adenocarcinoma cell line, Caco2.
However, several lines of questions have to be answered in order to define the
functions of STK37 in CSCs. First, we have observed the expression of STX3/ in
various cancer samples and cell lines. Among these cell lines, Caco2 expressed two
common colon CSCs markers CD133 and CD44. However, direct evidence on
expression of STK3/ in CSCs remains to be elucidated. To study this, CSC

populations could be isolated from clinical samples using a combination of CSCs

137



markers. Expression of STK3/ in these populations could then be determined by flow
cytometry. Second, we have demonstrated the function of STK3/ 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 *'®. Besides, colon cell line with other lineage
potential such as HT-29 and T84 could be used 31° 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 “stemness” has not been delineated. To study this, individual players could be
inhibited or knocked down and subsequent “stemness” phenotype could be analyzed.
Fourth, we have demonstrated that STK3/ 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 STK3/7 in dividing cells could be

studied.

5.2 Differentiation in GSCs versus de-differentiation in CSCs

We have demonstrated that expression of Stk37 in GSCs promote differentiation.
On the other hand, reactivation of S7K3/ 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 i1s involved in these two processes, the underlying mechanisms may be
different. There is no co-relation between these two events. Second, STK37 is
expressed in transit amplifying (TA) stage. In germline, expression of Stk3/ may

marks the differentiation from GSCs to TA stage (Figure 5.1). In tumor, expression ¢f
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Figure 5.1| Schematic diagram of the role of STK31 in germline stem cells and cancer
stem cells. Involvement of Stk37 in mouse male germline stem cell system was shown on A.
Upon asymmetric division of GSC, Stk3! distribute in committed progeny, but not
self-renewing stem cells. Stk31 act as a cell-fate determinant and trigger the expression of
c-kit, Smad1, 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 STK3! by promoter
hypomethylation may initiate the de-differentiation or it is reactivated during the proces.
STK31 acts as “stemness” regulator through regulating the expression of KIT, SMADI1 and
Cyclin D2 which take part in tumor growth, differentiation, migration and tumorigenicity.
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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 m both reproductive biology and cancer
biology, giving rise to novel therapeutic methods for sterility and cancer. The present
study has demonstrated that S7K3/7 is one of these CT antigens playing a crucial role
in GSC differentiation and cancer “stemness” regulation. Further studies on this gene
may lead to promising new methods for treatment of cancer. On the other hand,
novel STK3I-mediated mechanisms regulating mammalian stem cell asymmetric
division during spermatogenesis may unravel one of puzzling mysteries in

reproductive biology.

142






14.

15.

16.

17.

18.

16.

20.

21,

22.

23.

24.

25.

26.

Reproduction. 121, 347-354 (2001).
de Kretser, D. M. & Kerr, J. The physiology of Reproduction.1994).

Russell LD, Ettlin RA, Sinha Hikim AP & Clegg ED, pp. 36-37 (Cache River
Press, Clearwater,1990),

Reddel, R. R. The role of senescence and immortalization in carcinogenesis.
Carcinogenesis 21, 477-484 (2000).

Abercrombie, M, Contact inhibition in tissue culture. /n Vifro 6, 128-142
(1970).

ABERCROMBIE, M. & AMBROSE, E. J. The surface properties of cancer
cells: a review, Cancer Res. 22, 525-548 (1962).

Ridley, A. J. et al. Cell migration: integrating signals from front to back.
Science 302, 1704-1709 (2003).

Thiery, J. P. Epithelial-mesenchymal transitions in tumour progression. Nat.
Rev Cancer 2, 442-454 (2002).

Thiery, J. P. & Sleeman, J. P. Complex networks orchestrate
epithelial-mesenchymal transitions. Nat. Rev. Mol Cell Biol. 7, 131-142
(2006).

Simpson, A. J., Caballero, O. L., Jungbluth, A., Chen, Y. T. & Oid, L. 1.
Cancer/testis antigens, gametogenesis and cancer. Nat. Rev. Cancer S,
615-625 (2005).

Sha, J. er al. Identification of testis development and spermatogenesis-related
genes in human and mouse testes using cDNA arrays. Mol Hum. Reprod. 8,
511-517 (2002).

Wang, P. J., McCarrey, J. R, Yang, F. & Page, D. C. An abundance of
X-linked genes expressed in spermatogonia. Nar. Genet. 27, 422-426 (2001 ).

Wang, P. I, Page, D. C. & McCarrey, J. R. Differential expression of
sex-linked and autosomal germ-cell-specific genes during spermatogenesis in
the mouse. Hum. Mol. Genet. 14, 2911-2918 (2005).

Bellve, A. R., Millette, C. F,, Bhatmagar, Y. M. & O'Brien, D. A. Dissociation
of the mouse testis and characterization of isolated spermatogenic cells. J.

144












63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Tokuda, M., Kadokawa, Y., Kurahashi, H. & Marunouchi, T. CDHI is a
specific marker for undifferentiated spermatogonia in mouse testes. Biol.
Reprod. 76, 130-141 (2007).

Meng, X. ef al. Regulation of cell fate decision of undifferentiated
spermatogonia by GDNF. Science 287, 1489-1493 (2000).

Conrad, 8. ef al. Generation of pluripotent stem cells from adult human testis.
Nature 456, 344-349 (2008).

Costoya, J. A. ef al. Essential role of Plzf in maintenance of spermatogonial
stem cells. Nat. Genet. 36, 653-659 (2004).

Ohbo, K. et al. Identification and characterization of stem cells in prepubertal
spermatogenesis in mice small star, filled. Dev. Biol. 258, 209-225 (2003).

Dann, C. T. et al. Spermatogonial stem cell self-renewal requires OCT4, a
factor downregulated during retinoic acid-induced differentiation. Stem Cells
26, 2928-2937 (2008).

Nayernia, K. ef al. In vitro-differentiated embryonic stem cells give rise to
male gametes that can generate offspring mice. Dev. Cell 11, 125-132 (2006).

Kubota, H., Avarbock, M. R. & Brinster, R, L. Spermatogonial stem cells
share some, but not all, phenotypic and functional characteristics with other
stem cells. Proc. Natl. Acad. Sci. U. §. A 100, 6487-6492 (2003).

Schrans-Stassen, B. H., Saunders, P. T,, Cooke, H. J. & de Rooij, D. G Nature
of the spermatogenic arrest in Dazl -/- mice. Biol. Reprod. 65, 771-776
(2001).

Saunders, P. T. ez al. Absence of mDazl produces a final block on germ cell
development at meiosis. Reproduction. 126, 589-597 (2003).

Tanaka, S. S. ef al The mouse homolog of Drosophila Vasa is required for the
development of male germ cells. Genes Dev. 14, 841-853 (2000).

Castrillon, D. H., Quade, B. J., Wang, T. Y., Quigley, C. & Crum, C. P. The
human VASA gene 1s specifically expressed in the germ cell lineage. Proc.
Natl. Acad. Sci. U. §5. A 97, 9585-9590 (2000).

Ohta, H., Yomogida, K., Dohmae, K. & Nishimune, Y. Regulation of

148


















136.

137.

138.

139.

140.

141,

142.

143.

144.

145.

146.

Kanatsu-Shinohara, M., Morimoto, T., Toyokuni, S. & Shinohara, T.
Regulation of mouse spermatogonial stem cell self-renewing division by the
pituitary gland. Biol. Reprod. 70, 1731-1737 (2004).

Yoshida, S., Sukeno, M. & Nabeshima, Y. A vasculature-associated niche for

undifferentiated spermatogonia in the mouse testis. Science 317, 1722-1726
(2007).

Qatley, J. M, Qatley, M. 1., Avarbock, M. R, Tobias, J. W. & Brinster, R. L.
Colony stimulating factor 1 1s an extrinsic stimulator of mouse
spermatogonial stem cell self-renewal. Development 136, 1191-1199 (2009).

Xie, T. & Spradling, A. C. A niche maintaining germ line stem cells in the
Drosophila ovary. Science 290, 328-330 (2000}

Wirtz-Peitz, F. & Knoblich, J. A. Lethal giant larvae take on a life of their
own. Trends Cell Biol. 16, 234-241 (2006).

Betschinger, J., Eisenhaber, F. & Knoblich, §. A. Phosphorylation-induced
autoinhibition regulates the cytoskeletal protein Lethal (2) giant larvae. Curr,
Biol. 15, 276-282 (2005).

Barros, C. S., Phelps, C. B. & Brand, A. H. Drosophila nonmuscle myosin Il
promotes the asymmetric segregation of cell fate determinants by cortical
exclusion rather than active transport. Dev. Cell 5, 829-840 (2003).

Wirtz-Peitz, F., Nishimura, T. & Knoblich, J. A. Linking cell cycle to
asymmetric division: Aurora-A phosphorylates the Par complex to regulate
Numb localization. Cell 135, 161-173 (2008).

Smith, C. A. et al aPKC-mediated phosphorylation regulates asymmetric
membrane localization of the cell fate determinant Numb. EMBO J. 26,
468-480 {2007).

Luo, J., Megee, S. & Dobrinski, I. Asymmetric distribution of UCH-L1 n
spermatogonia is associated with maintenance and differentiation of
spermatogonial stem cells. J. Cell Physiol 220, 460-468 (2009).

Wang, Y. L. et al. Overexpression of ubiquitin carboxyl-terminal hydrolase
L1 arrests spermatogenesis in transgenic mice. Mol. Reprod. Dev. 73, 40-49
(2006).

154



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Klezovitch, O., Femandez, T. E., Tapscott, S. J. & Vasioukhin, V. Loss of cell
polarity causes severe brain dysplasia in Lgll knockout mice. Genes Dev. 18,
559-571 (2004).

Costa, M. R., Wen, G, Lepier, A., Schroeder, T. & Gotz, M. Par-complex
proteins promote proliferative progenitor divisions in the developing mouse
cerebral cortex. Development 135, 11-22 (2008).

Konno, D. et al. Neurcepithelial progenitors undergo LGN-dependent planar
divisions to maintain self-renewability during mammalian neurogenesis. Nat.
Cell Biol. 10, 93-101 (2008).

Noctor, S. C., Martinez-Cerdeno, V. & Kriegstein, A. R, Distinct behaviors of
neural stem and progenitor cells underlie cortical neurogenesis. J. Comp
Neurol, 508, 28-44 (2008).

Kawase, E., Wong, M. D., Ding, B. C. & Xie, T. Gbb/Bmp signaling is
essential for maintaining germline stem cells and for repressing bam
transcription in the Drosophila testis. Development 131, 1365-1375 (2004).

Brawley, C. & Matunis, E. Regeneration of male germline stem cells by
spermatogonial dedifferentiation in vivo. Science 304, 1331-1334 (2004).

Kiger, A. A, Jones, D. L., Schulz, C., Rogers, M. B. & Fuller, M. T. Stem cell
self-renewal specified by JAK-STAT activation in response to a support cell
cue. Science 294, 2542-2545 (2001).

Shivdasani, A. A. & Ingham, P. W. Regulation of stem cell maintenance and
transit amplifying cell proliferation by tgf-beta signaling in Drosophila
spermatogenesis, Curr. Biol 13, 2065-2072 (2003).

Cox, D. N. et al. A novel class of cvolutionarily conserved genes defined by
piwi are essential for stem cell self-renewal. Gernes Dev. 12, 3715-3727
(1998).

Tazuke, S. 1. et al A germline-specific gap junction protein required for
survival of differentiating early germ cells. Development 129, 2529-2539
(2002).

Lee, 1. et al. Akt mediates self-renewal division of mouse spermatogonial
stem cells. Development 134, 1853-1859 (2007).

1585




































294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

mesenchymal states: acquisition of malignant and stem cell traits. Nat. Rev.
Cancer 9, 265-273 (2009).

Yin, L. L. et al. A suppressor of multiple extracellular matrix-degrading
proteases and cancer metastasis. J. Cell Mol Med (2008).

Odoux, C. et al. A stochastic model for cancer stem cell origin in metastatic
colon cancer. Cancer Res. 68, 6932-6941 (2008).

Markowitz, A. . et al. Regulation of lineage-specific transcription of the

sucrase-isomaltase gene in transgenic mice and cell lines. Am. J. Physiol 269,
(G925-G939 (1995).

Jumarie, C. & Malo, C. Caco-2 cells cultured in serum-free medium as a
model for the study of enterocytic differentiation in vitro. J. Cell Physiol 149,
24-33 (1991).

O'Brien, C. A, Pollett, A., Gallinger, S. & Dick, J. E. A human colon cancer
cell capable of initiating tumour growth in immunodeficient mice. Naure 445,
106-110 (2007).

Gattoni-Cell1, S. ef al. Partial suppression of anchorage-independent growth
and tumorigenicity in immunodeficient mice by transfection of the H-2 class |
gene H-2Ld into a human colon cancer cell line (HCT). Proc. Natl. Acad. Sci.
U. S. A 85, 8543-8547 (1988).

Yasuda, A. ef al. The stem cell factor/c-kit receptor pathway enhances
proliferation and invasion of pancreatic cancer cells. Mol Cancer 5, 46
(2006).

Bashamboo, A. ef al. The survival of differentiating embryonic stem cells is
dependent on the SCF-KIT pathway. J. Cell Sci. 119, 3039-3046 (2006).

Yasuda, A. ef al. Stem cell factor/c-kit receptor signaling enhances the
proliferation and invasion of colorectal cancer cells through the PI3K/Akt
pathway. Dig. Dis. Sci. 52, 2292-2300 (2007).

Ronnstrand, L. Signal transduction via the stem cell factor receptor/c-Kit.
Cell Mol Life Sci. 61, 2535-2548 (2004).

Tamir, A. ef al. Stem cell factor inhibits erythroid differentiation by
modulating the activity of G1-cyclin-dependent kinase complexes: a role for

167












Primer name

Sequence

Annealing temp.

Oct3f4 F 5'- TGG CAT ACT GTG GAC CTC - 3 62°C
Oct3/4 R 5 -ATT GTT GTC GGC TTC CTC - 3 62°C
PTENI3F §'- GOC CAT ATT TCT TCC TCC TGA 3 60°C
PTPNI3R 5’ GCGCTC CAG TAG CAG GAC - 3" 60°C
SMAD-1 F 5'- TTG AAG TCC AGA AGA GTA GAA ATT ACC - 3° 60°C
SMAD-1 R 5 -CCACTCGTGCTCCCACA ¥ 60°C
SSEA-1 F 5 - ATT CCA GTG CCT TGA GCC - ¥ 60°C
SSEA-I R $'- ACT CAA GGA AGC CAA AGG - 3 60'C
STK31F 5' - GCA TAG ATC AAA CCA GTC AACC - 3 55°C
STK31R 5 - AGT AGT AAA GCA CCC TTC ATC € - 3' 55°C
SU3 1 F 5+ ACT TAG CAG CAA GCG TCC - 3' 55°C
Sk3I R 5 -GAG AGC AAA CTC AAT CCACC- 3 55°C
Stk31 FLF 5'- ATA GCG GO GCA AGC TGG AGG GCT GAG G - 3 62'C
Sua31FLR 5' - GGG GGA TCC AAG GGA CAT ATA CAG CAA CAA - 3 62°C
§'-TGC TGT AAA GTC ACC AAC AGC CAA ACG TTT TGG CCA
STK3] miR IF N/A
CTG ACT GAC GTT TGG CTT GGT GAC TTT A -3
5'- CCF GTA AAG TCA CCA AGUC CAA ACG TCA GTC AGT
STK31 miR IR NiA
GGEC CAA AAC GTT TGG CTG TTG GTG ACT TTAC - ¥
5'- TGC TGA TAA GTC TGA ACC TGG AGA AGG TTT TGG CCA
STK31 miR 2F NiA
CTG ACT GAC CTTCTC CATTCA GAC TTA T - 3
5 - CCT GAT AAG TCT GAA TGG AGA AGG TCA GTC AGT
STK3] miR 2R N/A
GGC CAA AAC CTT CTC CAG GTT CAG ACT TATC - 3
§'- TGC TGT GAG CAA CCA ATC TTC ATG ATG TTT TGG CCA
STK3) miR 453 F N/A
CTG ACT GAC ATC ATG AAT TGG TTG CTC A - 3°
8- CCT GTG AGC AAC CAA TTC ATG ATG TCA GTC AGT GGC
STK31 miR 453 R N/A
CAA AAT ATC ATG AAG ATTGGI TGC TCAC - F
Pl-integrin F 5 - ACC AAT OGC AGC AAA GGG - 3 60°C
P1-integrin R 5'- TGA AAC CCA GCA TCC GTG - 3 60°C
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Deoxvcholie atid
sSDS
PI mix

PMSF

Protein transfer buffer
Tris base

Glycine

SDS

Methanol

Running buffer
Tris base
Glycine

SDS

TBST
Tris-Cl, pH 8.0
NaCl

Tween 20

PRBS
NaCl
KCi
Na;HPQ,
KH;PO,

PBST
PBS
Tween 20

0.5%
0.1%

0.5mM

25mM
0.192M
0.1%
20%

25mM
0.192M
0.1%

10mM
150mM
0.5%

137mM
2.7TmM
4.3mM
I.4mM

X
0.5%
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