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SUMMARY

I. Title

Study on apoptosis in germ cell to treat of male infertility using yeast

two—hybrid system

IT. Goals and significance of this research

Spermatozoa are terminally differentiated and specialized cells. Deficient of any
major transcriptional or translational activity in sperm is generally known, however a
recent published evidence shows that sperm are able to conduct major nuclear gene
expressions using 55S mitochondrial ribosomes during their residence in the female
reproductive tract until fertilization. Mature sperm cells are released from the testis with
tightly supercoiled, transcriptionally inert DNA. In addition, they are unable to exhibit
progressive motility, but acquire these abilities during their passage through the
epididymis. These processes are referred to as maturation; other maturational changes
include completion of nuclear condensation and changes in the expression and
distribution of molecules on the cell surface. Therefore, freshly ejaculated sperm cells
are incapable of fertilization, and must spend some time in a suitable environment in
order to capacitate.

Capacitation in all mammals involves shedding of the sperm plasma membrane,
followed by hyperactivity of the tail, attachment to cumulus cells, and adhesion to the
zona pellucida for fertilization. These changes must be achieved by modifications of
existing proteins, rather than changes in gene expression, and are modulated by signals
from the sperm’s environment or may occur spontaneously. As in many mammals,
sperm capacitation in pigs requires Ca® andbicarbonate: the sequence of events for pig
sperm capacitation is similar to that of other species. Especially, tyrosine phosphorylation
of mouse, human, bull, and hamster sperm proteins is closely associated with
capacitation.

We performed a detailed examination of alternations in protein levels in



capacitated sperm cells. Our study had two main aims: (i) To confirm the presence of
capacitation-related proteins in pig spermatozoa,; and (ii) to investigate the relationship
between cytochrome c and the capacitation—promoting signal. We used mature pig sperm
cells that had been exposed to capacitating medium (CM), and exhibited characteristics
of the capacitation, to identify whether or not phenotypic changes were accompanied by
compositional changes in the sperm head cellular compartment and tail hyperactivity.
Sperm protein extracts were separated by 2-D gel electrophoresis and analyzed using
MALDI-TOF mass spectrometry. Processing of the protein extracts ensured

clearly-resolved spots and reproducible analyses.

II. Contents and scope of the project

In this study, we show that transplanted porcine male stem cells efficiently
produce spermatocytes that differentiate into haploid cells in vivo, but fail to develop
into mature sperm cells. We employed adult ICR mice as recipient animals, following
busulfan treatment to reduce the endogenous germ-cell numbers. The resulting
seminiferous tubules contained only spermatogonia and Sertoli cells in a single cell layer.
Therefore, donor cells could easily reach the basement membrane, without the migration
through multiple layers of spermatogenic cells, as a first step toward successful
colonization. Testes at 1-8 weeks after germ-cell transplantation displayed significant
PKH deposits, whereas control testes were rarely stained. In this mouse model of
developing germ-cell-depleted testes, grafted porcine donor cells survived at least 150
days following transplantation and were associated closely with or were incorporated
into the testis without significantly affecting seminiferous tubule architecture. The cells
differentiated primarily into spermatids in vivo.

PKH-26 is a lipophilic dye developed by Horan and Slezak. It is the
longest-lasting member of a family of cell-surface markers used for multiple purposes,
such as in vivo tracking of various types of cells. No side effects on cell adhesion or

proliferation are evident. In the user manual, the supplier warranties a half-life of elution



from rabbit red blood cells of "greater than 100 days in vivo”. Previous studies have
indicated that maturation from porcine spermatogonia to mature sperm cells in vivo
takes about 60 days. Accordingly, our study design was based on a maximum follow—up
of 60 days, which seemed a reasonable period of time for producing mature sperm cells
from porcine male stem cells. The possibility remained that PKH brightness might
decrease markedly, since dividing cells would share the stained surface of the parent
cells. To estimate the number of donor cells and donor-cell-derived progeny cells, we
performed slide PCR using porcine-specific primers for upk2. In contrast to the PKH-26
data, slide PCR revealed the presence of differentiated porcine male germ cells,
suggesting that a combination of PKH staining and slide PCR is a very reliable tool for
the detection of foreign donor cells in the absence of specific antibodies.

Efferent duct transplantations induce widespread distribution of donor stem cells
across seminiferous tubules. Mouse Sertoli cells have been shown to the support
extensive migration and long-term survival of transplanted porcine donor cells, but the
donor cells showed no further maturation. In the present study, transplanted cells were
widely dispersed across the basement membrane of seminiferous tubules, particularly at
longer post-transplantation times, with a tendency to spread out and cover as large an
area of the seminiferous tubules as possible. However, global distribution of donor cells
across the seminiferous tubules was not always uniform. For instance, some areas of
the seminiferous tubules did not contain any transplanted germ cells on the basement
layer or within the tubules, whereas large patches of donor cells were present in other
areas of the same seminiferous tubules. These data suggest that unequal distribution of
grafted donor cells across seminiferous tubules is caused by differences in barrier
integrity for the migration of grafted donor cells from the lumen to the basement layer.

The major finding of this study is the formation of porcine spermatocytes in
mouse testes, suggesting that the ICR mouse testis does not completely prevent porcine
spermatogenesis. For these transplantations, donor male germ cells were isolated from
day-5 or day-7 postnatal porcine testes and the germ cells were selected on laminin
dishes. Therefore, the donor germ cells may be pro-spermatogonia or authentic

spermatogonia stem cells. Despite extensive apoptosis in the recipient testes, some male



stem cells differentiated into spermatocytes. This observation is of interest because a
previous report did not find any further maturation in the mouse testis. This result may
illustrate the difficulty with relying on individual markers to identify donor cells. It is
also possible that this discrepancy may be due to the recipient strain or the donor-cell
detection methods used. In our study, we estimated the presence of donor cells and
donor cell-derived progeny cells using PKH-26 staining and slide PCR. Collectively, our
data illustrate the effectiveness of these methods for the identification of transplanted
donor cells.

In the testis, c-kit and prml mRNAs are expressed in differentiating
spermatogonia and round spermatids, respectively. Therefore, c-kit and prml mRNAs
were examined to determine the relationship between the survival of donor cells and
donor-cell-derived progeny. In addition, at 2-3 weeks post-transplantation, a marked
cell-specific increase in apoptosis was observed in meiotic spermatocytes. Apoptotic cells
were not detected in control mice testes at 4 weeks following placebo injection. Our
data suggest that, for unknown reasons, most porcine donor cells, with a few
exceptions, do not differentiate into post-meiotic spermatids, indicating that mouse
Sertoli cells do not produce factors that fully support porcine spermatogenesis and
spermiogenesis.

Previous studies demonstrated that donor spermatogonial stem-cell engraftment
i1s enhanced when endogenous germ cells are absent because of genetic mutation or
removal by ablative strategies. In addition, GnRH administration following germ-cell
transplantation into busulfan—pretreated recipients leads to more effective colonization of
donor-derived cells by suppressing endogenous spermatogenic events. The best
mouse-recipient model identified to date is the dominant white spotting (W) homozygous
mutant male, which is congenitally infertile and lacks endogenous germ cells because of
a mutation in the c-kit receptor tyrosine kinase. Although GnRH administration to
busulfan-pretreated mutant mice could serve as an efficient method for the colonizing of
donor spermatogonial stem cells, commercially available W and jsd animals are
expensive and complex breeding strategies are required to generate homozygous mutants

. Furthermore, germ-cell-deficient mutants of other species are not available to serve as



transplantation recipients. Therefore, we tested ICR male mice as recipients. Although
they do not fully support spermatogenesis of xenografted porcine spermatogonia in their
testes, they may provide a valuable experimental model for developing technologies that
can be applied and evaluated in other species.

Although some treatments for specific cancers are more likely to result in
subsequent infertility, it is very difficult to predict which children will be affected in
later life. Therefore, xenogenic spermatogonial transplantation may be an important
method for protecting or restoring fertility at early stages. Although the effectiveness of
interspecies spermatogonial transplantation 1is currently unclear, in the future,
xenotransplantation of spermatogonia in clinical settings might be a genuine therapeutic
possibility for childhood cancer survivors or endangered animal species at risk for

infertility.
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Proteomics7| & ©] &3l Aoz diAsr7=2 A4tk weba], 2 AgdAs =X
AAE 3]st e] capacitations R Gabel 19 A e AAE G AH levelo| A H] L

A3l AA}9) capacitationel] WE Tl A o] W E A&}

1. Bax 2@ 9E ¢ A
Yeast systemol A baxoll 2&] w7 ¥ o]#i= apoptosisE suppressionZF U
A2 screeningdt”] 98 Bax ¢cDNAZ #WE S pGildadl GALI ZT2%H &< Eco
RI 5%l AF9iste] baxe] inducible vectorg T53t7] $18te] WA pGilda vector 1 ug

= Eco RI 250 US %9} final volume? 50 ul2 %HE9] overnighto & WHS-A|Z T}, ul

oo
2

< 1 % agarose gelol A A71gd-5o ofa kHdstA ekl pGilda vectors &9 gt

i
iz
i

¥ DNA band& DNA fragment elution kitS A}83}o] agarose gelZ2HH AA S vl

subcloning®ll AF&3FSth ¢, Bax ¢cDNAS 0l E 13t mg &4 total RNA 1 ug

o7

E A3} reverse transcriptase 10 U3 dNTPs, ATPS Y& ukgd=ox 5087 v
Al A Afirst strand cDNAS 343k, o] whg-del 1/10 volumes AR§she] thgz e
primer setE ©]&3o] PCRE F339tt RT-PCR products pGEM vectorel cloning,
Eco RIS 2 Z& $lo A 4|3+ pGilda vector 2 ul, RT-PCR product 5 ul, ZL2] 3 ligase
10 US A}&3te] final volume 10 ul €948 16°ColA 14A17F ¥H-8-3le] Amp/LB plate©l
plating3}¢] positive cloneS selectiondt o 24 Bax cDNAZF A9 % pGilda Vectorg #HA
ST

Murine Al EF¢ RAW 26472 E TrizolS Al&3te] %3 total RNA 1 ugs
AL83}o] reverse transcriptase 10 U¥ dNTPs, ATPS @& b ol oA 5087F wk-&A
A first strand cDNAS #4d38ta1, o] ¥&He] 1/10 volumes AF§3te] ofzfe} e =1
o2 PCRE 33l Bax cDNAS 533 tH(Forward primer: ggaatctgatccgtaattggec,

Reverse primer: aattccatggtacatcatggcatc).

_19_



PCR reaction mixture

RT-PCR solution 2 ul

Primer 1 & 2 Z}7+ 10 p mol

dNTPs 5 ul

Taq polymerase 1 ul final 50 ul

PCR reaction

94°C 30 sec
58°C 45 sec
72°C 45 sec total 35 cycles

RT-PCR productg pGEM vectorel cloning&}¢] Eco RIS & Z&}sH| s cDNAWH 5 ulot
pGilda vector2 Eco RIS Z A £ pGilda vector 2 ul, 28] 1 ligase 10 US A}-&3}4] final

volume 10 ul &NS 16°ColAl 14A]7F WES-3Fe] Amp/LB plated] platingd}©] positive

clones selectiond @ 24 Bax cDNAZ}F A9 pGilda VectorS AAdstgdch (29 1).

Construction of Bax Expression Vector l

Figure 1. Construction of inducible vecter for bax expression in galactose

medium
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2. cDNA library ¥ Yeast two-hybrid system +%

AhzH o2 EE mRNAS trisols ARESte] F&3Ht)s, ADH promotorgs &8
3t ¢DNA libraryS T33t9th. cDNA library 79+ Invitrogen® Yeast two—hybrid
library packing kit& AR&3dFe] A|=ARS] protocolell We} titer’b =2 cDNA library&
2319 th. cDNA librarye] A Zrol &= Stratagene® AFe] ZAP-cDNA synthesis kitE A}-&3}
Atk =, mRNA templateo] poly dT sequenceZ A/ primerE murine myeloblastic
leukemia virus SHAALE A2 A28t first strand cDNAE 43 th Second strand
cDNA+ DNA polymerase 1= ©o]&3te] Atttk tAl T4 DNA polymerase, T4
polynucleotide kinase % Xho | #3384z A g3dte] & Eo EcoR 13 Xho | cohesive
endE A4 cDNAE A3ttt 2 3 Sephacryl S-400 spin columns ©] &3] 0.5 kbo]
A9 Z71E Ad cDNA fragmentE =& & Uni-ZAP XR vectorel ligationA] 7] it
Gigapack II Gold packaging extracte] packager]Z1t}. ©] cDNA libraryE NZY platetl] &
SURE Ao A wj%¥3le] Uni-ZAP XR library S Al 23} th,

Yeast two—hybrid c¢DNA library®t Bax@d HWEHE  EA9  yeastol
tranasformation*] 7, glucose WX &}oll A v ksl Bax7} & A 7] wEo] ZE F4

25 7}A yeastZ} AFES AW galactosed] X EFoll A v ksl H = Baxy} @EE o ® Baxol

205 ol &omA A AEZe AFAEAA BEFAAE Adetr] AT A="HS 5

cDNA library: Stratagenerte] ZAP-cDNA synthesis kitZ AF&3tth = =%
Ao A FE3dFe] AAIT mRNA2 poly dT sequenceE A primerE murine
myeloblastic leukemia virus G AALE A2 2283} first strand cDNAE 3432 Second
strand c¢cDNA+ DNA polymerase [& ©o]&3lo] A FE¢35¢. thA] T4 DNA
polymerase, T4 polynucleotide kinase % Xho 1 A& A=z A sle] I Fo| EcoR 13
Xho 1 blunt-endE Ad cDNAZ A5t 2 & Sephacryl S-400 spin column< ©| &
ko]l 05 kbolAe] =7]E AW cDNA fragmentE 5o} Uni-ZAP XR vector®l] ligation?]
711 Gigapack I Gold packaging extractoll packager|# NZY platet] ] SURE Al 3o A
8 &F3te] Uni-ZAP XR libraryE Al #Fsk$ith.

PAALZAOZEE total RNAS TrizolS AF&ste] F%31E mRNATHS

f

#8le] ADH promotorE &-83o] cDNA libraryS T33+9t. ¢cDNA library 730l &
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Invitrogen®] Yeast two-hybrid library packing kitS AF&3le] A ZAFe] protocolell whek

oF 1 x 10° cfu/ml9] titers 7} ¢DNA libraryS &3ttt (19 3).

Transformation of
Porcine cDNA Library
1 Screening of

Bax Suppressor
e L’ BLAST cDNA Bank
Search For Bax Suppressor

Re-test 1

3

Glucose Galactose

Figure 2. Flowchart for screening of bax-suppressed genes using yeast

two—hybrid

Testis

{

— P4
DH coRI
/
5
< pAD-GAL4-2.1 by
\ 7653 bp
&
\ ~

Leu

Figure 3. Construction of cDNA library for yeast two—hybrid
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Yol A =3 yeast two-hybrid Al 2=8lS o] &3] Bax7l $dFE FHojx 4o}

mlo

G colonyE A8 387] 918t WA, pGilda/Bax vector lug¥ Phagemid 500 p

B>

W303 yeast strainol Litumn Acetate®™ © 2 Transformationdt®] Glucose’} ¥

[o

Hj ] sloll Al 30°C, 3Uzt wigsrATh AAE  colonyg Hitgeol #EEe 3 gdiths
Galactose7} el HwfA ol A 1-243F viefeto] A E colonys HFTH o= sl

th Zk7he] colonyZ5-E| DNAS F%3F¢] DHbaol transformationdte] sequencing®ll <] 3l

DNA?] d7|aEdS ZAA3t}S databases AH83le] zhzbe]l fHdzto] st dRE F 53}
Aot AR sAHE FHAAE @A @ 5 528, 4Fskgkd, Ubiquitinations
of ¥ FHAAIF 597 FAEAJG (3 1).

Table 1. Yeat two-hybrid =389 o3 TAHH F+AA

FrAALE sAE A

Ubiquitin 671 (UBE1, UBE2N etc.)

Protein synthesis 67 (RPL21, PPS2,RPS3A, RPS15 etc.)
Detoxification 371 (GSTAZ2 etc)

Redox/Oxidation 57F (COX1, COX2, NADHS3 etc)
Protein Modification 670 (Glycosyltransferase etc)
Processing Gene 2174

Unknown gene 1270

3. Nm23-mb F+3A F+ZE4

A A die) A7 Ed el whel Data bases A Aske] ol izl

lo

.

FAA A7 e

of

& open reading frames #<l&lal #4AF2] 5-end cDNAL]
ok 200 bpS ©] €3+ mouse cDNA Libraryoll 4] Screens 43833t} Screen® A& 150 mm
plated 3%kl 2] phage plaque’} WYEFUYEZ platingdte] 1}, 22} screeningoll 4] #<1¥ clone
pBluescript/SK(+) plasmid® subcloninigdle] 272l |74 ES AA 35T}

ROS9IAIE S 7Fd nm23-N52] cDNAS F2493ste] 279 d7IMds AA5
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o} (29 4). ©] FHAE= open reading frame©] 633 bp&E 2110}v] =4S codedt= Ao E
dAtEl EXEFo] 24 kDa, pI7l 5839 @714 proteing codestE A 2=, Nucleotide
homology searchE %3}o] o] &+ Nucleoside diphosphate kinase (NDPK) &A1& 7}
A e dede] gl Z1e Felatdth nm23-N5ek & NDPK &4 & Ad th&
el 2 =39 homology A Aol A= NDPK &4l Fadk F97F & BEH e A4S ¢
18k = ddoem (MEAlS A3 sequences), NDPK consensus motifel NXXHG(A)SD

(U3 sequence) T3 2z HEH o] 9]

I~

rie

Ae AL o Uy (29 5).

;ADADDTGAADAGAGDTGATTTTGGGADDAGGADTDDTGTDGTTGDTGTGGATAADTGGTTAGGAGATTT
E;AAATTGTADDGGAAAADGDDAGAATEGTGGTATDﬂATGDDDDTGDDTDAGATATATGTAGAAAAAADD
é::GDDDTTﬂTDﬂﬂGDDHGﬂTGTTGTTGﬂDﬂAﬂGﬂAGﬂGGﬂGﬂTﬂDHGGHTATTHTTDTGGGATDTGGHT
?g;DDATTATTDAGAGADGGAAADTADADDTGAGDDDDGAGDADTGTAGTAADTTTTATGTGGAGDAGTA
$§gGAAAATGTTTTTDDDAAADTTAADAGDTTATATGAGDTDTGGADDTDTTGTTGDTATGATATTAGDT
Eg;DﬂTﬂﬂGGDDﬂTDTDDTﬂDTGGﬂﬂﬂGﬂﬂDTTﬂTGGGﬂDDﬂﬂGTﬂHDﬂGTTTHGTﬂGDDHHGGHGﬂDHD
:ﬁgDGGADAGDTTAAGGGDGATATADGGTADAGADGAGDTDAGGAADGDADTTDATGGGAGDAATGADTT
;ggTGDDTDAGAGDGAGAGATDAGGTTDATGTTTDDAGDDGTGATTATTGAADDDATTDDAATTGGADAA
gggGDTHHGGﬂDTHDATﬂﬂﬂDTTGTHDGTﬂGDGDDAﬂDDDTﬂDTTDHAGGADTDHDﬂGAGDTTTGTﬂAGG
i
::;AGDDADDAGADDDTTADDTDTGGDTDGDTGATTGGDTGATGAAAAATAATDDDAADAAADDTAAADT
3$éTDATTTDDDAGTGADAGAAGAGDDTTAEATTGDTDDTDAGAGDGAGAGDDAAGTTADDTTADTGTAA
g:;GDDGDTDDDDﬂTGTTDTTTﬂD&II&&AﬂGDATHTATGTAﬂHAAHHAﬂHHAAHHAﬂ

Figure 4. Nucleotide sequence of nm23-mb
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Figure 5. Alignment between nm23-mb5 and other NDPK family



4. Northern Blot&E 21 o] ¢ 3 mRNA9 W& &4

i)

Al

it
i

=]
R

?.

BN

Acid guanidinium thiocyanate-phenol-chloroform S ©]-83}e] total RNAS ¢

3tk WA Acid guanidinium thiocyanate solution 750 ulS AF&3Fo] 22 & d3] &34

o9

71t phenol 750 wl# 2 M sodium & & Fil WHgAIZ1 ¥ chloroform 150 ul& # 7hs}]
vortexoll 9]8] 73] 410 on icedll A 1583 WA TE 12000 rpmoll A 1583Fe] YA+
o o3&l aqueous fractions &3 I 2-fold volume? 100 % Ethanolg 7ol A 2oA 3&
7F HEE A A total RNAS HAAI AT BhA] 12000rpmell A 1027 YA 28l E F3) total RNA
S AAANZ F A7 amide & Yol o] 260 nmoll Al RNAS] 48 A=ste] -70°Cel 28
MN7FA B #EA T} Northen blottingS 913} 1% agarose—formamide gel #7]% 522 RNA
S B85 v, 10 x SSC Y9 ZA T 28-S o] &3} Hybond N+ Membranel RNAZE
overnights ¢t transfer A7l & UV ZAFe] )3 RNAS Membraned] LA #TH o]&€A 11
AE Membranes Quick hybridization &4 A 68°Coll A 4A7F T4 o2 3+ gened 4HF
2 RT-PCROl 98l %% cDNAS TAKARA Labeling Kit& A}§38te] “P-dCTP=

labeling ¢t probe®} WHSAIZL ¥ 0.1 % SDSS 238l 2 x SSCEHS AMEslo] Aol A

[I6]

0F 7 1W¥, 55°CollA] 307t 21 washing3l©] membraneg A& 3 % Autoradiography =
bands& <133t
AF Ztz2A A9l nm23-N5 mRNAS] HdHFFS HESH| AF A EZHH

total  RNAS  Guanidium thiocyanate™ ©.2 #2]38to] Northern blotel] <& #A3t}

nmm23-N5 mRNAE F2 AA %32 Eojxowr wayy glon tpExzxe wge Ags
AeA e RAow YElWT (2 6). 3, AFH FFS 0|83 northern blotiA] ol A

nm23-N59] transcript’} 27 A8t A2 A5}

<188

Figure 6. Analysis of nm23-m5 mRNA expression using northern blot
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A FAY Bax A% FAAF MY AAT AZHE wolF

i

AR
mm23-N59| FAATFZE W3]7] ¢35l mouse BAC genomic libraryoll A nm23-Nool| of 3F
genomic DNAS ~ =8| 3dle] o] §da %22 AAsAT (L™ 7). nm23-N5= 6719] exon
7 5709 introno.® FAE F 17 kbpe] FAAR FAE Jom (¥ 7A), Exon/intron
boundary©ll 4] consensus splice donor/acceptor site (at/gt)7} Z HEd FdA=2 W xo (2

H 7B).

A

ATG TAG

P A ]
Y —tp # t 4 43
axons 12 3 4 5 6 17 kb

Exon Size 3 Splice siteintron/exon ¥ Splice site exonfintron  Intron size
1 >dbp YUTR CCTGAACAGA/gtaagtaaag 309 bp
2 N0bp ttgecacag/GCTGATTTTG CATTATTCAGIgtaacgtety 6896 bp
3 6bp Hotitacag AGACGGAAAC ACCCGGACAGIgtaatttcca 1557 bp
4 101bp tictctetagCTTAAGGGCG TTTCCAGCCGigtgagtecet 2643 bp
5 119bp gtatttgcagTGATTATTGA AGACCCTTAC/gtaagataca 4232 bp
6 164bp tttccatag/CTCTGGCTCG YUTR

Figure 7. Genomic structure of nm23-mb gene. A) nm23-mb gene structure B)

Exon/intron boundaries of nm23-m5 gene.
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5. A A} capacitationo] ##HE 9l @ 9] Proteomics analysis

nm23-N5 T g o] s A7) 9ste] dAl nm23-Nbol| tigh A& A4S
EAH02 nm23-N5-GST fusion protein W&-E vectro?l pGEXel| FZ43dte] DHb5aol
transformations T3 ¢+% transformants AATE ol F Al A2 transformants 2441 7F LB

o 2] ol A ul <

rot

5, IPTGel ]38l fusion proetin®] &S #%35to] glutathione sepharose
4BS ©]-83F Affinity column chromatography® nm23-N5-GST fusion proteing 7 Al 5} ]
FAGAAS % Fdoz AT HA GA] capacitationdl] wE wha o] v 5]
2-D A71955 FAste] @A spots®] zolE Bl EA AT

2 AT HTER AZAPEAA A Alo)rlegdr og A A
As el o] S8l A A5 ] flste] dHo R HiolM AEANES oAl
© THAE Yeast two-hybridel &} FHate] 742k FHAE AN + U= 7ES
grsty, e dHoms HAA Ao FAheHe dAdE 1HS AR
capacitation?] Wstel= FAAe] 2a38dS HRR sioy, FA9 ARIATE AA=
mRNAS XA 3R] &= M EZ cDNA microarrayel]l &8k E4o+= A 3lx] Fe Aoz
dH o], Proteomics?]®& o] &sto] EASITE webA, 2 AFAAM = A HAE 3
F5te] capacitations FEe A&} 12 A G AAE WA levelol A B uliA st
g7ke] capacitationel] W& @A) WstE EAEY. £ 7 FEASH GAA

PEAE FES 99 M AR EE £45I50] 04 gt NCM &S 1

l—’;
H, NCMol A vk 27]¢] AAAEE TRRbo]l oFgF vhg-& YERH AT (

I
o
oo
-
o
rlr

CMel A 25mM bicarbonate®} $H7Al 3AIZF &< wdsto =R dojys xpda HAuks

o
o
oo
tlo
lo
=
ot
o

(acrosome reaction)< FASTEES AX L
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Sperm incubated in NCM for 3hr Sperm incubated in CM for 3hr

' LI
\ 7.16+1.16 ° M

I ly

Figure 8. Capacitation analysis of pig sperm cells with anti-CD46 antibody using
flow cytometry and indirect immunolocalization by immunohistochemistry.
Non-capacitated spermatozoa were incubated in NCM, and capacitated spermatozoa were
incubated in CM for 3 hours, then fixed in permeabilizing conditions. A) Flow cytometry
analysis. Uncapacitated (left) and capacitated (right) spermatozoa reacted with anti-CD46
polyclonal antibody. B) Indirect immunolocalization of CD46 in non-capacitated (left), and
capacitated (right), pig sperm cells. Localization of CD46 was determined using a
polyclonal primary antibody, and a secondary goat anti-rabbit IgG conjugated to

fluorescein, and visualized using UV illumination. Magnification was x 400.
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Figure 9. Two-D gel electrophoresis of non-capacitated and capacitated sperm
cells. Total protein was separated by isoelectric focusing in the first dimension, followed
by SDS-PAGE gel. A) The numbers indicate protein spots that changed in abundance
after capacitation induction. B) Comparing the differences of level of each spot
expression. Upper panel shows the spots that are up-regulated, and lower panel shows

the spots that are down-regulated, after capacitation induction. All experimental data are

+

presented as means SD. Each experiment was performed at least three times and

subjected to statistical analysis. All increased expression was statistically significant

(P<0.05).
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2719 %F ol Al capacitationd] wel T o] ZpolE YERN AL = spotsell
34+ in situ trypsin digestion®] 93} protein fragment?l tryptic peptidesE 9

MALDI-TOFol| &3t Az o2 spotsS TAEIT (F 2). X2}, HH 9 AAAE

o 9lojA FAH%E E(capacitation) 5 APEA o2 ZAEE ZAow HolE 567 wdMAS
gholatl o ol5S oo 7ed AFAT | xste] Fo3I v|FEH SAHHER 8 IF

2 o] #4351k 1 29 YERSIEE ¢ 1) g2 F9] HA|HES-(acrosome reaction)oll
Bosl= Aoz dexl a@MA o [arylsulfatase A (As-A), lactadherin P47, acrosomal
protein SP-10 precursor, prohibitin, and DJ-1], 2) 2E#A-AF &¥d + [tubulin
alpha-2 chain, T-complex protein (CCT Y+ TCP)l-alpha, T-complex protein
1-epsilon, actin, F-actin capping protein, 3) 7432 #Ad M= ++ [vacuolar
ATP synthase catalytic subunit A, ATP synthase beta subunit, pyruvate
dehydrogenase E1 component, isocitrate dehydrogenase, malate dehydrogenase], 4)
ghatsl B oA & [ferritin heavy chain, glutathione s—transferase Mub,
peroxiredoxin 6, superoxide dismutase Cu/Zn, 5) ZZH|o}% isoform @&
[proteasome subunit beta type 6 precursor, alpha type 3, alpha type 1, alpha type
61, 6) <12tz #AH wd + [heat shock protein 70, cAMP-dependent protein
kinase, ubiquinol-cytochrome ¢ reductase complex core protein, inositol-1 or
4-monophosphatase, glutathione s-transferase Mub, pyruvate dehydrogenase El
component, F-actin capping protein, 7) Al¥57] & ¥z + [G1/S specific cyclin
D3, G1/S specific cyclin E1], 8) 7] @& + [serum albumin precursor,
tetratricopeptide repeat protein 14]. 45 & 50| dojupx] &S HAAAE x4 H
wate] FAFTES A M dE AAAELAA 387
o] vt o spoto] WERRT

Wz dbeo] =& spot¥ 1870
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Table 2. MALDI-TOF analysis of sperm polypeptides identified by 2-D gel

Spot
No.

Protein (Mr)

%
co.

Position of the amino acids of the
tryptic peptides in the protein sequence

Proteins involved in acrosome reaction in other species

3 |Arylsulfatase A precursor (53776.5)| 16 |58-72, 114-122, 123-142, 206-213, 302-310
Acrosomal protein SP-10 precursor
23 33 |205-220, 221-227, 251-257, 258-264
(28156.7)
Acrosomal protein SP-10 precursor
24 31 |205-220, 221-227, 251-257, 258-264, 258-265
(28156.7)
Acrosomal protein SP-10 precursor
25 29 |205-220, 221-227, 251-257, 258-265
(28156.7)
132-145, 146-155, 203-214, 215-228, 229-236,
45 Lactadherin(45725) 44 |242-259, 267-275, 320-330, 321-330, 331-342,
343-356, 378-387, 391-399
12-35, 36-41, 84-93, 94-105, 106-117,
48 Prohibitin (29804.2) 43 [118-128, 134-143, 187-195, 220-239,
240-253
58 DJ1 Protein (19891.2) 20 |6-12, 13-27, 49-63, 123-130, 149-156
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Stress-related proteins

65-79, 85-96, 97-105, 106-112, 113-121,
4 Tubulin alpha-2 chain (49959.8) 50 |216-229, 230-243, 265-280, 312-320, 340-352,
353-370, 394-401
, T-complex protein 1, alpha (5 |19733, 1127122, 248-264, 434-444, 469480,
(60340.9) 516-526
T-complex protein 1, epsilon
8 22 |133-142, 324-340, 382-388, 401-410
(59671.4)
T-complex protein 1, epsilon 90-96, 133-142, 177-183, 233-241, 248-261,
9 48 |324-340, 382-388, 393-400, 401-410, 440-449,
(59671.4) 484-496, 503-513, 514-525
. 19-28, 29-39, 40-50, 96-113, 197-206, 239-254,
13 . 43
Actin (41737.0) 292-312, 313-326
. . . 1-14, 15-23, 58-66, 79-92, 95-108, 96-108,
39 - . 41
F-actin capping protein (33741.5) 182-195, 226-235, 238-244
44-52, 87-95, 108-121, 124-137, 125-137,
40 | F-actin capping protein (33741.5) | 36 |175-188, 198-210, 211-224, 245-254, 255-264,

289-297
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Citric acid cycle-related proteins

Vacuolar ATP synthase

45-56, 121-129, 203-212, 221-232, 266-280

2 ] i 35 |309-323, 354-359, 365-381, 382-388, 514-530,
catalytic subunit A (68268.4) 517-530. 572-580
ATP synthase beta chain 95-109, 144-155, 213-225, 226-239, 242-259,
5 41 |265-279, 282-294, 311-324, 325-345, 407-422,
(56283.8) 463-480
Pyruvate dehydrogenase E1
38 26 [37-49, 37-52, 53-68, 309-324, 325-336
component (39219.6)
43 | Isocitrate dehydrogenase (39592.0) | 24 |101-115, 179-188, 300-316, 317-326, 317-336
5 Malate dehydrogenase 28 67-79, 80-92, 150-157, 221-230, 249-255,
(36454.4) 299-310
Antioxidant-related proteins
32 | Ferritin heavy chain (21044.8) | 25 |11-23(pyroGlu), 55-64, 81-87
55 Glutathione S-transferase 25 5-14, 22-34, 36-46, 73-81, 87-97, 100-111,
Mu 5 (26635.1) 140-147, 156-171
41 Peroxiredoxin 6 (24818.7) 14 |25-41, 42-53, 54-63, 145-155
Superoxide dismutase [Cu-Zn]
46 25 |10-23, 27-35, 79-90, 115-127
(15760.6)
Proteasome isoform proteins
Proteasome subunit beta type
21 23 |54-63, 68-74, 75-79, 119-123, 210-220, 221-230
6 precursor (25357.9)
o6 Proteasome subunit alpha type - 1-20, 21-29, 30-41, 42-52, 58-66, 73-86,
3 (28405.4) 101-110, 197-206, 197-208, 223-230, 231-238
Proteasome subunit alpha type
52 35 |4-18, 52-61, 63-82, 83-89, 97-107, 175-189
1(29546.7)
Proteasome subunit alpha type
56 22 |12-21, 22-30, 31-43, 72-88, 105-116
6 (27399.6)
Cell cycle-regulated proteins
G1/S-specific cyclin D3
34 11 |42-50, 73-87, 168-179, 270-293
(32434.0)
G1/S-specific cyclin
37 16 [83-99, 88-99, 116-129, 162-17
E1(45586.9)
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Phosphorylation—related protein

. 127-135, 147-159, 188-202, 207-218, 266-284, 378-391,
1 - . 50
Stress=70 protein (73528.7) 395-405, 499-513, 568-574, 635-653
cAMP-dependent protein
10 ] 18 |74-91, 97-114, 134-145, 232-240, 252-263, 264-280
kinase (42981.9)
Ubiquinol-cytochrome-c
1 duct 1 08 103-111, 112-126, 127-134, 270-276, 416-422,
reductase complex core 423-432, 424-432, 471-479, 473-479
protein (52619.1)
Inositol-1(or
18 19 [60-78, 117-129, 182-191, 249-256, 265-273
4)-monophosphatase (30055.8)
- Glutathione S-transferase Mu o5 5-14, 22-34, 36-46, 73-81, 87-97, 100-111,
5 (26635']_) 140-147, 156-171
Pyruvate dehydrogenase E1 B
38 26 |37-49, 37-52, 53-68, 309-324, 325-336
component (39219.6)
39 F-actin capping protein 4l 1-14, 15-23, 58-66, 79-92, 95-108, 96-108,
(33741.5) 182-195, 226-235, 238-244
40 F-actin capping protein 36 44-52, 87-95, 108-121, 124-137, 125-137, 175-188,
(33741.5) 198-210, 211-224, 245-254, 255-264, 289-297
Others
. 35-44, 161-167, 168-183, 267-280, 360-371,
Serum albumin precursor 3 ©
6 48 |421-433, 437-451, 469-482, 508-523, 529-544,
Tetratricopeptide repeat B
15 ) 16 |23-32, 125-131, 322-331, 427-435
protein 14 (49771.0)
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Figure 10. Westernblot and immunohistochemical analysis of proteins in
non-capacitated and capacitated sperm cells. A) Protein expression patterns in
non-capacitated and capacitated sperm cells were compared using Westernblot
analysis. Proteasome o/B-type subunits (25 and 27 kDa) and the B-1li-subunit (36
kDa), enolase, aldose reductase, and HSP70 were significantly decreased, following
incubation in CM. However, the 29 and 30 kDa subunits of proteasome B-2i and
H-ferritin were increased significantly in CM. B) Comparison data were extracted
by westernblot intensity using personal densitometry. All experimental data are
presented as means = SD C) Localization of subjected proteins for westernblot
analysis in sperm incubated under non-capacitating or capacitating conditions. D)
Westernblot analysis of cytochrome c¢ expression. Each experiment was performed

at least three times and data subjected to statistical analysis.
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Figure 11. Time course (0 to 9 h) expression of capacitation—dependent cytochrome
c, and tyrosine-phosphorylated protein levels. A) Alteration of protein tyrosine
phosphorylation and cytochrome ¢ expression in sperm cells, following incubation in
CM, NCM, NCM supplemented with Cr(VI), and NCM supplemented with both Cr(VI)
and CsA. Three major sets of tyrosine—phosphorylated proteins were detected; (a)
is 47 kDa, (b) is 28kDa, (c) is 18 kDa phosphorylated proteins, and (d) is
cytochrome c¢ expression level in different conditions. Sperm cells incubated in NCM
supplemented with Cr(VI), like those of sperm cells cultured in CM, demonstrated a
dose- and time—-dependent up-regulation of cytochrome ¢, which led to
up-regulation of protein tyrosine phosphorylation. Supplementation with CsA
inhibited tyrosine phosphorylation of sperm proteins and of cytochrome ¢
expression. Note that in pig sperm cells cultured in both NCM and CM, tyrosine
phosphorylation of an approximately 18 kDa protein is increased (c). Sperm cells
incubated in CM or in NCM, and supplemented with Cr(VI), demonstrated a higher
level of cytochrome c¢ expression throughout the incubation time course, whereas
control and/or sperm cells incubated in NCM supplemented with both Cr(VI) and

CsA, demonstrated a constant level of expression.
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Figure 12. Flow cytometry analysis with anti-CD46 antibody as a capacitation
indicator. A) Capacitation levels of pig sperm cells incubated for 3h in CM, NCM,
NCM supplemented with Cr(VD), and NCM supplemented with Cr(VI) and CsA, were
analyzed by flow cytometry, respectively. B) Data were normalized with statistical
analysis. All experimental data are presented as means = SDEach experiment was

performed at least three times.
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Figure 13. A proposed mechanism of capacitation of pig sperm cells. A)
Non-capacitated sperm cells demonstrated high level so factivated p53, Bcl-2, and
caspase—3 expression; however, Fuma and Bax expression were down-regulated.
Note that capacitated sperm cells demonstrated low ered expression of caspase-3,
in spite of a higher expression of Fuma and Bax. B) Close—up images of the region
on the gels showed the differentially expressed proteins in between non-capacitated
and capacitated sperm cells, and each number on the 2-D gel indicates their
relative expression. (a) and (b) refer to TCA cycle- and phosphorylation-related
proteins, respectively. C) Schematic depicting of the sperm cells fate following
capacitation. Three major signaling pathways are operating in sperm cells, namely a
Bax/cytochrome c—dependent caspase—3 pathway (cell death), a Bax/cytochrome
c-tyrosine phosphorylation pathway (capacitation), and TCA cycle-dependent ATP

production (hyperactivity).
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o 88838

Control Culture

Figure 14. Photomicrographs of donors and recipients. Testes at 4 weeks after
busulfan treatment (B), compared with those of control mice (A). Four weeks after
busulfan treatment, the testes of most busulfan—treated mice are depleted of developing
germ cells, although they contain somatic cells and spermatogonia. Arrow in B indicates
debris from differentiating male germ cells. Porcine testes assessed by electron
microscopy (C) and H & E staining (D), indicating that most spermatogonial stem cells
survived. Porcine male germ cells were obtained from 7-15-day-neonate testes (E) and
stained with PKH-26 dye (F). The viability of porcine germ cells was examined using a
live and dead staining Kkit. Green fluorescence represents live porcine germ cells and red
fluorescence signifies dead porcine germ cells (G). Apoptotic cells in busulfan—treated

testes were detected by flow cytometry analysis (H).
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Figure 15. Xenotransplantation of porcine germ cells into germ-cell-depleted
mouse testes. Photomicrographs of dispersed seminiferous tubules (Al -D1) and
fluorescent-labeled (PKH-26) cells at 1 day (Bl1, B2), 10 days (Cl, C2), and 1 month
(D1, D2) after xenotransplantation of porcine germ cells. Al and A2 are non-injected
control seminiferous tubules. Cross—sections of recipient mouse testes after
transplantation of porcine male germ cells assessed by light microscopy (A3-E3) and
fluorescence (A4-E4) after 1 day (B3, B4), 10 days (C3, C4), 1 month (D3, D4), and 2
months (E3, E4). A3 and A4 are non-injected controls. At 1 day after transplantation,
most porcine donor cells are located at the center of the seminiferous tubules (B4) and
translocate to the basement membrane of the seminiferous tubules at 10 days after
xenografting (C4). Donor cells from some seminiferous tubules are differentiated into
spermatocytes), but most donor cells are arrested at the spermatogonia stage (E4). The
arrow in D4 indicates that some porcine spermatogonia are differentiating into early

meiotic stages. Figures are in 200X magnification, except A3, A4, E3, and E4 (100X).
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prm1

Figure 16. Detection of porcine germ cells in recipient mouse testes by slide

PCR. Evaluation of gene expression in cryosections of recipient testes: control (A) and
1 day (B), 10 days (C), and 1 month (D) after xenotransplantation of donor cells.
Porcine gene-expressing cells are located towards the periphery of seminiferous tubules.
The arrows in B and C indicate porcine male germ cells near the lumen of seminiferous
tubules shortly after transplantation and porcine-derived spermtogonia settled in the
mouse testes, respectively. The arrows in D indicate that some porcine-derived male
germ cells have differentiated into spermatocytes. E) Analysis of donor cell-specific
marker gene expression. Porcine c-kit expression patterns were relatively constant,
whereas protamine (prml) expression was not observed at 2 months after germ-—cell

transplantation. gapdh, glyceraldehyde phosphate dehydrogenase.
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Figure 17. Monitoring of donor-derived male germ cell apoptosis by the TUNEL
assays. For assay details, see Material and Methods. Male germ cell apoptosis is
indicated by brown coloration or green color. Apoptotic cells in busulfan-treated control
testes (A) are mainly limited to Leydig cells, whereas xenografted testes (B) include
spermatogonia and/or meiotic germ cells, indicating that some pig male germ cells

differentiated into spermatocytes despite extensive apoptosis in the recipient testes
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Figure 18. Effect of nm23-m5 in cell-survival rate following H;O: treatment
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3}7] 9184 Peltier Thermal Cycler 200(M] research)Z o] &3] 2-el3lc}.

ol A&l primert  forward 5 -ATGGGGGTGCACGAATGTCC-3' reverse
5"TCATCTGTCCCCTGTCCTGC-3'©] t},

- Western blot analysis

- A oA @l dS RBeld 3 Bradford®2 A =S ok 283 30-50ug®] solution
proteines 12% polyacrylamide geldl ZY S st PVDF membrand®] transferdlth. 5%
skim milk® blocking & ¥, nm23-m5 polyclonal antibody® Wr&-AIZl $ A3} thA]

anti-mouse secondary antibody IgGZ THA] HFEA|Zith wulzle] Wy A= FHFEHOo=R

il

ECLZ <9l Ao

- Generation of heterozygotes and homozygotes
microinjection o2 FAA3 HAFHE BE F PCR & ]85t hetro-transgenic mice
5 gJddrt. olw A8k primer= forward 5 -TTTATGCTTCCGGCTCGTAT-3'
reverse 5'-CGTAATACGACTCACTATAGG-3' ]t}

- Immunohistochemical analysis

2A17F Eot HA%xZ# A#H (Sum thickness)E 2@t g AL AHAS 4%
paraformaldehyde® 1587t 1A A|7]a2 TBS/ 0.1% Saponinl & slideE Zz 5&EA

washing 3t TBS/ Saponin®® 1/1002.2 31X A17] goat serum< 2087F 83},
non-specificdt binding siteE blockdlil AbZE 4%=# o)A overnight incubation@ t}. 18]
biotin®] £-& secondary Ab.Z 303t slide®} incubation, Avidin-biotin—peroxidase® %7}
g F, distilled water(Z<7, °lst D.W)el 2]4Az1 0.5mg/ml DAB solution® & slideE
incubationA| A t}. TBSE slide washing ¥, Hematoxylin® 2 1% 7} counterstaining (Z4])
T 75% —> 80% —-> 100% ethanol =42 z+7F 184 slideE dehydration, 23+  Optical

microscope® <1t}
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Nm23-m5 @& WeHE #5357 98] CMVe B-actin Z2RE|Z L3 Fo] 45
3 FdE pCXN2 HdAWEHE 835t pCXN2-nm23-m5E eIt 94 nm23-m5e)
cDNA?l 632 bpE pCXN2 23& WE 9 EcoRI¥ Bglllol 4F9sle] pCXN2-nm23-m5 &
WEE 3531912 Pvul Adta4E AE35tY linear DNAES TS0l pCXN2-nm23-m52)
stable cell lines &H3l7] 98] CHO AlZF9l transfectionste] 30452t 700 ug/ml &%=
o] G418 FAA A HdEs o] A AT pCXN2-nm23-m5°] stable cell line 3§ o] %-&
elsl7] 98l nm23-m5 FAE &85 western blot 7|HoE v o] Wy ofRE I}
ols] ¥ Ay thztol Bl e nm23-mb T Fo] wE P S Felstint (19, 15).

Nm23-mbt o#Hz2= (¥, H4, 2%

AyE g4 2F (Hwang et al, 2003)% northern blotZ #¢t= U X3k}t (29 16).
Nm23-m5 f+7d7ke] 7154 A< 98] RNAiI]l shRNA 7[WH& @833l
Nm23-m5 A2 knock-downS U6 RNA polymerase promotor®d] F&3dte] o] Fofzlt}
A7 9] nm23-m5 cDNA M dZF 256-2770] slF3st= A9 BLAST Akl ofs] 24
nm23-m5 - AA sFetes AE st Y Nm23-m5 cDNA M d% 256-277

9] sense®} anti-sense A1 €< cloningdte] pUBshx-shRNA & #E (pUBshx-nm23-mb)

Ll

W=7] 98] Xbal# EcoRI AstE A= dsle] FE38190 (29 17).
AAFE nm23-m5 A Eo] AAE RNAIERA 7]5st=x] #2387 9a nm23-mb

shRNA+= Z+zF g8 s= (0, 1, 5 282 10 nM)E CHO A EFol transfectiondF
5

2] 0, 1, 18]35 nM¥ =9 AEFHT A3 23 Awrt ol HSS Northern blot

7o 2 nm23-mb mRNAS w3 HE=Z 32139 12 Western blot 7|22 nm23-mb5 ©

_55_



pCXN2/nm23-m5
Sall(1} EcoRI1719) Bolll(2354)  BamHI(3432 Sall(8575)
I pehicken g-aetin|
n TH promaotor NeoR
" — amHI{3095)
MM OB0ES T Mus musculls ex) 0 Innon-metaztatic cells & (nm23-mh), 632 bp

FATATATG TAGAAAAAACK
GATACAGGATATTATTCT
ACUTGAGCLLCBAGLACTGIAG

SCTTATCAAGE

TATCAA]
GTTGTTGACAAAIL
SIAGALFEASAL

GATATTAGCTAGACATAAGGC CATCTCCTACTRGALAGAACTTATGG GAC CAAGTALCAGT
TTAGTAGCCAAGGAGACACACCCUEGACAGCTTAAGGACGATATACGGTACAGACGAGCTS
AGGAACGCACTTCATGGGAGCANTGALT TGCCTCAGAGCGAGAGATCAGGTTCATG
TITCCAGCOGTGAT TATTGAACCCATTOCAATTGGACAAGLCGE TAAGGACTACATALACTT
GTACGTAGCGCLAACCCTA GACTCACAGAGCTTTGTAAGGAAAAGCCACCAGH
CCCTTACCTCTG CTGATGAAAAATAATCCCAACARACCTAAACTTTGTC

Digestion of ‘Pvul’ restriction enzyme

PCXNZ-mn23-ms

Tkh
Bkb

Transfection with nm23-m3 cDNA
into CHO cell

G418 selection during 30 days

PCXNY/
mock nm23-m35

nm23-ms

27kDa | —

Figure 15. Flow chart of establishment of nm23-m5 stable CHO cell line.
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— 5
nm23-m3

-— e e @ e D@ — ...

Figure 16. Expression pattern of nm23-m5 by noncompetitive ELISA. Analysis of
nm23-mb5 mRNA expression in various murine tissues. B, brain; H, heart; K, kidney.; Li,

liver; Lu, lung; S, spleen; O, ovary, T, testis.
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[NIM_080637 Mus musculus expressed in non-metastatic cells 5 (hm23-M5)
ATGGTGGTATCAATGCCCCTGCCTCAGATATATGTAGAAAAAACCCTAGCCCTTATCAAGCCAGATGTTGTTGACAAAGAA
GAGGAGATACAGGATATTATTCTGGGATCTGGATTCACCATTATTCAGAGACGGAAACTACACCTGAGCCCCGAGCACTG
TAGTAACTTTTATGTGGAGCAGTATGGGAAAATGTTTITCCCAAACTTAACAGCTTATATGAGCTCTGGACCTCTTGTTGET
ATGATATTAGCTAGACATAAGGCCATCTCCTACTGGARAGAACTTATGGGACCAAGTAACAGTTTAGTAGCCAAGGAGAC
ACACCCGGACAGCTTAAGGGCGATATACGGTACAGACGAGCTCAGGAACGCACTTCATGGGAGCAATGACTTCGCTGCS
TCAGAGCGAGAGATCAGGTTCATGTTTCCAGCCGTGATTATTGAACCCATTCCAATTGGACAAGCCGCTAAGGACTACATA
AACTTGTACGTAGCGCCAACCCTACTTCAAGGACTCACAGAGCTTTGTAAGGAAAAGCCACCAGACCCTTACCTCTGGET
CGCTGATTGGCTGATGAAAAATAATCCCAACAAACCTAAACTTTGTCATTTCCCAGTGACAGAAGAGCCTTAG

{

GACATAAGGOCATCTCCTACTTTCGAGTAGGAGATGGCCTTATGIC
CTGTAT TCCGGTAGAGGATGAGCT TTCATCCTCTACCGGAAT ACAG

{

>pU6sh-nm23-m5 (783 bp)
CAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCC
AGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGC GGATAACAATITCACACAGGAAACAGCTATGACCATGA
TTACGCCAAGCGCGCAATTAACCCTCACTAAAGGGAACAAAAGCTGGGTACCGGGCCCAACGCACCACGTGACGGAGCGTGACCG
CGCGCCGAGCGCGCGECAAGGTCGGGCAGGA CTATTTCCCATGATTCCTTCATATITGCATATACGATACAAGGCTGTTA
GAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTT
GCAGTTTTAAAATTATGTTTITAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATITCGATITCTTGGCTITATATATCTTGTGG
AAAGGACGAAACACCGTGCTCGCTTCGGCAGCACATATACGGAATTCGACATAAGGCCATCTCCTACTTITCGAGTAGGAGATGGCCT
TATGTCTTTTIGATATCTAGAGCGGCCGCCACCGCGGTGGAGCTCCAATTCGCCCTATAGTGAGTCGTATTACGCGCGCTCACTGGCC
GTCGTTTTACAACGTCGTGACTGGGAAAACCCTEGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGETG

Sac 1658
Sac IL 665
BstX 1666
Not 1671

Pvull

(530)

pubshx
3250 bp

\ Pvull (1276)

pUC ori

Figure 17. Target sequence of nm23-mb for shRNA and construction design of
nm23-m5 shRNA expression vector for the production of transgenic mice. The
nm23-mb5 sense and anti-sense was inserted into the Xbal and EcoRI-digested

pU6Bshx-shRNA expression vector (pU6sh-—nm23-mb).
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shRNA (l]l\[) 120

nm23-m5

288
18 S [ 0 nM 1nM 5nM 10 nM
ﬂ shRNA (nM) ﬂ =

c 0 1 5 10

Relative nii23-nb expression

| — nm23-m5

Relative nniz3-imb expression

B-actin

C 0nv 1nM 5nM 10nM

Figure 18. Down-regulation of nm23-mb5 expression by transfection of nm23-mb
shRNA into the CHO cells. A, B) Northern, western blot analysis of the RNA and
protein level from cotransfection nm23-m5 and shRNA nm23-m5 in the CHO cell. A’,
B’) The level of gene expression is expressed as relative intensity. Data are shown as

means £ SD (bars) of triplicate determinations.
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3. RNAiE #8&3 nm23-m5 2@ F2E=Z U haploid spermatid®] H]AF 3 <l
ld=y

shRNA nm23-mb59] t©43 copyF7F A=E® o2 hetero-transgenic BHES
microinjection 7]HE& &3] WENT (F 1), shRNA nm23-mbo] AgdH AF <
nm23-m5¢] W@ AHEE real-time RT-PCR ®41e os] Flattt (29 19). H%o,
shRNA nm23-m57} A €% hetero transgenic A #FE5< matingst 2 24 homo-transgenic
AAE e T AR Nm23-mSFdAke] wdE ZAAer] flall, e (wild-type),

hetero, “1¥] 31 homo-transgenic A F A RT-PCR¥} western blot #4533t}

¢

Homo-transgenic A& ol A nm23-mb9] od ++F& wild typed} hetero-transgenic A # ol
Aol Ay} st s W Ads] v Hd dEHS B (29" 20A¢ B).
Nm23-m5 shRNA J@d3k AF ] F4 B9 A4 45 9138 HE d44
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X
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32
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[
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R
2
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<
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Q1
e
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haploid Y49 spermatocyte®t spermatid ©AIS AAflA FE  #AZEJTE E3
nm23-m59] H&H L pachytene@Alo]l A= A2 MEANA =4 EZA3}E st
(A 19132 A'). 2814 nm23-m5 shRNAR J@d3d AFH ] AholA = dx=a2 Hluwst
e G AF YRS HFTF A=l 53] spermatocyte®t spermatid'T

°of AArt w43s #AAES 45 AAT B g B). olYd Aiw wFo] Kol

ofy
ko
o
12

nm23-m52] T3-S sperminogenesisol 4 S st el AR E Y (2" 21).
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Table 3. Efficacy of transgenic mice harboring nm23-m5 shRNA

) No. of ET No. of No. of No. of transgenic
Mouse strain o ] )
embryos recipients offspring mice (%)
BDF1 213 8 31 2 (6.5%)

—_— U6 promoter }—{ Sense H Anti-sense ——

—_—) 4—
F1 R1

596bp—~

Figure 19. Identification of transgenic mice harboring nm23-mb5 shRNA by PCR
analysis (A) The construction design of nm23-mb shRNA expression vector (B)
nm23-m5 gene (596bp size) identification by PCR analysis. (M: size marker, N: negative

control, P: positive control, Lane 1-11: numbers of pup)
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Figure 20. Difference of testis weight between control and nm23-m5 shRNA

transgenic mice (control n=6, Tg n=2)
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Control nm23-mS shRNA Tg
: RO T gy e
(@ ﬂﬁw-\“ n i %
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_-,M‘i” o See 'yt 85 - @\ ¢ "'

Figure 21. Abnormal testes phenotype in nm23-mb shRNA transgenic mice. The
wild-type adult (A) and nm23-m5 shRNA transgenic mouse testis (B) stained by
hematoxylin and eosin. In wild type mice, nm23-m5 gene expression was observed in
the spermatocytes and spermatids of haploid stage. Especially, nm23-m5 gene was
strongly expressed in the cytoplasm of pachytene spermatocytes. The arrow indicate
primary spermatocytes, spermatids expressed stage. In the nm23-m5 shRNA transgenic
mouse testis, abnormal stage phenotype of spermatogenesis was observed as irregular
pattern and the decreasement of cell number was detected in spermtocytes and
spermatids. Scale bars show 20 um. Es, elongating spermatids; P, pachytene
spermatocyte; Rs, round spermatids; Sc, Sertoli cells; Sg, spermatogonium; V, vacuoles.
(A, B) The sections were stained with hematoxylin and eosin. (A, B’)
Immunohistochemical analysis of testes of 8-week-old wild-type (A, A’) and nm23-mb

shRNA transgenic mice (B, B’) by nm23-m5-antibody.
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4. vlola 2ol o] VWS &&F B AFH HA¢ nm23-m5 shRNA FAAE 4F
Bazd Az 4d 24

87 AH 829 nm23-m5 shRNA FAAS AF Gaztel] x4 Tds &4
sl7] 918l wlolaRZodlo] VWS FE&ste] FJstAvt. 1 A3 gpx2, gpxb, nm23-mb,
Ibal, srf, 71231 prohibitin f+d=}e] L&Al Zfo]E& HATE o5 Td HAEE AF3d] F
215} 8t7] 918 real-time RT-PCR 7I®H& ol&ste] 3 ¥ A3 tixol Hlal hetero%t

homo-m23-m5 shRNAd A o]lE FHAE0] HEH

o
t
ol
B~
ot
o
s
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ol
o

2
v
[
o
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N

w

st real-time RT-PCR 7I¥& &8&3 Inde FHA (c-kit, GLI1, Stra8,
Prohibitin, RAD51, GPX2, GPX5, MAK, Ibal, 28] 1 nm23-mb5)< #3}3l+= germ cell &
o] u}7 antioxidant enzyme, ZL¥] X nm23-mbHHHAAZA hZET<Q  controlo] W] 3

}o

R

hetero &< homo nm23-m5 shRNA A A3 AF o HioH HFHoRE AT

o
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aaink (19 23).

- -

=

= =
1

Relative gpx2 expression
=
=

Relati ve nm23-mS expression

Relative Ibal expression
Relative sif expression

Relative prohibitin expression

Relative gpx5 expression

Figure 22. Analysis of gene expression between control testis and nm23-mb

shRNA transgenic mice using qRT-PCR.
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C He Ho
Prohibitin — Ibal
mGAPDH [t mGAPDH

Figure 23. Analysis of interesting gene expression in testes between control,
hetero nm23-m5 shRNA, and homo nm23-m5 shRNA transgenic mice. C; control

testes, He; hetero nm23-m5 shRNA testes, Ho; homo nm23-m5 shRNA testes.
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