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Molecular Genetic Analysis of c-myc, Mxil and telomerase

In vivo using animal models
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Myc/Max sidad) A2 c-mycd Mxi-1& HEF7) Z&-3 o] FMoA thokst
QgL gon LA g HId d2vigtA g4 Catalytic Subunitel TERTZF
c-mycel 93 FAH zEdEdn @A 53] o]2g c-mycoll % 2d & A x4
ot Al ol Myc/Max side] fr3=x}tol] <3 telomerased =4 7128 AH 4
97] 93] c-myc KO AF 2 Mxi-1 KO AFHEXE Mouse Embryonic Fibroblast®] &
HE ARSI Mxi-1dME AFH02 MEFE &d3tdou, c-myc KORFH 2R E
c-myce] A<E MEFS 92 A3ttt 71€9 RudAAg EFE K3 wAel
old, FVBY 057B69} ZL inbredste] A&l JuujE F3 E95Day ol Hdl Ejo}
7t 3 Aol & £ FHF BAHNA EAAD Modifier £F7F ol AA Fof w
gl F31% Aot} Mxi*l KO A3+ AHAdolA Agdede] 27|gAZ Hols W3r}
LAEHAJY. o] & vt o2 Mxi-1 KO AF 9 mTERC KO #F ¢ AHHAE RAESI L
U} 7)&o] WA o4 oo APMol BRI oj4e Ut c-mycd cofactor $)
TRRAP®] v}-9-2& homologE FE2YI7IAE FEL 79 Ay ZEAE ZHIoA
TRRAP® ¢F 100kB =9 dFUYA & Aoz, 7|4 A3 FHY cDNA
probe™ HT L EH v cDNA AR vlud) B of FAAdo] vy ol 23%)
P32 E715AW AR AlsdEc mEA B dFE 53 F€E c-myc KO, Mxi-1
KO, mTERC KO%< o= pb3 KO, pRB KOSt 2 T=o& ¢ oA {712 KO
AF et A E e AT aHFHoE F&F F A& FHolth



SUMMARY

Title: Molecular Genetic analysis of c—myc, Mxil and telomerase in vivo using animal models.

Myc/max family genes such as c-myc and Mxi-1 have been known to play diverse roles in
cell cycle regulation and tumorigenesis. Recently catalytic subunit of telomerase was reported
as a direct target gene of c—-myc. It was known that telomerase upregulation by c-myc is
trancriptional control. To further dissect role of ¢-myc and myc family genes in telomerase
regulation, we tried to establish c-myc null MEFs in two inbred mouse such as FVB and
Ch7BL6. Previous report ( Davis et al, 1993) showed that majority of c-myc null embryos
dies at E10.5. This result lead us to try to make c-myc null MEFs. Because there are several
reports which show establishment of MEFs with embryos of E9.5"E105. However, we could
not establish c-myc null MEFs. Previous report on c-myc null embryo are based on mixed
genetic background. However our c-myc KO mice with FVB or C57B6 background are
backcrossed more than 8 times, thus we could not get any viable c-myc null embryo near
E9.5 . We further analysed c-myc null embryos from E85 to E95 . Even E85 day, we could
not get c-myc null embryos. These results strongly suggest that near inbred c-myc KO
mice which we have lack modifier effects of mixed backgrounds of c¢c-myc KO.

Alteration of Mxi-1 function in prostate cancer prompted us to examine prostate of Mxi~-1 KO
mice. Hyperplasia was observed in prostate of Mxi~-1 KO but the telomerase null mice(mTER
KO) seems normal histologically. Genomic and ¢cDNA cloning of mouse TRRAP , an essential
cofactor was not successful. The genomic structure of human TRRAP gene revealed that the
ORF spans near 100kb. Recently we found N terminal region of mouse and human TRRAP
has less similarity, further suggesting human c¢DNA probe of N-terminal region is not
appropriate for genomic and cDNA cloning. In brief, We established 3 KO mice {(c-myec,
Mxi~1, mTER) near inbred for further research. Results from our research also were
published. Established mice and research results will be valuable for future research.
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Abghe] F ALY AXE JH BHstL F QA A5 1 ol
723 e ekl in vivo F8X} AF S5 2EY /U2 19929 u]FolA HjIEo]
AS7A] YL =EEC] YR gt o E¥Fu A At |
olflofl= AAF R AFZ Aot Y o 7F W dAF4LoM o3l J&S
My W At AdE S Yaet A7 HaFel Ao e "E dExES
ojln] 1 F24& dAste] EulFo Aok et 1 Al FRe FAG W Azkz}
23t =¥ neld o A5 dEe] AlESE|7} o8& o] Apdeltt. 2 At
149 7 3719 BAY o3ke Aol Fab] gom, AW 8d of ¢ FFHOE )3
Albert Einstein 2]2}t3}2] embryonic stem cell facilityd setup 3}¢] 19940 ]
21 Z7tA] 7 F-2] knockout mouse AF4tE FTte] FcTigh HdE -2 u} Qdrh (3WY
Cell, 2%2] Nature, ). XEI A 24 U o AFE o, v]Fzte] FF5AF
7Fs’88] 2K Hof stoll o8] F2| knockout miced 7IA & 4 A =k dxA
&18taL 9l knockout mouseE- BT ¢ k3 W g 3o Ao b St
TE RUESEA ol& HIYLE o8} HHH in vivo g7} B UE FIE A&
Fx1lsl= blojt}, o] & % c-myc, Mxil B! telomerase RNA component knockout micets
2 7)%0o] AMgte] ¢F, Lymphoma, prostate cancer, plasmacytoma, carcinoma, myeloma
52 who] $o3 FAxIE U3 A Qrh (Potter & Melchers, 1998; Schreiber-Agus,
et al, 1998). Myc family 23X} & F 7} F43 c-mycd] 7]%-E in vivod]A]
8317l 913t 1993'd Alan Bradley ©-2 c-myc FAAE wyA|zl B3 E
Hzbstgont 2 o] F HI 2 ABFE oL =Fo] UIERA]| ¢gton o
dpatEo]l 1 §l o2 KE| heterozygous knockout ES cell & Qo] §-A=A} 2 E
A Zpsh=o] ke stdx vt dufstgct. £ Y 53O =F genomic libraryZHE]
FAHAE do] Ayt 19954 c-myc, 1996 INK4a, 19973 telomerase, 19984 Mxil
knockout mouseE A|3sl= vl dFstger Fuo] 7A & 4= Tt o]} HHF|
A2 oA o]EF Folgt &S MY, BYHIIL ol2H (1) c-myc 752 Ex}
AU A 71AE wel7] 1% myc family (Mxil, Mad, @ T2 myc §8x1E)2
MREF719} eljo} Wizl g dF (V) &2 UES TRRAP (McMahon, et al.,
1998) o} c-mycE& Fdto], FH2 A o]YA telomerase?] 7|5S& ZAdH= Ao gt
AT A AA] #E AF, (t}) c-mycd] Z2Eo] F2F 7B = Aow
deizlom Algte] HAAOA] prostate cancer hotspoto] $IX|3he oz WAH F
7}Z] tumor suppressor, Mxil (Schreiber-Agus, et al., 1998)2} PTEN (Stambolic, et
al., 1998), 1e]3L Myc family protein®] binding partner¢l MaxZ ¥} A[7] ABF 2]
FHY BHE Fdlo] prostate cancer?] BAMFATY J1A FHE A|EstA} )



BA, A4, A, £33 59

el AME7F 283l wlel FEER F7F FA UE =AY

L' vl &% FAlo] Frbsta 9lom 1 e W FAME chgsiAa
iR Ao AYMUE & F ded AS7A] UL dFoE 73} o
th gk R dx U Z1E X E Yol 100% 3 o7t glth. 28 RE ¢
Hle) A 2 X5 He s T Uy Ul glel o a8l AHIEL =
Adgelct. ey} ol ¥t TAl] HZgex E3ta & fdsts fAXNY o
T4, U, &3t U apoptosis®] & 7] AZ AFE= AP AF(in vitro)2] AY
%2 cell line& ©o]-&%t ex vivo AP LR Y33 AIEo] I F/E o]F1 3on
thx] W@ transgenic moused o|-&3 AFHo] HT AFolA UEET rt o]t
FAE] AL AZE AL REE I in vivo Aol A =R gla I tjal

TR 5 Q= cell line2 28] AR 11 A2 ojido] A A} d¥EER 1
Azte] w5 EF AV} QU] wiEolth weld ¢ Ao UM FE 2de]
72 ey, &2 AEYH A %‘ 2 22 Jge] Rl 1Al ASE
npA g 3 ofulel oF Ao vzt Rt W FAMY AFAE BR1E FESA
Zeoltl oju] MR ZFoM = o3t FE E%«l Falof tizt 213 W 3 zfito]
FEEE S5t Aol o83 FAl= AT A Ao Y Y FE
Agolehs AMER At Fel=271x] dAE £ et ‘_%‘l*?%oﬂ*i *1*‘]3] o]
o Fo| A3l Sl H53 3 X|ul AlAo] ciuldta, FAAE = AGE FA8H7] $151o]
FUANME olg st FE B /Y g o]F o]83t o ] a2 2]1:101 Al gslt.
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227 c-myc?] o WA 7]Ho] B AFE 5,000 of Ho] Y& £ =F(SCI
S20)2] =71 Wl Fxo] ofF TUSLA =] ) c-myc sequence-specific
DNA binding protein, transcription factor, oncogene, apoptosis-regulating gene W
differentiation-regulator 52 & oju] &a# glem, 7 AL 71O TA, Max}
heterodimer& ©]50] E box (CACGTG)E promotero]] 7}l Ql: target FAx}E2]
transcription® activationA]ZIt}(Blackwell, et al., 1990). o] Z}AoA A=X o
E2 5k MAX wha el oF2 AL 34} U st (constitutive) 1 ZtAIZ} Qlem ThE,
basic helix-loop-helix& 373l Thi Q] Mxil& H]2 3t Mad family proteinE3}
A%E 3o Myc-Max heterodimer?] A& ZAAA o7 A ZcHBlackwood and
Eisenman, 1991).

1. c-myc?] in vivo 7]%5& W3]l7] ¢35t wrSo] R knockout ‘mouse%:— E10.5
o] Hoj o7} ALl A Ao o]AE& Kol embryonic resorptiong X gtH Davis, et
al., 1993). L&} o]2| 3t embryonic lethalityZ} c-myc®] o3} 7]%2] Ao
AAG BARIA] A 3 B U A7oA JHeAd dE oE FAXEZY] d3"
A7t dER o] 9l=] ¢frh 22 1993\ dof] UEH knockout mouse®} A2 72
W O 2 c-myc 3RS A F]=d] A 23}o] (Lee and DePinho, unpublished
result) 2| 29 = Al 3 AFHE Sullof I3t E A3 Ao o]
knockout mouseE ©]-&3lo] c-myc®] Aol WAREIZH FHNXM oJFA A2
CHE myc family F3xHE 9 AEF718] 23 A5} @A3t] embryonic
lethalityE F-olste=x] 2 £2F &3 7[A& 98|z} gt

2. AZ7HA] UAH c-mycd] r}ddt 7% £, X telomerase’} I promotero
myc target sequenceql E-box& ¥-73}3 9lem 1 E-boxE E3}l c-myco]
telomerased activation ¥ttl= R.5171 2 FEE QI tH Greenberg and DePinho,
unpublished result: Wang, et al., 1998). EZ} =Xyt 84 A UZAH TRRAP §Ax}=
c-myc®] N-terminalol] A3} c-myc®] oncogenic transcription factor 7|%&
A= Zo] ¢a] ZthMcMahon, et al., 1998). 18|22 TRRAPO] c-myc&
Bste], F2 Ysto] telomerase?] 715 RAEsH= 2| 2 & 7[AS YW=
R, AA AFgke] 2] 90% o]ArE X5}l Q= telomerase activationz} 7}
733 oncogene?l c-myc®] XAE shte] RHAEAN JHe3t X E FE, FHsE=
F2% A7 E ol ol§ FH3Y] #ste £ HAAME c-mye- F/FL
telomerase-deficient mouse embryonic fibroblastE& knockout mousedfA] E2]d}e] ex
vivool Al 2 X AEA 9 A FETY 7]-E A3tz gl =3 TRRAPY in
vivo 7]%5& Woln 78 pathwayE - 517] flste] o] HAxIL AWE AHE
A ZspaLa} ghet,

3. Ed& ¥ r}E Myc?d Zdo] HWRTF Mad family protein®] 3}h}Q) Mxile] in
vivo 7]%-& #dl7] fste] L 7leS A BF e Fato] dFstden 1
FHHPA LS dA7ste] 22 wWHESIItHSchreiber-Agus, et al., 1998). &, Mxil&



| Z7}R] BAA ArofA] Abgle] prostate cancer?] hot spot®E 2 &3 10q24 - 269]
AxskaL Qom, EZE mycd antagonistE AL 7]%5S ZHACH:= in vitro AR
223} o Mxil knockout mouset= prostate cancerd - UA|A 7}5AdE o3t}
mitotic figured 3hf-3t dysplasia RHS Kol AIE dadrh oA Mxild] AL
Zx}A L prostate cancers FuA|Z 4 ¢t 1 A whA|, preneoplastic
conditionZ}z] A3WA|F|H, CtE ojW [} kZlof ol AFOT AT FHo
osiA obE ustA © Zolgte JHES ¥ 4 UA stATh Z2 AL FoolA
2 UA=E o] prostate cancer?} WHE AV A= AR AUEE Pten T F
804 71 knockout mouseEF JAtste] 2 EHRP AL WHESIPCHDI Cristofano, et
al., 1998; Stambolic, et al., 1998). Pten knockout mouse %A} prostate cancerZ
Suka)7]x] ¢tgtor, heterozygous knockout mouse’} hyperplasia W dysplasiad
Hgch 28BE 2 A M= o] T JHA] tumor suppressor -fAAREO] A2
& 3}o] prostate cancerE LY 4= Qe A 1 JHed & RSl g T3l
prostate cancer F-& RW& stz I A BEIF /1A S ¢ 2AF Tch
glolla gt upel o] x| F7ix]e] AP 2pety d3o] MR & YL 2
A tiido] in vitro FHE ex vivool] X3 Qi Hojrh Expe] 3} BRE
2ol o] g3t Aok A 5 {AAE FF wHAA 2= A3 ZFHY
FHPAS Vel FERYEY ARz Agle] 1 e W FH|F o] BAHCL
ol gt shite] FHZ WAle g £ XZ7HA] oju] FitE o]l AR(3lAL Y= FE
RUES o83l AL #32t FF AFHE P4 U AGHA 20 E It FF
A% T8 RYS Attt &, oo A& PHoZ T AAMAA 73
FEE WU Q= telomerase®}, A|F7HA] 7H3 732 ¥t oncogene?] SHUIE W2 771
o] & myc oncogene> | 1 EXF HEIF 7MY AFEA AME I 2§ XHo|
WA 3IA du=Elo] k= Azl UEE Qv (Greenberg, et al., unpublished result:
Wang, et al., 1998). c-myc F-AX= F3] 2 BAAF 750l efot] W=
UASIA dHFE o] BT, myc, telomerase W Mxil 5] mycS ZXE3st= oy ’
FA2HE telomerase®] HAE 2} BEYH W £2} FAPH L2 FHsh= A2
ko 2 504 o]t gl 10%7} Wi At UBES Kol prostate cancer?} T2
o AR 71A AF 2 KR w2 J|HE ¥ Aot
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1. c-myc?] Heterozygous knockout | 2] anje}l o3 Hr

- c-myc?] 7% FEE 95 WRI c-myc(+/-) BF e viNHRE 9|3 FVB}
C57B62}2] SnviE S=3isle] zbzt FUBS} C57B64] H-A 3 wjAS A|U& c-myc KO

A3 E HEITh

2 .c-myc?] Heterozygous A% 7] ]e] FujE %3l homozygous null embryo?] ¥K
ol MEF cell?] nfjo}

- c-mycd A LZ U] FAHA= M Sato] §le c-mye(-/-) Primary AZE
uje¥sty] 18] FvB2} C57B62] F-3 4 wiA R el c-myc(+/-)npL ¢4E iy
HBr3tE, 2lE B3 I EmbryoE5-E] MEF HEE wfofRict.
3. TRRAP A =}2] ¢cDNA A¥ ¥R 9 Genomic Library Screening

Humanol| A} c-myc -§#=2}2] Essential cofactor® 3% TRRAP-F-A=A}S] w}-¢A
homologE 3t7] ¢34 human?] N-terminal $$|2] cDNAZ %3] Mouse cDNA
LibraryS Screeningd}3l IE3Z} Genomic LibraryE- Screeningdlo] Mouse?] Genomic
Structures 43 3},
4. Max knockout 33 2] ¥ A

c-myc®] HAb ZHo] W=A] At MaxE A A 78 EEYS E4FTL

5. Telomerased< APz (nTERC(-/-))¢ Mxi-1dE BFH AL 7% 4:
prostate?] o]} FA}

olu] Mxi-1 A& AF o]Al= ProstateollA] HyperplasiaZ} VEIY 222, Mxi-13
telomerase A< x| ote] X33 w|2E F3t Prostated] o4& RARRiThL
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1. c-myc® Heterozygous knockout AH 2] Qunje}l diF Fx
c-myc KOA# = FVB$ C57B6% 2+7] 12¥7bx] dmuj7l =o] A9 inbreds}
HRua &4 glon, o Add "Had 2RI & FRIUT.

2 .c-myc® Heterozygous A 7]2]¢] wn]E F3 homozygous null embryo2}
g 2@ MEF cell9 u]%

c-myc(-/-) Embryol= 2 9.5 Dayollx] 2022, 8.5 Day?] embryo® #ujo] MEF X
wlop Al A4t A2} 9.5 Daye] enbryoold MEFE ABHE 44 F, cmye
A2 B MEF Cultured A|%3}¢lS. Microisolation?] 7]&& HEE AX vjore] Az}
Passage 1 o] % RF Z9L. #A] feeder cell layerd o]-£3l A =& F3hdlo] <o}
40 7o) wjofoll A4F-3tgR. ol23t HFFol c-myc2 FVBL} C57B6Z2] & awjr}
A ol Folx £9.5 o] Hof

ZAE At & Mixed Backgroundoll A E9, 5day 7}x] A& &1%l c-myc KO embryo:= FVBL}
C57B6E Inbred} %o ztof ubel ©]L T w}E embryonic lethalityE LeEpd ot}
whela] B2 A AN FHgl3t c-myc KOE ©]-83 Mouse Embryonic Fibroblast?] ¥gl2
a8 thAlol A= 87153ttt

Genotype of E9.5 embryos
from c-Myc heterozygous matings Genotype of E8.5 embryos
— from c-Myc heterozygous matings
++ #- -j-(dead) (dead) . Tota! Generation '
oorer e w7 cemixe o ¥ (ioad) ND (ead) Tota “Generation
c8218 2 2(1) 2 8 ©578LX8 CB202 1 4 2 7 - C57BLX9
CB246 [ 1 8  CS7BLX10 CB248 [} 5 3 [} 8 cs7BLX10
CcB250 7. 0 o 7 C578LX10 CF3204 2 4 1 ) 1. .8 FVBX‘ID
©cB25% s 10 9 8 cs7BLX10 Total [%]_3[13) 13[57) 4D17]  3p13)  23[100]

w

»
IS
[

3@ 4(1)

L2 L3

T 1
0 o
[ 3@ -

Subtotal
. FVBXs “ND; Result not determined
FVBXe
FVBX10
FVBX11

CFi76
CF260
CFa07
CF318

WNOO BeO LN

PR
© o e

Subtotal 8 1 2 73 31
Total (%] 14 [18] 4881} S(7}(2) 11[14)a) 76100}

29 2 24 85dayolAl e c-myc Embryo
29 1 T4 95Day 9 c-myc Embryo®4 24

3. TRRAP +3d A2 cDNA A ¥wW % Genomic Library Screening

TRRAP Rt} & F54-& AU+ oDNA EST E2& HHEIIYIL o|F 0]-§3lv
Genomic Library?] Screeningd}il 4702 Positive &8 #H3}gr}t. L& initiation
siteZ Neomycin®§AxbE X#slr] ]3] 2 2L ztgker} Asjsigct. auj) At
genomic clone?] AUY- clone?] ARE ¢35t AT 100kb o]Ate] = 100bp
BEo] 2L exonEo] T8 407) o] EXj¥UTie AL AU ol T FREFE



TIA] 200bp ©)3}2] probed A|2}5le] ATG sited X33} Q= cloned screening 315l
oltt, uwizlr | Zofl A3} Probed E-3t
Screening2 £A3] AFY 471 ¢l Yeldch

4. Max knockout A3%|2] ¥ FA

Myc& Max®} HeterodimerE o]F-o] Target S8x}e] HAAIZAE 3ol daAAUrt.
ofebrMax?] 71%-& Knockout& B3l AR ZAL ol ouigles dolrh. ol
Max2] KO c-myc?} m}t7}R|E Embrynoic Lethality& Uehglem, T Az}= Genes.
Dev. o U3} cl.

BHILMLL
A Sb XY
TR —  HHIX ¢DNA
taq e
M st sa ,.-“‘l
= max Genomic DNA
§ S 17Kb
3 - Targeting Construct
8 ASA .
t L B I Targeted Allele
L4 Kb
*® Probe
L g Kt~
- 94 Kb »

D Genotype Distribution of max(+/5) Intercrosses

{H+) (H (<} (ND)

E35 8 17 11 (D4 pCR
?2»5 }(;3 %;;‘; g gf Analysis
E95 9 18 0 ] Southern
E125 11 19 L) Analysis

23 3 Max KO strategy and Embryonic
Genotype distribution

B E6.S Embrvos _ Tuil
123456789

18 4 Max embryod F3ZF A XA



1Y 5 Blastocyst outgrowth, proliferation, and
apoptosis assays. (A,B) Max immunofluorescence and
appearance of a normal blastocyst outgrowth with
phase-contrast view revealing a growing inner cell
mass node and a single layer of trophectoderm cells.
(C,D) Max immunofluorescence and appearance of a
stunted blastocyst outgrowth showing reduced size of
inner cell mass and diminished Max expression. (E-])
In vivo proliferation in E6.5 embryos. (EJF) Adjacent
sections of a wild-type E6.5 embryo with hematoxylin
and eosin (H&E) staining (E) and BrdU incorporation
(F). (G-]) Adjacent sections of two putative
Max-deficient E65 embryos with H&E staining (G,I)
and BrdU incorporation (H,]).



ZL% 7 Max expression in early development

(A) Oviduct sections containing one-cell stage
sections containing

whole-mount

embryos; (B) oviduct
unfertilized eggs, ©
immunofluorescence of a E35 blastocyst (D)

E5.5 embryo section (bar, 40 ¢m);

238 6 Max early

development (E)

expression in

E65 section

embryo

‘exposed to excess immunogen peptide (bar,

40 pm); (F) E6.5 embryo section (bar, 40
em); (GH) E75 embryo sections (G), (bar,
100 pgm), (H) (bar, 25 (de)
Deciduum; (al) allantois; (am) ammion; (ee)
embryonic ectoderm; _(xe) extraembryonic
(me)
(epc)

©£m).

ectoderm; (ve) visceral endoderm;

mesoderm; (pe) parietal endoderm;

ectoplacental cone.



5. TelomeraseZ < 32| (wTERC(-/-))8} Mxi-1A < BF|oA 2] 7I% 4 prostate?]

A B C

mTR+/+ (21 month)

o4 A}

GImTR- (18 monthy  G6 mTR- (17 month)

D B3 sk akoration
M hair graying ¢ alopecia

1

G GAmTRA-
12 month)

1% 8 Increased Incidence of Skin Lesions, Alopecia, and Hair Graying
in Aging mTR-/- Mice

(A-C) Representative examples of alopecia and hair graying in mTR+/+
and mTR~/~ mice.

(D) Incidence of uicerative skin lesions and hair graying/alopecia in aged
mTR+/+, G3, and G6 mice.

(E and F) Histologic appearance of representative H&E-stained skin
sections from a 21-month-old mTR+/+ mouse and a 17-month-old G6
mouse. Compared to the mTR+/+ skin, in which nearly all hair follicles
are in anagen (A, arrow), the G6 skin exhibited an increased frequency
of hair follicles in telogen (T, arrows). In G6 skin, the subcutaneous fat
cell layer (FCL) was replaced by dense, fibrous tissue (asterisk; 10X
objective).

(G-H). Perioral, neck, and hind limb ulcerative skin lesions in G3 and G6
mice.

(I) H&E-stained section of an area of chronic injury in the vicinity of
an ulcerative skin lesion in an 18-month-old G3 mouse (40X objective)
showing marked epidermal hyperplasia (#), hyperkeratosis (arrow), and a
dense dermal fibrosis (*).

...10_.
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Phenotype

e, Huceescence it ty

Telomere Length Decreases

s

(Gt ]

R

P month  iamonth

)
T

e shen xors
phenoty g wlopess

rel fludsescence imensity
£ 2

with Increasing Age and Correlates with the Skin

(A) Relative telomere length of mouse embryo fibroblasts (MEF) derived from mTR+/+,

G4,

and G6 mice, comparing data obtained by flow~FISH and Q-FISH analysis

(Greenberg and R. A. D., unpublished data). Fluorescence intensities of mTR+/+ cells
were set at 10096, and the relative intensity of G4 and G6 cells was -calculated.
(B) Relative telomere length of peripheral WBC of 1-month-old and >16-month-old G3

mice.

{C) Relative telomere length of age-matched (15— to 24-month-old} G3 animals with and

without skin lesions, alopecia, and hair graying.

Table 1. Summiary of Phenotypic Analysis in Aging Mice

miR** G3ImIR / G& mIR™"
Body weight Normai Nosmat 20%6~25% decreased in »6.momh-okd mice
Diabotos Normal GTT Notmal GTT Normal GTT
Ostooporosis Normal X-ray Normal X-ray Nowmal X-ray
Arthorosclososls None None None
Peripheral RBC & WBC counts  Normal Natmal Normal
Blood chomistry Normal profile  Normat profite Normal profie
Cataract 15% 20% 10%
Mala foecundity 12.15 montns 6.5 months Normally infertita, rarety successful in
generating offspring
Halr graying and alopecia 25% 54% 60%
Skin histology Normal D of hair follicles in anag D of hair follicles in anagen, increase
increasa in tetogon in telogoen, loss of subcutaneous fat
Ulcerative skin lesions 10% 31% 3%
Wound heabing Normal Delayed reepithelitization Dutayed reepithelialization
Cancer incidence 3.3% 13% 19%
Life span (50% mortality mark) 24 monmhs 24 months 18 months

1% 10 Summary of Phenotypic Analysis in Aging Mice
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28 12  Loss of Telomere Ends Correlates with a
Shortened Life Span

Survival curves of mTR+/+, Gl, G2-3, G4-5, and G6 mice,
with percent of surviving animals plotted at 3-month

D mTR 7

intervals,

1% 11 Reduced Body Weight and Villi Atrophy of the
Small Intestine in Aged G6 mTR-/- Mice

(A) Body weights in mTR+/+ and mTR-/- mice plotted
as a function of age. Old G6 animals showed 20%?25%
decrease in body weights.

(B and C) H&E-stained cross sections of mTR+/+ and
G6 duodenum at 18 months of age, showing blunted,
markedly atrophic villi (20X objective).

(D and E) Whole-mount preparations of mTR+/+ and G6
duodenum stained with methylene blue. Prominent areas
of disorganized villi are present in the G6 duodenum
(arrows).
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2% 13 Delayed Wound Healing in Aged mTR-/- Mice

(A) Gross appearance of healing wounds of mTR+/+ and G6 mice 4 and 6 days
after wounding (2% objective).

(B) Wound areas at day 0 and 6 post wounding.

(C and D) Midtransverse sections (5 #m) through healing skin wounds at day
4 post wounding (H&E). Near complete reepithelilization was detected in
mTR+/+ controls, in contrast to the prominent epithelial gap seen in G6 wounds

(40X objective).
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19 14 Age and Telomere Shortening Cooperate to Diminish Hematopoietic Reserve

Stress response to 5-FU treatment in young (2?3 months) and old (16?24 months) mTR+/+, G3,

and G6 mice.

(A) Body weight, (B) peripheral WBC, and (C) hemoglobin levels (g/dl) plotted against days
after 5-FU treatment; all parameters showed a dramatic reduction 6 days after treatment in old
but not in young animals, with eventual recovery in mTR+/+ animals. Asterisks indicate animal

death: 0/4 in mTR+/+, 2/5 in G3, and 3/4 in G6 mice.
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1% 15 Genomic Instability and an Increased Incidence of Spontaneous
Cancer in Aging mTR-/- Mice

(A and B) Representative metaphase spreads of lymphocytes. Circled area
in (B) denotes chromosomal p-arm fusion in old G3 mouse.

(C) Incidence of macroscopically visible and clinically apparent spontaneous
cancers.

(D) Age of onset of spontaneous cancers.

(E) Histological classification of spontaneous tumors.

(F) Cytogenetic analysis of representative spontaneously arising tumors.

(G) Telomere length in splenocytes of 18-month~old WT and G6 mice, and
in teratocarcinomas and lymphomas derived from WT and mTR-/- mice. A
human telomerase positive cervical carcinoma cell line (Hela) is included

for comparison of telomere lengths.



.a. Longevity, stress response, and cancer in aging telomerase-deficient mice
(Cell 96: 701, 1999).
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219 16 Spleen dysfunction in G3 mTR-/- B6 mice.
(A) Images of spleens from two moribund G3 mTR-/-
mice (KO2-G3 and KO3-G3) and one healthy G3
mTR-/- mouse (KO1-G3). (B) Percentage of total
spleen cells positive for the B220/CD45R surface marker.
Wt, wild-type splenocytes; KO-G3, splenocytes derived
from G3 mTR~/- B6 mice. The total number of mice
used for each study is indicated above the graph (n).
Standard deviation bars are shown. (C) Relative
activation with respect to the wild-type following
mitogen stimulation of splenocytes from G3 mTR-/-
mice. -CD3 and Con-A, T cell-specific mitogens; LPS
and CD-40L, B cell-specific mitogens; Ion-PMA, B + T
cell mitogens. The total number of mice used for each
experiment is indicated above the graph. Standard

deviation bars are shown.
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1Y 17 mTR-/- mice in a C57BL6 background are viable for only
four generations. (A) The average progeny per litter of different
generations of wild-type or mTR-/- crosses is shown with bars.
The total number of crosses of each genotype used for the analysis
is indicated at the top of the graph. Wt, wild-type; Gl to G3
indicate the generations of the mTR-/~ mice used in the crosses.
Standard deviation bars are shown. (B) The average weight of
testes relative to body weight is plotted for wild-type (wt) and G3
mTR-/- (B6) testes (KO-G3). The total numbers of mice used in
the study are indicated above the graph. Standard deviation bars are
shown. (C) Representative images of testes from an age-matched
wild-type and a G3 mTR-/- B6 mouse (7 months old). (D and E)
Histology of a wild~type (D) and a G3 mTR-/- B6 (E) testis. The
figure shows the abnormal histology of the G3 testis compared with
that of the wild-type. No precursor cells or spermatids were
detected in the G3 B6 testis.
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1% 18 Reduced body size of G3 mTR~/~ B6 mice
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1% 19 Telomere shortening in mTR-/- mice on two different genetic backgrounds.
(A) Separate telomere fluorescence of the p-arm and g-arm, and that of the average of
both, from primary MEFs and bone marrow cells derived from wild-type and mTR-/- B6
mice of the indicated generations. Fluorescence is expressed in telomere fluorescence units
(TFU), where 1 TFU corresponds to 1 kb of TTAGGG repeats in plasmid DNA (Martens
et al, 1998). Each value represents the mean of 10-15 metaphases. Primary MEFs and B6
bone marrow cells from wild-type (wt) and several mTR-/~ B6 embryos from the first
(G1), second (G2) and third generation (G3) were used (see Table I for Q-FISH data). .
(B) Frequency of telomere fluorescence intensity values of the average of p- and
q-telomeres (black bars) in bone marrow cells derived from wild-type and several B6
mTER-/~ mice from the second (KO-G2a and KO-G2b), third (KO-G3a and KO-G3b)
and fourth generation (KO-G4). The frequency of chromosomes with short telomeres
increases with the increasing generations. (C) Frequency of telomere fluorescence intensity
values of the average of p~ and q-telomeres (black bars) in bone marrow cells derived
from wild-type and mixed background mTR-/- mice from the third (KO-G3) and sixth

generation (KO-G6).
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Disease states associated with telomerase deficiency appear earlier in mice
with short telomeres(EMBO J. 18: 2950, 1999).
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