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Tr ansl ocat i on of t he c- myc pr ot ooncogene i nt o or near one of t he I g l oci i s

f ound i n al most ever y case of Bur ki t t ' s B cel l l ymphoma i n man and exper i men-

t al l y i nduced pl asma cel l t umor i n t he mouse ( r evi ewed i n r ef er ences 1, 2) . Thi s

acci dent al r ear r angement of t he cel l ul ar genome appear s t o f r ee t he c- myc gene

f r omi t s nor mal suscept i bi l i t y t o negat i ve r egul at i on and t o r ender i t const i t ut i vel y

act i ve i n cel l s t hat expr ess I g genes ( r evi ewed i n r ef er ences 1- 4) . The cont r i bu-

t i on of t he r ear r anged gene t o t he neopl ast i c phenot ype may st em f r om t he

abi l i t y of t he myc pol ypept i de t o dr i ve cel l ul ar pr ol i f er at i on, per haps by pr omot i ng

DNA r epl i cat i on ( 5, 6) . Whi l e i t s bi ochemi cal f unct i on i s not yet def i ned, c- myc
expr essi on nor mal l y cor r el at es cl osel y wi t h cel l - cycl e act i vi t y i n a br oad r ange of

cel l t ypes, i ncr easi ng gr eat l y when r est i ng cel l s ar e mi t ogeni cal l y st i mul at ed and
decl i ni ng when t hey cease t o pr ol i f er at e ( 3, 4, 7) .

The ef f ect s of al t er ed oncogenes on cel l s i n t hei r nat ur al envi r onment can be
assessed t hr ough t he use of t r ansgeni c mi ce ( 8, 9) . A t r ansgeni c st r ai n i s i ni t i at ed
by i nser t i ng a gene i nt o t he mouse genome and i s per pet uat ed t her eaf t er by
nor mal br eedi ng . By t hi s means, a c- myc gene coupl ed t o r egul at or y sequences

f r omt he mouse mammar y t umor vi r us was shown t o cause mammar y car ci nomas,

and somet i mes ot her t umor s, af t er a subst ant i al l at ent per i od ( 10, 11) . To mi mi c

t he t r ansl ocat ed myc genes f ound i n l ymphoi d t umor s, we i nt r oduced i nt o mi ce

a DNA sequence, desi gnat ed EA- myc, i sol at ed f r om a mouse pl asmacyt oma i n

whi ch a nor mal myc gene had become coupl ed t o t he I g heavy chai n enhancer

( 12) . I n t he r esul t ant t r ansgeni c mi ce, t he El - myc t r ansgene appear s t o be

expr essed excl usi vel y i n B- l ymphoi d cel l s ( 13) and causes t hem t o pr ol i f er at e

mor e t han nor mal ( 14) . St ar t i ng bef or e bi r t h, t he pr e- B cel l popul at i on expands
pr ogr essi vel y up t o about f i ve t i mes i t s nor mal si ze, whi l e B cel l s ar e somewhat
r educed i n number despi t e t hei r i ncr eased cel l - cycl e act i vi t y ( 14) . The i mmune
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LYMPHOMA AND LEUKEMI A I N E/ - myc MI CE

r esponsi veness of Ej - myc ani mal s i s not gr eat l y af f ect ed by t hese per t ur bat i ons

( 15) . Thus, t he excessi ve pr ol i f er at i ve act i vi t y i nduced by t he EA- myc gene i s

l i mi t ed and beni gn . However , t hese mi ce al so devel op l ymphomas of B- l i neage

cel l s ( 16) .

To est abl i sh t he Eg- myc mouse as a model of l ymphomagenesi s, we her e

quant i f y t he i nci dence, pat hol ogy, and cel l sur f ace phenot ypes of t he t umor s .

Despi t e some var i at i on i n t he pat hol ogy, al l of t he t umor s have pr oven t o be

mal i gnant l ymphomas of B- l i neage cel l s, usual l y accompani ed by l ymphoi d l eu-

kemi a. We compar e t hem wi t h ot her mouse l ymphomas and wi t h t he t umor s

t hat char act er i ze t he SJL st r ai n, a cont r i but or t o t he genet i c backgr ound of t he

t r ansgeni c l i ne . We al so descr i be a char act er i st i c of t he bl ood of young EA- myc

mi ce t hat pr ovi des a r api d means of di st i ngui shi ng t hem f r om nor mal mi ce .

A not abl e f eat ur e of t hese mi ce i s t hat l ymphomagenesi s has pr oven t o be

vi r t ual l y i nevi t abl e . Never t hel ess, i ndi vi dual t umor s appear t o i ni t i at e at r andom

wi t h age. Anal ysi s of t he ki net i cs of t umor onset al l ows us t o est i mat e t he r at e of

mal i gnant conver si on wi t hi n t he suscept i bl e cel l popul at i on .

Mat er i al s and Met hods

Mi ce .

	

Pr i mar y t r ansgeni c mi ce and i ni t i al br eedi ng l i nes wer e pr oduced by t he t ech-
ni ques of Br i nst er et al . ( 17, 18) usi ng t he EA- myc DNAconst r uct speci f i ed by Adams et
al . ( 16) , and ( C57BL/ 6J x SJL/ J) F2 embr yos descended f r omi nbr ed mi ce pur chased f r om

The Jackson Labor at or y ( Bar Har bor , ME) . For subsequent det ai l ed anal ysi s, t he Et - myc

292- 1 t r ansgeni c l i ne was pr opagat ed by br eedi ng ( het er ozygous) t r ansgeni c mal es wi t h

nor mal ( C57BL/ 6JWehi x SJL/ JWehi ) F, hybr i d ( BSJFI ) ` f emal es . As expect ed, - 50%of

t he pr ogeny wer e t r ansgeni c . Tr ansgeni c f emal es wer e not gener al l y used f or br eedi ng

because of t hei r hi gh r i sk of devel opi ng l ymphomas bef or e t hei r pups r eached weani ng

age . Ani mal s used f or assessi ng t umor onset ki net i cs wer e pr oduced by mat i ng mul t i pl e

BSJFI f emal es wi t h 4 t hi r d- gener at i on t r ansgeni c mal es t o r andomi ze t he cont r i but i ons

of C57BL and SJL t r ai t s . At 3 wk of age, t he pr ogeny of BSJFI x t r ansgeni c mat i ngs

wer e segr egat ed by gender and number ed by ear punchi ng . To i dent i f y t r ansgeni c pups,

DNA ext r act ed f r om t ai l t i ps ( 18) was hybr i di zed wi t h " P- l abel ed pUC12 pl asmi d DNA,
sequences of whi ch wer e pr esent i n t he i nt r oduced E, u- myc const r uct ( 16) . An al t er nat i ve
t est usi ng bl ood cel l nucl ei i s descr i bed bel ow. When i t was necessar y t o r et est ol der
ani mal s f or t r ansgene car r i age, DNA was ext r act ed ei t her f r om a ski n bi opsy or f r om t he
l i ver af t er sacr i f i ce .

The mi ce wer e mai nt ai ned under cl ean convent i onal condi t i ons wi t h f r ee access t o 2 . 5
Mr ad- i r r adi at ed mouse br eeder r at i on cubes ( Bar ast oc St ock Feeds, Vi ct or i a, Aust r al i a)

and aci di f i ed f i l t er ed t ap wat er ( 3 mMHC1) .

Moni t or i ng Tumor Devel opment .

	

At weekl y i nt er val s af t er weani ng, each mouse was
cl osel y i nspect ed and i t s i ngui nal l ymph nodes wer e pal pat ed t o det ect enl ar gement . Any

ani mal wi t h an over t t umor was exami ned mor e f r equent l y so t hat i t coul d be aut opsi ed

when i t became i l l . For hi st ol ogy, sof t t i ssues wer e f i xed i n Boui n' s sol ut i on, bony t i ssues

i n neut r al buf f er ed 10% f or mal i n . Par af f i n- embedded f i xed t i ssues wer e sect i oned 4 Am

t hi ck and st ai ned wi t h hemat oxyl i n and eosi n .

El ect r oni c Count i ng of Cel l s and Si zi ng of Nucl ei .

	

The equi pment compr i sed a Zm

Count er and C1000 Channel i zer ( Coul t er El ect r oni cs Lt d . , Lut on, Uni t ed Ki ngdom)

connect ed t o a mi cr ocomput er . These uni t s wer e i nt er f aced and pr ogr ammed by Dr . F .

Bat t ye of t he Wal t er and El i za Hal l I nst i t ut e Fl ow Syst ems Labor at or y . The syst em was
cal i br at ed wi t h 9 . 7 Am pol ydi vi nyl benzene l at ex ( Coul t er El ect r oni cs Lt d . ) and ver i f i ed

el ect r oni cal l y f or l i near i t y of r esponse .

Leukocyt es wer e count ed and si zed as nucl ei , obt ai ned by addi ng t he cel l l ysi ng agent ,
Zaponi n ( Coul t er El ect r oni cs, Lt d . ) , t o di l ut ed bl ood . The di l uent was PBS cont ai ni ng 5

mMKCI and adj ust ed t o mouse t oni ci t y ( 305- 310 mosmol / kg) . Bl ood was obt ai ned f r om
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TABLE I

Ti me Par amet er s of Tumor Devel opment

134 mi ce f r om t he f our t h gener at i on of t he Ew- myc 292- 1 l i ne wer e
moni t or ed f or t umor devel opment as descr i bed i n Mat er i al s and Met hods .

t he r et r oor bi t al si nus usi ng hepar i ni zed capi l l ar i es, or by car di ac punct ur e f r om ani mal s

anest het i zed i nt r aper i t oneal l y wi t h t r i br omoet hanol . For r out i ne t ypi ng of weanl i ng mi ce

f or enl ar ged l eukocyt e nucl ei ( see Resul t s) , 5 ul of r et r oor bi t al bl ood was di l ut ed i nt o 20

ml of di l uent and 6 dr ops of Zaponi n wer e added j ust bef or e t he Coul t er Count er anal ysi s .

The par t i cl e vol ume r ange used f or count i ng and si zi ng was 22- 110 f l .

Cel l Sur f ace Ant i gen Expr essi on .

	

The pr esence of Thy- 1, Ly- 5( 13220) , and I g ant i gens

on cel l s di sper sed mechani cal l y f r om t umor s was det ect ed by f l ow cyt omet r i c anal ysi s of

i mmunof l uor escence as descr i bed ( 14) .

Resul t s

Lymphomas i n Pr i mar y Tr ansgeni c Mi ce and t hei r Descendant s . The EJ- myc

const r uct was hi ghl y t umor i geni c i n i ndependent t r ansgeni c l i nes . Of 15 pr i mar y

t r ansgeni c mi ce t hat devel oped f r om eggs mi cr oi nj ect ed wi t h t he EU. - myc con-
st r uct , 12 became i l l wi t h l ymphomas at 6 t o 14 wk of age . Of t he ot her 3, one

was f ound canni bal i zed at 6 wk, anot her di ed at 34 wk wi t hout gr oss evi dence

of l ymphoi d pat hol ogy, whi l e t he t hi r d, whi ch r emai ned heal t hy f or mor e t han

a year , was suspect ed of mosai ci sm f r om t he l ow r at e ( 2/ 13) at whi ch t he
t r ansgene was t r ansmi t t ed t o i t s pr ogeny . Fr om f i ve of t he pr i mar y ani mal s,

br eedi ng l i nes wer e i ni t i at ed t hr ough mat i ngs wi t h nor mal BSJF1 mi ce . Al l t hei r
t r ansgene- bear i ng pr ogeny devel oped l ymphoi d t umor s, al most al l becomi ng i l l

at 6- 18 wk of age . The medi an onset of i l l ness was 11 wk f or t he whol e pool of

12 pr i mar y and 41 second- and t hi r d- gener at i on ani mal s . I t var i ed onl y bet ween
10 and 13 wk i n t he f i ve separ at e l i nes . Consequent l y, one of t he l i nes ( denot ed
292- 1) was ar bi t r ar i l y sel ect ed f or l ong- t er mbr eedi ng and det ai l ed i nvest i gat i on .

Tumor Onset and Pr ogr essi on .

	

Tumor devel opment was assessed i n t he ent i r e
f our t h gener at i on of t he Ep. - myc 292- 1 l i ne ( 134 ani mal s) . I n 83%of ani mal s t he
f i r st si gn was enl ar gement of one or bot h i ngui nal l ymph nodes, det ect ed by
pal pat i on . A f ew mi ce di ed unexpect edl y, but t he ot her s wer e ki l l ed f or aut opsy
when t hey became i l l , as mani f est by hunched post ur e, sl ow movement , r uf f l ed
f ur and, of t en, t achypnea .

The t i me cour se of di sease var i ed mar kedl y bet ween i ndi vi dual s, i n bot h t he
age at whi ch t he f i r st si gns appear ed and t he r at e of pr ogr essi on t o i l l ness or
deat h ( Tabl e I ) . The mal e and f emal e i nci dence was equi val ent ( not shown) . The
onset of f i r st ext er nal l y det ect abl e si gns and of t er mi nal i l l ness as f unct i ons of

age ar e pl ot t ed as semi - l og " sur vi val " cur ves i n Fi g . 1 . The cur ves appear t o have
t hr ee component s ( see Di scussi on) . A maj or por t i on of t he popul at i on ( ^- 70%)
pr oduced a pl ot cl osel y appr oxi mat i ng a si mpl e exponent i al over t he age r ange
f r om 6 t o ^- 16 wk, so t hat t he f r equency of appear ance of new t umor cases

Pat hol ogy onset Medi an age 9 wk

Age r ange 3- 81 wk

I l l ness or deat h Medi an age 12 wk

Age r ange 6- 83 wk

Pr ogr essi on f r om f i r st si gns t o Mean t i me ± SD 25 ± 19 d

i l l ness or deat h Range 0- 94 d
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FI GURE 1 .

	

Onset of t umor s and appear ance of
t er mi nal i l l ness wi t h age i n Eu- myc mi ce . The f i r st
si gn of l ymphoma was desi gnat ed as " onset " and i l l
heal t h ( or act ual deat h) as " deat h . " Regr essi on l i nes
wer e cal cul at ed f or t he r anges of " onset " dat a
poi nt s i ndi cat ed . Dat a f r om 70 f emal es and 64
mal es ( as i n Tabl e 1) wer e pool ed.

TABLE 11

Aut opsy Fi ndi ngs i n Mi ce wi t h Advanced Di sease

Feat ur e

Enl ar ged l ymph nodes and spl een
Tumor ( or swel l i ng) on t hor aci c ver t ebr al col umn

Enl ar ged t hymus ( t hr eef ol d or mor e)

Bowel obst r uct i on
Hi nd l i mb par al ysi s

I nci dence

84*

68

54

13

1 . 5

134 EI . L- myc mi ce ( as i n Tabl e I ) wer e aut opsi ed when i l l or af t er nat ur al
deat h .

* The 16%wi t hout gener al enl ar gement of l ymph nodes compr i sed ni ne
cases of t hymoma, f i ve of i nt ussuscept i on, f our wi t h a si ngl e l ar ge l ymph

node, and f our wi t h no gr ossl y vi si bl e pat hol ogy .

among hi t her t o heal t hy ani mal s ( t he hazar d r at e) was const ant at 17% per

week . The " deat h" cur ve was di spl aced by about 3 wk and was par al l el . Bel ow 5

wk of age, t he hazar d r at e was l ower and pr ogr essi on sl ower , t er mi nal i l l ness

r equi r i ng an aver age of 5 wk t o devel op . Ani mal s t hat r emai ned f r ee of di sease

f or mor e t han ^- 17 wk wer e subj ect t o a r educed hazar d r at e of ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 6% per week .

Once i ni t i at ed, t hei r t umor s pr ogr essed r api dl y t o t er mi nal i l l ness i n 1- 3 wk .

Lymphomat osi s i s an essent i al l y i nevi t abl e f at e f or Eu- myc mi ce . >90% had

succumbed wi t hi n 6 mo . By 1 yr onl y t wo of t he or i gi nal 134 ani mal s r emai ned

heal t hy . One was f ound canni bal i zed at 65 wk, and t he ot her devel oped t umor s

at 81 wk of age.

Gr oss Pat hol ogy .

	

Di ssect i ons r eveal ed gr oss evi dence of di ssemi nat ed l ym-

phoma i n al l but 4 of t he 134 ani mal s . Typi cal l y, most or al l l ymph nodes wer e

enl ar ged 5- 50- f ol d and t he spl een 2- 6- f ol d ( Fi g . 2, A and B) . Enl ar gement was

usual l y si mi l ar i n bi l at er al l y pai r ed l ymph nodes . Fr equenci es of par t i cul ar

aut opsy f i ndi ngs ar e gi ven i n Tabl e I I .

A maj or i t y of ani mal s showed subst ant i al enl ar gement of t he t hymus, i n at

l east some cases cl ear l y di st i nct f r omt he t hr ee enl ar ged medi ast i nal ( par at hymi c)

l ymph nodes adj acent t o i t . I n ni ne of t he ani mal s, a t hymoma was t he domi nant

abnor mal t i ssue mass ( Fi g . 2C) . Anot her common f i ndi ng i n t he t hor ax was a
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FI GURE 2 .

	

Di ssect i ons of EA- myc mi ce wi t h advanced t umor s and of BSJF 1 mi ce bear i ng
t r anspl ant ed Ek- myc t umor s. ( A) 13- wk- ol d EA- myc mouse wi t h t ypi cal enl ar gement of l ymphoi d
or gans i ncl udi ng t he Peyer ' s pat ches and t he t hymus ( x 0. 7) ; ( B) same ani mal af t er r emoval
of l oose abdomi nal and t hor aci c or gans t o r eveal gr eat l y enl ar ged r enal and l umbar l ymph
nodes and t hi ckeni ng of t hor aci c ver t ebr al col umn ( x 1 . 1) ; ( C) 9- wk- ol d EA- myc mouse wi t h
l ar ge t hymoma but near - nor mal l ymph nodes ( X 0. 9) ; ( D) 11- wk- ol d EA- myc mouse wi t h t op of
skul l hi nged open t o show l ayer of t umor adher i ng t o t he par i et al and i nt er par i et al bones
( x 2. 2) ; ( E) BSJF1 ani mal , 35 d af t er i nj ect i on i nt r aper i t oneal l y and subcut aneousl y of 100
mesent er i c l ymph node cel l s f r oma l ymphomat ous Ew- myc mouse, showi ng a l ar ge t umor mass
at t he si t e of i nj ect i on ( l ef t ) , a f l at subcut aneous mass on t he cont r al at er al si de, and enl ar ged
l ymph nodes, t hymus and spl een ( x 0 . 9) ; ( F) BSJFI , r eci pi ent of 10' f emor al bone mar r ow
cel l s f r om anot her pr i mar y t umor mouse, showi ng f l at subcut aneous masses near t he axi l l ae,
enl ar ged l ymph nodes and t hymus, t umor t i ssue ar ound t he hear t , and some t hi ckeni ng of t he
t hor aci c ver t ebr al col umn ( X 1) .

vi si bl e swel l i ng al ong t he ver t ebr al col umn ( Fi g . 2B) , somet i mes i n t he f or m of

a di scr et e t umor t er mi nat i ng ant er i or t o t he di aphr agm. I n some ani mal s, t he

Peyer ' s pat ches wer e enl ar ged ( Fi g . 2A) . Tumor gr owt h wi t hi n t he wal l of t he
smal l bowel pr esumabl y caused t he bowel obst r uct i on f ound i n 13% of t he
ani mal s . Thi s usual l y t ook t he f or m of i nt ussuscept i on, whi ch r api dl y caused
t er mi nal i l l ness . About one- quar t er of al l t he ani mal s had t umor masses i nsi de

t he skul l adher ent t o t he par i et al and i nt er par i et al bones ( Fi g . 2D) , occasi onal l y
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FI GURE 3 A- F.
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FI GURE 3.

	

Hi st ol ogy of Eu- myt t umor s . Sheet s of l ymphobl ast s r epl aci ng t he l ymphocyt es i n
( A) t he br achi al l ymph node ( x 600) and ( B) t he t hymus ( x 600) ; ( C) l ymphobl ast s i n t he
spl eni c whi t e pul p ( l ef t ) and l ymphobl ast s among nucl eat ed er yt hr oi d and ot her cel l s i n t he
r ed pul p ( r i ght ) ( x 600) ; ( D) l i ver wi t h l ar ge deposi t s of l ymphobl ast s and l obul ar i nf i l t r at i on
( x 60) ; ( E) l ung wi t h a l ar ge pl eur al mass and hyper cel l ul ar i t y i n t he par enchyma ( x 60) ,
r eveal ed at hi gher power as F, i nf i l t r at i on of al veol ar sept a causi ng col l apse of ai r spaces
( X 600) ; ( G) a l ayer of t umor cel l s on t he sur f ace of t he hear t wi t h l i mi t ed penet r at i on of
car di ac muscl e ( x 90) ; ( H) t r ansver se sect i on of t hor aci c cage showi ng t umor on t he vent r al
sur f ace and i nf i l t r at i ng nei ghbor i ng muscl e ( x 14) ; ( 1) t umor mass at t ached t o par i et al bone
of t he skul l ( x 37) ; ( , J) Peyer ' s pat ch enl ar ged by l ymphobl ast s and i nt r udi ng i nt o t he l umen
of t he smal l bowel ( x 18) ; ( K) i nt ussuscept i on, wi t h a l ymphobl ast - enl ar ged Peyer ' s pat ch
ever t ed and dr awn i nt o adj acent bowel ( x 9) ; ( L) bl ood smear showi ng l ymphobl ast s and
gr anul ocyt es ( x 600) .

l ar ge enough t o def or m t he skul l and depr ess t he cer ebr um and cer ebel l um.

The ot her maj or or gans wi t h vi si bl e abnor mal i t i es wer e t he l i ver , whi ch was

of t en enl ar ged ( up t o t wof ol d) ; t he l ungs, whi ch occasi onal l y had a f ew pr esump-

t i ve t umor deposi t s ; and t he ski n, whi ch somet i mes showed f l at masses of t umor
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spr eadi ng post er i or l y f r om t he axi l l ar y r egi on, pr esumabl y t hr ough mammar y

t i ssue .

Hi st opat hol ogy .

	

Hi st ol ogi c exami nat i on of 60 ani mal s wi t h advanced t umor s

r eveal ed t umor cel l s wi t hi n many t i ssues . I n t he enl ar ged l ymph nodes, t he

nor mal ar chi t ect ur e was l ar gel y obl i t er at ed. Nor mal cel l s wer e al most compl et el y

r epl aced by medi um- si zed cel l s wi t h l i t t l e cyt opl asm and open- l ooki ng, of t en

i ndent ed, nucl ei cont ai ni ng l ar ge nucl eol i and f i ne r et i cul ar chr omat i n, i . e . ,

l ymphobl ast s ( Fi g . 3A) . The t hymus appear ed si mi l ar ( Fi g. 3B) , even i n some of

t he mi ce i n whi ch i t was not gr ossl y enl ar ged . The cor t ex t ended t o be mor e

densel y packed wi t h l ymphobl ast s t han t he medul l a . I n one case t he t hymus was

nor mal except f or pat ches of abnor mal l ymphobl ast s i n t he cor t ex, pr esumabl y

r epr esent i ng an ear l y st age of t hymi c i nvasi on by t umor cel l s .

The spl een and bone mar r ow wer e al t er ed even i n young heal t hy Ew- myc mi ce .

The pr et umor spl een was up t o t wi ce nor mal si ze, and i t s r ed pul p showed

gr eat l y i ncr eased ext r amedul l ar y hemat opoi esi s, wi t h many mor e megakar yo-

cyt es and nucl eat ed er yt hr oi d cel l s, al bei t l ess er yt hr ocyt es t han nor mal . Many

l ymphobl ast s wer e scat t er ed t hr ough t he r ed pul p ( but wer e not appar ent i n t he

whi t e pul p) . I n t er mi nal l y i l l ani mal s, t he r ed pul p somet i mes cont ai ned mor e

abundant l ymphobl ast s, whi ch l ar gel y or compl et el y r epl aced nor mal l ympho-

cyt es i n t he whi t e pul p ( Fi g . 3 C) . Pr et umor bone mar r ow was domi nat ed by pr e-

B l ymphobl ast s ( 14) . I n t he f emor al mar r ow of ani mal s wi t h advanced l ymphoma,

t her e was of t en a f ur t her i ncr ease i n t he number , and somet i mes t he si ze, of

l ymphobl ast s, al t hough gener al hemat opoi et i c act i vi t y was never compl et el y

di spl aced ( not shown) .

I n t umor ous ani mal s, t he l i ver was r out i nel y i nvaded by l ymphobl ast s, whi ch

f or med var i abl e- si zed masses i n por t al ar eas, and somet i mes i nf i l t r at ed t he l i ver

par enchyma, occupyi ng t he si nusoi ds of t he l obul es ( Fi g . 3D) . Whi l e none of 8

ki dneys exami ned hi st ol ogi cal l y showed i nvasi on, l ungs f r om 17 di seased ani mal s

al l showed wi despr ead di f f use i nf i l t r at i on of t he al veol ar sept a by l ymphobl ast s .

The r esul t i ng par t i al col l apse of t he al veol ar ai r spaces ( Fi g . 3, E and F) may

have caused t he t achypnea commonl y suf f er ed by ani mal s wi t h advanced t umor s .

Lung l ymphat i c vessel s wer e somet i mes st r i ki ngl y di st ended by a gl ut of l ympho-

bl ast s, and maj or bl ood vessel s commonl y cont ai ned l ar ge number s, i ndi cat i ve of

l ymphobl ast i c l eukemi a ( see bel ow) . I n some cases t he pl eur a cont ai ned di scr et e

masses of l ymphobl ast s ( Fi g . 3E) .

Muscl e and bowel wer e somet i mes i nvol ved . Car di ac muscl e was occasi onal l y

penet r at ed ( Fi g. 3 G) , whi l e i nt er cost al muscl e was ext ensi vel y i nf i l t r at ed by t he

l ymphobl ast s accumul at ed al ong t he t hor aci c ver t ebr al col umn ( Fi g . 3H) . How-

ever , nei t her t hese swel l i ngs nor t he t umor deposi t s under t he r oof of t he skul l

( Fi g . 31) ever r ef l ect ed any i nf i l t r at i on of t he spi nal cor d or t he br ai n . I n t he

di gest i ve t r act , apar t f r oma si ngl e cecal l ymphoma, l ymphobl ast s wer e pr eval ent

onl y i n Peyer ' s pat ches . When gr oss enl ar gement occur r ed, t her e was i nt r usi on

i nt o t he l umen ( Fi g . 3, J) and, i n cases of i nt ussuscept i on, a l ymphobl ast - packed

Peyer ' s pat ch coul d of t en be seen at t he head of an ever t ed por t i on of bowel ,

dr awn by per i st al si s i nt o t he adj acent bowel ( Fi g . 3K) .

Tr anspl ant abi l i t y . To ver i f y t hat t he masses of l ymphobl ast s seen i n t he

enl ar ged l ymphoi d t i ssues of E, u- myc mi ce wer e mal i gnant , up t o 10 6 cel l s f r om
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TABLE I I I

Tr anspl ant abi l i t y of EI - myc Tumor Cel l s

* Ti ssues wer e t aken f r om sevent h gener at i on Ei t - myc mi ce wi t h advanced l ymphoma .

t BSJF1 r eci pi ent s wer e exami ned at 3- 5- d i nt er val s af t er subcut aneous and i nt r aper i t oneal i nj ect i on

of cel l s i n 0. 2 ml bal anced sal t sol ut i on cont ai ni ng 5%FCS.

each of 22 pr i mar y t umor ani mal s wer e t r anspl ant ed i nt o nor mal BSJF1 mi ce .

Onl y t wo f ai l ed t o gener at e t umor s i n t he r eci pi ent s wi t hi n t he 3- mo obser vat i on

per i od, and one ot her yi el ded t umor s i n onl y a f ew r eci pi ent s . Fr om t he

r emai ni ng 19 donor s, 105
- 106

cel l s i ni t i at ed t umor s i n al l r eci pi ent s, t umor s

bei ng appar ent af t er 10- 35 d and t er mi nal i l l ness by 20- 50 d. Tr anspl ant at i on

t i t r at i ons, i n whi ch cel l s f r om f our donor s wer e r educed i n 10- f ol d st eps f r om

105 t o 10' cel l s per r eci pi ent , yi el ded t umor s at al l cel l doses . Exampl es ar e shown

i n Tabl e I I I . I r r espect i ve of dose, al l t umor s ar ose wi t hi n 10- 30 d .

Wi t h a f ewexcept i ons, t he gr oss pat hol ogy ( Fi g. 2, Eand F) and hi st opat hol ogy

( not shown) i n t r anspl ant r eci pi ent s was si mi l ar t o t hat i n t he pr i mar y t umor

ani mal s . Dependi ng on t he donor , t umor gr owt h at t he si t e of subcut aneous

i nj ect i on var i ed f r om undet ect abl e t o ver y l ar ge masses, but was al most al ways

accompani ed by enl ar gement of t he l ymph nodes, t he spl een, and t he t hor aci c

t i ssue ar ound t he ver t ebr al col umn, and by i nf i l t r at i on of t he t hymus, t he bone

mar r ow, t he l i ver , and t he l ungs . The bl ood was l eukemi c and gr anul ocyt ot i c .

Tr anspl ant r eci pi ent s di d not , however , devel op subpar i et al t umor s or i nt ussus-

cept i on, and enl ar ged Peyer ' s pat ches wer e r ar e .

Sel ect i ve homi ng pat t er ns wer e not evi dent . For exampl e, cel l s f r om pr i mar y

t hymomas di d not pr edomi nant l y cause t hymi c enl ar gement i n r eci pi ent s, and

cel l s f r omt wo subpar i et al t umor s di d not pr oduce vi si bl e gr owt h i nsi de t he skul l .

On t he ot her hand, one l ar ge pr i mar y subpar i et al t umor t hat showed l i t t l e spr ead

t o ot her or gans pr oduced massi ve t umor gr owt h onl y at t he subcut aneous

i nj ect i on si t e, pr esumabl y r ef l ect i ng i t s her i t abl e i nabi l i t y t o met ast asi ze .

Tr anspl ant at i on pr ovi des a sensi t i ve t est f or t he pr esence of mal i gnant cel l s

bef or e over t t umor s . We exami ned 149 EA- myc mi ce, bet ween 4 and 10 wk of

age, t hat appear ed f r ee of di sease . Di ssect i on r eveal ed t hat 23 ( 15%) had enl ar ged

l ymph nodes and/ or an enl ar ged t hymus . 79 of t he ot her s wer e t est ed f or

mal i gnant cel l s by t r anspl ant i ng 1- 5 x 10 6 bone mar r ow cel l s f r om bot h f emur s

and, f r om some of t hese donor s, 5- 20 x 10 6 spl een and mesent er i c l ymph node

Donor
ani mal

Donor t i ssue*

105

Dayst
t umor

per

10 4

unt i l f i r st si gn of
gr owt h at cel l number s

r eci pi ent of :

10 3 102 10'

F- 527 Mesent er i c l ymph node 18 18 21 26 21

21 21 21 26 26

21 21 21 26 32

F- 527 Femor al bone mar r ow 18 18 21 21 21

18 26 26 26 26

26 26 26 30 26

F- 546 Mesent er i c l ymph node 10 13 13 17 17

10 17 17 17 17
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TABLE I V

Leukocyt es of Lymphomat ous and Pr el ymphomat ous Et c- myc Mi ce

and Nont r ansgeni c Li t t er mat es

Ani mal s of bot h sexes aged 6- 21 wk i n t he t er mi nal t umor gr oup and 5- 11 wk i n t he ot her t hr ee gr oups wer e bl ed f r omt he hear t

or t he r et r oor bi t al si nus .

* Di l ut ed hepar i ni zed bl ood was t r eat ed wi t h Zaponi n ( Coul t er El ect r oni cs) and t he l ysed- cel l nucl ei wer e count ed and si zed usi ng a

Coul t er Count er and Channel i zer ( see Mat er i al s and Met hods) .

$ Gi emsa- st ai ned bl ood smear s wer e scor ed f or pol ymor phs as a per cent age of 200- 400 nucl eat ed cel l s .
i Concent r at i ons wer e cal cul at ed f r omeach per cent age and t he cor r espondi ng Coul t er count of nucl ei .

cel l s, by subcut aneous and i nt r aper i t oneal i nj ect i on i nt o nor mal BSJF1 mi ce .

Wi t hi n 2 mo, ei ght had gener at ed di ssemi nat ed l ymphomas i n t he r eci pi ent s, al l

of whi ch wer e obser ved f or at l east 3 mo . Thus, over al l , 24% of ost ensi bl y

heal t hy t r ansgeni c ani mal s wer e act ual l y i n ear l y st ages of l ymphoma devel op-

ment .

Bl ood Leukocyt es .

	

The l ymphobl ast s i n sect i ons of bl ood vessel s f r om ani mal s

wi t h advanced l ymphoma i ndi cat ed t hat t he di sease had a l eukemi c component .

The devel opment of l eukemi a was t her ef or e i nvest i gat ed by mi cr oscopi c exami -

nat i on of bl ood smear s and by count i ng and si zi ng bl ood cel l nucl ei i n a Coul t er

Count er . Ter mi nal l y i l l ani mal s and t hose at an ear l y st age of t umor devel opment

wer e compar ed wi t h pr et umor young adul t E/ - myc ani mal s and t hei r nont r ans-

geni c l i t t er mat es .

Tabl e I V shows t hat , al t hough whi t e- cel l par amet er s var i ed gr eat l y wi t hi n each

gr oup, t her e wer e cl ear di f f er ences bet ween t he f our gr oups . On aver age,

pr et umor ani mal s had somewhat mor e cel l s and sl i ght l y l ar ger nucl ei t han t he

nont r ansgeni c cont r ol s . The bl ood of most l ymphomat ous ani mal s, however ,

cont ai ned mar kedl y mor e cel l s and l ar ger cel l nucl ei ( Tabl e I V) , and st ai ned

smear s r eveal ed l ar ge l ymphoi d cel l s ( Fi g . 3L) , even when t he t ot al l eukocyt e

count was wi t hi n t he nor mal r ange . Cl ear l y, t hough, t he ext ent t o whi ch t hese

l ymphobl ast s i nvaded t he ci r cul at i on var i ed gr eat l y i n bot h ear l y and l at e st ages

of t umor gr owt h i n di f f er ent ani mal s . Fi g . 4 depi ct s exampl es of nucl ear si ze

di st r i but i ons f r om whi ch t he mean vol umes wer e comput ed . The pr of i l es f r om

l ymphomat ous ani mal s ( Fi g. 4, c - J) wer e al l di st i ngui shabl e f r om t hose f r om

heal t hy ani mal s ( Fi g . 4, a and b) , but appear ed t o var y i n t he r el at i ve pr opor t i ons

of nucl ei of t wo si zes, cent er ed on ^- 35 and ^- 60 f l .

Leukemi c bl ood f r equent l y had mor e abundant gr anul ocyt es ( Tabl e I V and

Fi g. 3L) . 10 of 13 advanced cases scor ed f or t hese cel l s had l evel s hi gher t han

Par amet er Nont r ansgeni c

Pr et umor

Eg- myc

Ear l y t umor Ter mi nal t umor

Nucl eat ed cel l s ( x 10 6/ ml ) *

Range ( number of sampl es) 1 . 5- 8 . 1 ( 22) 2 . 3- 11 ( 10) 3 . 0- 41 ( 17) 3 . 7- 130 ( 17)

Geomet r i c mean i SD 4. 2 + 1 . 6 5 . 7 + 1 . 7 11 + 2 . 3 29 + 4 . 0

Mean nucl ear vol ume ( f l ) *

Range ( number of sampl es) 35- 39 ( 18) 37- 41 ( 10) 40- 57 ( 8) 41- 70 ( 17)

Mean ± SD 37 . 4±1 . 0 39 . 6±1 . 4 49. 2±6 . 6 52 . 9±6 . 5

Pol ymor phs ( Per cent of nucl eat ed cel l s) $

Range ( number of sampl es) 6- 17 ( 15) 5- 20 ( 10) 4- 34 ( 16) 5- 45 ( 13)

Mean ± SD 11 . 4±3 . 3 10 . 1±5 . 2 14 . 2±7 . 4 19. 5±15 . 2

Pol ymor phs ( x 1 Os/ ml ) f

Range ( number of sampl es) 2- 8 ( 15) 2- 14 ( 10) 5- 49 ( 16) 4- 180 ( 13)

Geomet r i c mean + SD 4 . 2 i 1 . 7 5 . 2 X 1 . 8 14 + 2 . 1 28 + 3 . 1



12

10

2

HARRI S ET AL .

	

36 3

Vol ume ( f t )

FI GURE 5 . Leukocyt e nucl ear si ze i n weanl i ng

Ep- myc mi ce and nont r ansgeni c l i t t er mat es . 10 l i t -

t er s ( 71 mi ce) , bor n of nor mal f emal es mat ed t o

Eg- myc mal es, wer e t est ed f or t r ansgene car r i age

by t ai l DNA hybr i di zat i on and wer e bl ed f or de-

t er mi nat i on of mean l eukocyt e nucl ear vol ume at

21- 27 d of age . Fi l l ed ar eas i ndi cat e t r ansgene-

posi t i ve ani mal s, open ar eas t r ansgene- negat i ve an-

i mal s . Nucl ear vol umes wer e measur ed on Za-

poni n- l ysed bl ood f r om t he r et r oor bi t al si nus wi t h

a Coul t er Count er and Channel i zer .

t he maxi mum i n t he 15 cont r ol ani mal s t est ed . The gr anul ocyt osi s pr esumabl y

i s a r esponse t o t umor cel l s, si nce i t devel oped al so i n BSJF1 ani mal s car r yi ng

t r anspl ant ed l ymphomas ( not shown) .

Rapi d I dent i f i cat i on of Ew- myc Mi ce .

	

I n pr oduci ng l ar ge number s of t r ansgeni c

ani mal s, i t becomes ver y t i me- consumi ng t o i dent i f y t he t r ansgeni c pr ogeny of

het er ozygous par ent s by DNA hybr i di zat i on . The sl i ght l y enl ar ged l eukocyt e

nucl ei i n young adul t Eu- myc mi ce ( Tabl e I V) , t oget her wi t h our ear l i er f i ndi ng

t hat B- l ymphoi d cel l s i n t hese ani mal s cycl e mor e t han nor mal ( 14) , l ed us t o t est

whet her t hey coul d be i dent i f i ed at weani ng ( 3 wk) by si ze measur ement s on

bl ood l eukocyt e nucl ei . Fi g. 5 compar es t he f r equency di st r i but i on of mean

nucl ear si ze wi t h r esul t s of t ai l DNA hybr i di zat i on t est s on 21- t o 27- d pups .

For t unat el y, t he nucl ear si ze di f f er ence was accent uat ed at t hi s age . Despi t e t he

spr ead of val ues i n t he nor mal gr oup ( Fi g . 5, open bar s) and t he appar ent

bi modal i t y i n t he t r ansgene- posi t i ve gr oup ( Fi g . 5, sol i d bar s) , >90% coul d be

conf i dent l y cl assi f i ed by t hi s r api d t est , whi ch r equi r es onl y 5 A1 of bl ood ( see

Mat er i al s and Met hods) . Subsequent r out i ne t est s on sever al hundr ed weanl i ngs

have conf i r med t hat mean nucl ear vol umes above 43 f l ar e r el i abl y di agnost i c of

t r ansgene car r i age and bel ow 42 f l of nor mal i t y . Weanl i ngs wi t h val ues of 42 or

43 f l ar e ei t her r et est ed by DNAhybr i di zat i on or di scar ded .

The concent r at i on of l eukocyt es was al so el evat ed i n most weanl i ng Eu- myc

mi ce . Whi l e 90%of nor mal weanl i ngs had f r om4 t o 10 X 10 6 / ml , t hei r t r ansgeni c

l i t t er mat es had 8 . 5- 50 X 10 6 / ml wi t h a medi an of 19 X 10 6/ ml . Ther ef or e, cel l

count s i dent i f y most t r ansgeni c ani mal s, but nucl ear vol ume has pr oven mor e

a F1 AA e

FI GURE 4 . Si ze di st r i but i ons of l eu-

kocyt e nucl ei f r om nor mal and f r om

Eu- myc mi ce . The ani mal s, t he mean

vol umes of t hei r l eukocyt e nucl ei ,

and t hei r l eukocyt e count s wer e ; ( a)

42- d nont r ansgeni c, 37 f l , 8 . 1 X
V 0 25 50 75 100 0 25 50 75 100 0 25 50 75 100 10 6 / ml ; ( b) 42- d Ep- myc pr et umor , 40

a
b d f f l , 11 X 106/ ml ; ( c, d, e, and f ) Ey-

myc mi ce wi t h advanced l ymphoma,

48, 59, 52, and 51 f l , 88, 43, 4 . 5, and
U

J ~.

130 X 10 6 / ml , r espect i vel y . Count s

and vol umes wer e der i ved f r om Za-

poni n- l ysed bl ood wi t h a Coul t er

I I . - I . I Count er and Channel i zer .
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
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di scr i mi nat i ng . Compar i son of t he dat a f r omyoung adul t s ( Tabl e I V) and f r om

weanl i ngs ( Fi g. 5) r eveal s t hat ear l y i n t he l i f e of an Eu- myc mouse t her e i s a

t r ansi ent f l ood of enl ar ged l eukocyt es i nt o t he ci r cul at i on . These cel l s have

l ymphoi d mor phol ogy i n st ai ned smear s ( not shown) .
I mmunol ogi c Cl assi f i cat i on of Tumor s .

	

Si nce t he t umor s consi st ed of l ympho-

bl ast s, t hey woul d be cl assi f i ed as l ymphobl ast i c l ymphomas, but t umor s of t hi s
mor phol ogy can der i ve f r omei t her t he T or t he B l i neage ( 19) . Ther ef or e, cel l s

f r om pr i mar y l ymphomas wer e t est ed f or st ai ni ng wi t h f l uor escent ant i bodi es

agai nst t he T cel l mar ker Thy- I and t he B- l i neage mar ker s Ly5( B220) and I g .

None of 31 t umor s t est ed bor e Thy- 1, not even t he t hymi c cel l s f r om si x ani mal s
wi t h domi nant t hymoma . 6 of t he 31 showed sur f ace expr essi on of I g on
essent i al l y al l cel l s, whi l e anot her 9 cont ai ned mi xed popul at i ons of t umor cel l s
r angi ng f r om 5% t o 87%sur f ace I g' . Of 16 Thy- l - t umor s t est ed f or t he Ly-
5( B220) sur f ace ant i gen, 15 wer e posi t i ve . I n addi t i on, pr i mar y t umor s and
cul t ur ed t umor cel l l i nes al l car r y r ear r anged I g genes ( 16 ; Cor y, S. , A. W.
Har r i s, W. Y. Langdon, and J . M. Adams, manuscr i pt i n pr epar at i on) . Thus al l
EA- myc t umor s appear t o der i ve f r omt he B- l i neage, pr e- B l ymphomas and mi xed

pr e- B/ B l ymphomas pr edomi nat i ng .

Tumor s i n Nont r ansgeni c Mi ce.

	

Mi ddl e- aged SJL mi ce devel op a t umor known

as r et i cul umcel l neopl asm, t ype B ( 20) . Because t he EA- myc ani mal s cont ai ned a
var i abl e assor t ment of genes of SJL ( and of C57BL) or i gi n, we assessed t he

i nci dence and nat ur e of t umor s ar i si ng i n a gr oup of >I 00 of t hei r nont r ansgeni c
l i t t er mat es . No t umor s wer e f ound unt i l 10 mo, when one mouse was ki l l ed wi t h

a di ssemi nat ed l ymphoma, and t wo ot her s began t o devel op sl owl y pr ogr essi ng

t umor s . 10 of t he 105 ani mal s sur vi vi ng t he f i r st year wer e ki l l ed dur i ng t he

f ol l owi ng 6 mo wi t h advanced t umor s i n l ymphoi d or gans, and 21 ot her s wer e

ki l l ed ( si ck, or wi t h f i ght wounds) wi t hout evi dence of neopl asi a . When t he 75

sur vi vor s wer e aut opsi ed at 18 mo of age, 25 had one or mor e enl ar ged l ymphoi d

or gans . The est i mat ed t umor i nci dence i n t he 12- t o 18- mo age r ange was 37%

( 35/ 95) .

The gr oss pat hol ogy var i ed, par t l y because a t hi r d of t he t umor ous ani mal s

wer e ki l l ed whi l e appar ent l y heal t hy, but t he most f r equent f i ndi ngs wer e gr eat l y

enl ar ged mesent er i c l ymph nodes ( 83%) and l ar ge spl eens ( 69%) ( Fi g . 6A) . I n

16 of t he 36 t umor - bear i ng ani mal s ( 44%) , one or mor e Peyer ' s pat ches wer e

enl ar ged ( Fi g . 6A) . Wi despr ead l ymph node enl ar gement was f ound onl y i n si ck

ani mal s and pr obabl y i s a l at e event i n t umor pr ogr essi on.

None of t he 31 t umor s f r om nont r ansgeni c ani mal s exami ned hi st ol ogi cal l y

wer e l ymphobl ast i c l ymphomas . A f ew compr i sed f ai r l y uni f or m masses of l ar ge

l ymphoi d cel l s wi t h moder at e amount s of f ai nt l y st ai ni ng cyt opl asmand pr obabl y

wer e f ol l i cul ar cent er cel l l ymphomas . Most t umor s, however , wer e hi ghl y var i ed

mi xt ur es of l ymphoi d and nonl ymphoi d cel l s, l i ke t hose descr i bed as r et i cul um

cel l neopl asm, t ype B ( 21) . The mesent er i c l ymph node was r epl et e wi t h such

cel l s, of t en i ncl udi ng di st i nct i ve gi ant mul t i nucl eat e cel l s ( Fi g . 6B) . The l ar ge

nodul ar spl een ( Fi g . 6 C) cont ai ned gr eat l y enl ar ged whi t e pul p ar eas f i l l ed wi t h
t umor cel l s, and i ncr eased hemat opoi esi s i n t he r ed pul p . The l ungs cont ai ned
di scr et e t umor nodul es ( Fi g . 6 C) .

Thi s hi st ol ogi c pi ct ur e hel d f or onl y t wo of t he 134 EA- myc ani mal s, one of
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FI GURE 6 . Gr oss pat hol ogy and hi st opat hol ogy of t umor s i n nont r ansgeni c BSJF1- back-
cr ossed mi ce . The ani mal s commonl y exhi bi t ed ( A) enl ar ged mesent er i c l ymph node and
Peyer ' s pat ch( es) and an enl ar ged, nodul ar spl een ( X 1 . 9) ; ( B) mesent er i c l ymph node cont ai n-
i ng an abnor mal mi xt ur e of cel l s i ncl udi ng a gi ant mul t i nucl eat e cel l ( X 600) ; and ( C) l ung
cont ai ni ng dense nodul ar deposi t s of t umor cel l s ( X 60) .
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whi ch succumbed at 42 wk of age wi t h bot h r et i cul um cel l neopl asm, t ype Band

l ymphobl ast i c l ymphoma . The ot her , t he l ongest sur vi vi ng conf i r med t r ansgene

car r i er , became i l l at 83 wk of age wi t h r et i cul um cel l neopl asm, i ncl udi ng

nodul ar l ung deposi t s . Thi s unf or t unat e ani mal had won a Pyr r hi c vi ct or y agai nst

t he hi gh odds of devel opi ng a l ymphobl ast i c l ymphoma!

Di scussi on

We have char act er i zed t he E, y- myc mouse i n some det ai l as a model f or

l ymphoi d t umor i genesi s . Af t er a var i abl e per i od dur i ng whi ch t her e i s a beni gn,

l i mi t ed over gr owt h of pr e- B cel l s ( 14) , essent i al l y ever y mouse devel ops t umor s .

Al t hough t he di sease mani f est at i ons ar e somewhat var i abl e i n det ai l ( Tabl e I I

and Fi g. 2) , t he domi nant pi ct ur e i s di ssemi nat ed l ymphoma . The mor phol ogy

of t he t umor cel l s, and t he al most i nvar i ant i nf i l t r at i on of t he l ungs and l i ver

( Fi g . 3, D, E, and F) f i t t he cl assi f i cat i on of l ymphobl ast i c l ymphoma i n t he

Pat t engal e- Tayl or ( 19) scheme f or mouse l ymphoi d t umor s .

Lymphobl ast i c l ymphomas of mi ce can der i ve f r om ei t her t he T or t he B

l i neage ( 19) . An enl ar ged t hymus i s usual l y i ndi cat i ve of a T l ymphoma, such as

t hose t hat ar i se i n AKRand C58 mi ce, or i n ot her st r ai ns gi ven Mol oney l eukemi a

vi r us or x r ays ( e . g . , r ef er ence 22) . Thymi c enl ar gement was common i n E' - myc

mi ce wi t h advanced t umor s ( Tabl e I I ) , and i n 9 of 134 i t was t he domi nant

abnor mal i t y at aut opsy . Never t hel ess, al l t hese pr oved t o be B- l i neage t umor s,

most l y pr e- B l ymphomas . Si nce pr e- B cel l s ar e not f ound i n t he pr el ymphomat ous

t hymus ( 14) , and si nce t he l ymphoma cel l s commonl y met ast asi zed t o t he t hymus

af t er t r anspl ant at i on, we assume t hat t he pr i mar y t hymomas wer e caused by

i nvasi on f r om out si de t he t hymus . The same ar gument appl i es t o t he l ymph

nodes and l eads us t o suggest t hat acqui si t i on by pr e- B cel l s of t he abi l i t y t o

i nvade t he t hymus and l ymph nodes i s a cr i t i cal st ep i n t umor devel opment .

Some ot her B- l i neage t umor s ar e known t o met ast asi ze t o t he t hymus t o a l i mi t ed

ext ent , i ncl udi ng B- i mmunobl ast i c l ymphomas ( 23) and t he B- l ymphocyt i c l eu-

kemi a l i ne BCL, ( 24) . The pr e- B l ymphobl ast i c l ymphomas i nduced by Abel son

vi r us, on t he ot her hand, never appear t o i nvol ve t he t hymus ( 25, 26) .

Feat ur es common t o Abel son and Ea- myc t umor s, apar t f r om t he enl ar ged

l ymph nodes and spl een common t o most mouse l ymphomas, ar e t he deposi t s

i nsi de t he skul l and al ong t he ver t ebr al col umn. I t has been post ul at ed t hat t hese

pr omi nent f eat ur es of Abel son di sease ar e f or med by cel l s emer gi ng f r om t he

mar r ow of adj acent bones ( 26) . Wi t h advanced EA- myc t umor s, ver t ebr al col umn

swel l i ng by l ymphoma cel l s was common ; t umor s i nsi de t he skul l much l ess so .

Reci pi ent s of t r anspl ant ed cel l s di d not devel op skul l t umour s, but usual l y di d

show par aver t ebr al t umor and bone mar r ow i nvasi on . Thus, pr e- B l ymphoma

cel l s can r eadi l y met ast asi ze f r om t he per i pher y t o t he t i ssues al ong t he ver t ebr al

col umn, al t hough t hi s coul d i nvol ve an i nt er medi at e soj our n i n t he r egi onal bone

mar r ow.

The r at e of appear ance of t umor s i n EA- myc mi ce i s not const ant t hr oughout

l i f e ( Fi g. 1) . I n t he f i r st f ew weeks i t aver ages - 5%per week, l at er i ncr easi ng t o

17%per week and f i nal l y f al l i ng agai n t o 6%per week . The l ow i ni t i al r at e may

r ef l ect a smal l er number of cel l s at r i sk of mal i gnant t r ansf or mat i on i n t he young

gr owi ng ani mal . I t i s al so possi bl e t hat t he di f f er i ng r at es mani f est t he pr esence
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of genet i cal l y det er mi ned subpopul at i ons of ani mal s, si nce t he genet i c back-

gr ound i s a segr egat i ng mi xt ur e of C57BL and SJL al l el es . Fr om ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 6 wk of age,

when adul t si ze i s near ed, t he t umor onset r at e i s const ant at 17%per week f or

^ - 70%of t he ani mal s . Thi s cor r esponds t o a mean t i me of 38 d f or a mal i gnancy-

i ni t i at i ng event i n mi ce of 6- 16 wk of age . Ani mal s r emai ni ng f r ee of t umor f or

l onger per i ods appear t o r epr esent a r el at i vel y r esi st ant subpopul at i on wi t h an
onset r at e of onl y 6% per week and a mean t i me of 108 d t o i ni t i at i on of

mal i gnancy . Thi s r educed r at e i s associ at ed wi t h a r educed expansi on of t he pr e-

B cel l popul at i on i n t he pr et umor ous ani mal s ( 14) , and appear s t o be genet i cal l y

det er mi ned . Pr el i mi nar y r esul t s f r omser i al backcr ossi ng wi t h i nbr ed C57BL/ 6J

mi ce i ndi cat e t hat one or mor e C57BL genes conf er a r el at i ve r esi st ance t o

t r ansgene- associ at ed l ymphomagenesi s ( Har r i s, A. W. , unpubl i shed obser va-

t i ons) .

Si nce ear l y- onset t umor s di d not pr ogr ess mor e r api dl y t han l at e- onset t umor s

( Fi g . 1) , t he ear l y t umor s ar e not si mpl y t he mor e aggr essi ve ones . I nst ead, t he

r andomonset must be r el at ed t o t he appear ance of t he f i r st mal i gnant cel l wi t hi n

each ani mal . That cel l must be gener at ed by a l ow- f r equency event , pr esumabl y

a genet i c acci dent , wi t hi n t he abnor mal l y expanded pr e- B popul at i on . We can

est i mat e t he f r equency of mal i gnant conver si on . The young adul t EA. - myc mouse

cont ai ns - 2 . 4 X 10 8 pr e- B cel l s, most of whi ch ar e i n a pr ol i f er at i ve st at e ( 14) .

I f hal f t hese cel l s di vi de on aver age ever y 8 h, l i ke t he cycl i ng subset of pr e- B

cel l s i n a nor mal mouse ( 27) , t hen i n t he 38 d r equi r ed f or each t umor - i ni t i at i ng

event t o occur , t he t ot al pr e- B pool wi l l have under gone about 10 1° cel l di vi si ons .

Thus, t he r at e of occur r ence of mal i gnancy- i nduci ng event s i s about 10 - 1° per

cel l per gener at i on . Thi s i s an except i onal l y l ow r at e f or a si ngl e mut at i on .

Per haps onl y cer t ai n ext r emel y speci f i c mut at i ons suf f i ce, or per haps even a

dysr egul at ed myc gene- expr essi ng pr e- B cel l r equi r es t wo mut at i ons t o become

a mal i gnant cel l . Anot her possi bi l i t y i s t hat most newl y mut at ed pot ent i al l y

mal i gnant cel l s ar e el i mi nat ed by t he mechani sms r esponsi bl e f or t he r api d
t ur nover of pr e- B cel l s bef or e t hei r mut ant phenot ype can be ef f ect i vel y ex-
pr essed .

The hi gh t r anspl ant abi l i t y of t he pr i mar y l ymphomas ( Tabl e I I I ) i mpl i ed t hat
t r anspl ant at i on mi ght r eveal mal i gnant cel l s i n t r ansgeni c ani mal s not yet exhi b-
i t i ng si gns of l ymphoma . When many such ani mal s wer e exami ned i nt er nal l y f or
l ymphoi d or gan enl ar gement and t est ed f or t r anspl ant abl e t umor cel l s, 24%
pr oved t o be i n ear l y st ages of l ymphoma devel opment . By r el at i ng t hi s f i gur e
t o t he t umor onset r at e of 17%per week, we concl ude t hat l ymphomas act ual l y
i ni t i at e i n EI A- myc mi ce an aver age of 10 d bef or e ext er nal l y r ecogni zabl e si gns
become appar ent .

We f ound t hat t he EA- myc mi ce devel op l eukemi a as wel l as l ymphoma .
Al t hough ot her mouse l ymphoi d mal i gnanci es ar e commonl y cal l ed l eukemi as,

i t i s di f f i cul t t o f i nd publ i shed quant i t at i ve dat a on t he bl ood cel l s, and qual i t at i ve
st at ement s ( e . g . , r ef er ences 19, 25, 26, 28) suggest t hat t hose t umor model s do
not devel op t he hi gh concent r at i ons of ci r cul at i ng t umor cel l s t hat can occur i n
human l eukemi as . An except i on i s t he mouse chr oni c B- l ymphocyt i c l eukemi a
BCL1 , whi ch yi el ds bl ood concent r at i ons 10- 30 t i mes above nor mal l eukocyt e
l evel s ( 24) . Abel son pr e- B l ymphomas ar e associ at ed wi t h a gr anul ocyt osi s, but
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no det ect abl e l ymphoi d l eukemi a ( 25, 26) . Lymphomat ous EA- myc ani mal s, on

t he ot her hand, commonl y show bot h a myel ocyt i c l eukemoi d r eact i on and a

subst ant i al l ymphobl ast i c l eukemi a . The gr anul ocyt osi s mi ght be pr ovoked by

f act or s r el eased f r om t he l ymphoma cel l s .

Because t her e ar e many mor e l ar ge pr e- B and B cel l s t han nor mal i n t he spl een

and bone mar r ow of t he pr el ymphomat ous EA- myc mouse ( 14) , i t seemed l i kel y

t hat t he B cel l s i n t he bl ood woul d al so be l ar ger . The aver age si ze of t ot al

l eukocyt e nucl ei i n young adul t t r ansgeni c ani mal s di d t end t o be hi gher t han

nor mal ( Tabl e I V and Fi g . 4) , but l ar ger di f f er ences wer e seen wi t h younger

ani mal s, most weanl i ng t r ansgeni c and nont r ansgeni c ani mal s f al l i ng i nt o t wo

di st i nct gr oups ( Fi g . 5) . We have subsequent l y used t hi s r api d t est t o i dent i f y

t r ansgeni c pr ogeny i n t he Eu- myc l i ne, wi t h an er r or r at e of G5% i n sever al

hundr ed mi ce . The appar ent bi modal di st r i but i on of mean nucl ear vol umes

among t he t r ansgeni c weanl i ngs ( Fi g . 5) may r ef l ect t hei r genet i c het er ogenei t y

and i s under i nvest i gat i on . The bl ood cel l assays r eveal ed t hat , ear l y i n l i f e,

el evat ed number s of enl ar ged l ymphoi d ( pr esumabl y B or pr e- B) cel l s ci r cul at e

i n t he bl ood of t he Ey- myc mouse. Thi s phenomenon i s pr esent at 21 d t hr ough

33 d of age, but has al most di sappear ed by 42 d ( Fi g . 4) . I n a f ew ani mal s, of

cour se, t he ear l y l eukocyt osi s r ef l ect s ear l y- onset l eukemi a, but i n t he maj or i t y,

whose t umor s i ni t i at e l at er , t her e i s an i nt er veni ng per i od i n whi ch t he si ze and

number of bl ood whi t e cel l s ar e near nor mal .

Al l EA- myc t umor s seem t o der i ve f r om t he B- l ymphoi d l i neage, but t hey ar e

not al l uni f or m i n phenot ype ; we f ound pr e- B l ymphomas, mi xed pr e- B and B

l ymphomas, and B l ymphomas . The r andom i ni t i at i on and t he demonst r at ed

cl onal i t y of EI - myc t umor s ( 16) i ndi cat e t hat t he mi xed t umor s, and per haps even

t he " pur e" B l ymphomas, ar e descendant s of mal i gnant pr e- B cel l s t hat can

di f f er ent i at e . I n t hi s r espect , t hey di f f er f r om Abel son t umor s t hat r ar el y make

t he st ep f r om pr e- B cel l t o sur f ace I g- expr essi ng B cel l ( 29, 30) . We have seen

no evi dence of spont aneous pl asmacyt oma, t he t hi r d mai n cl ass of B- l i neage

t umor , by el ect r ophor et i c scr eeni ng of many EI A- myc ser a f or par apr ot ei ns ( Har r i s,

A. W. and M. Cr awf or d, unpubl i shed obser vat i ons) .

We l ooked f or possi bl e r el at i onshi ps wi t h t he t umor s t hat ar i se i n some

nont r ansgeni c l i t t er mat e ani mal s possessi ng t he same mi xt ur e of C57BL and SJL

genes . None of mor e t han 100 nont r ansgeni c ani mal s devel oped t umor s wi t hi n

t he f i r st 9 mo of l i f e, a per i od t hat saw 98%of t he El i - myc gr oup succumb ; but

when moni t or i ng was concl uded at 18 mo, t he i nci dence was 37%. The t umor s,

whi ch enl ar ged some l ymphoi d or gans, var i ed hi st ol ogi cal l y f r omuni f or ml y l ar ge

l ymphoi d cel l s, t hr ough mi xed col l ect i ons of l ymphoi d and nonl ymphoi d cel l s,

t o sar coma- l i ke masses of f usi f or m cel l s . They wer e al l r eadi l y di st i ngui shabl e

f r om t he l ymphobl ast i c l ymphomas i n t he t r ansgeni c ani mal s . Al so, t he l ung

i nf i l t r at i on was nodul ar r at her t han di f f use . Thus, t he E, u- myc t r ansgene di d not

si mpl y hast en t he onset of t he t umor s t hat woul d have occur r ed l at er i n i t s

absence .

The t umor s i n t he nont r ansgeni c ani mal s r esembl ed t hose char act er i st i c of

mi ddl e- aged SJL mi ce . SJL t umor s var y i n cel l composi t i on, and t hei r cl assi f i ca-

t i on, nat ur e, and mal i gnant char act er i s uncer t ai n ( 19, 21, 31- 33) . Some ar e

sai d t o cont ai n neopl ast i c pr e- B cel l s ( 31) and many ar e associ at ed wi t h cl onal
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pr ol i f er at i ons of I g- secr et i ng cel l s ( 34) . Ther ef or e, despi t e t he mor phol ogi cal

di f f er ences bet ween SJL and EI - myc t umor s, SJL genes ( such as Rcs- 1 [ 35] ) t hat

pr edi spose t o t he so- cal l ed r et i cul um cel l neopl asm may accel er at e l ymphoma-

genesi s i n Et u- myc ani mal s . Our pr el i mi nar y r esul t s wi t h C57BL- backcr oss ani mal s

suppor t t hi s i dea and suggest t hat t he EA- myc st r ai n mi ght be usef ul i n expl or i ng

ot her i nbr ed mouse st r ai ns f or genes whi ch can modul at e B- l ymphoi d t umor i -

genesi s .

Because t he i ni t i at i on of mal i gnancy occur s at r andom i n EI - myc mi ce, we

bel i eve t hese mi ce const i t ut e a model of spont aneous onset l ymphoma and

l eukemi a. I n i t s hi gh i nci dence ear l y i n l i f e, r api d pr ogr essi on, mi xed l ymphoma-

l eukemi a pat hol ogy and pr edomi nant l y pr e- B cel l or i gi n, t he di sease can be

consi der ed as a mur i ne anal og of t he common f or m of chi l dhood acut e l ym-

phobl ast i c l eukemi a ( 36- 38) . ; The nat ur e of t he l ow- f r equency event s, possi bl y

spont aneous mut at i ons i n ot her oncogenes, t hat gener at e t he f i r st neopl ast i c

l ymphoi d cel l i s under st udy . Such ani mal s shoul d pr ovi de a hi ghl y sensi t i ve assay

f or car ci nogens . Mor eover , by i nt r oduci ng ot her known oncogenes i nt o t hese

ani mal s, or i nt o t hei r pr e- B cel l s i n vi t r o, i t shoul d be f easi bl e t o del i neat e whi ch

of t hem can cooper at e wi t h a dysr egul at ed myc gene t o pr eci pi t at e B- l ymphoi d

mal i gnancy .

Summar y

Mi ce t r ansgeni c f or a c- myc gene dr i ven by t he I gH enhancer ( EA- myc) wer e

shown t o al most i nvar i abl y devel op l ymphomas, 90% succumbi ng i n t he f i r st 5

mo of l i f e . The t umor s t ypi cal l y pr esent ed as r api dl y pr ogr essi ve l ymphadenop-

at hy wi t h t hymi c i nvol vement and wer e hi ghl y mal i gnant by t r anspl ant at i on

assay . Mor phol ogi cal l y, t hey wer e l ymphobl ast i c l ymphomas, usual l y accom-

pani ed by l ymphoi d l eukemi a and gr anul ocyt osi s, and wer e di st i nct f r om t he

t umor s t hat ar ose much l at er i n 37%of nont r ansgeni c mi ce of t he same ( C57BL/ 6

X SJL) F2 genet i c backgr ound . Cel l - sur f ace mar ker s on 31 Et t - myc t umor s i dent i -

f i ed 52%as pr e- B l ymphomas, 29%as mi xed pr e- B and B l ymphomas, and 19%

as B l ymphomas . The t umor s appear ed t o ar i se at r andomf r oma popul at i on of

pr e- B cel l s expanded by const i t ut i ve expr essi on of t he myc t r ansgene . A maj or i t y

of t he ani mal s i ni t i at ed mal i gnancy at t he r at e of 17% per week . The r at e at

whi ch t he cycl i ng, beni gn pr e- B cel l s spont aneousl y conver t t o mal i gnancy was

est i mat ed t o about 10 - ' ° per cel l per gener at i on .

A t r ansi ent l eukocyt osi s i dent i f i ed i n young Eu- myc mi ce was devel oped i nt o a

r api d assay f or i nher i t ance of t he t r ansgene .
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