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To establish the feasibility of overexpressing foreign genes in the wool follicle, transgenic sheep were
produced by pronuclear microinjection of a DNA construct consisting of a mouse ultrahigh-suffur ker-
atin promoter linked to the bacterial chloramphenicol acetyl transferase (CAT) gene. Four of 31 lambs
bornwere transgenic. The overall efficiency of transgenesis was l,lVa of zygotes injected and transferred.
Two transgenic iams were mated to nontransgenic ewes, and both transmitted the gene to their offspring
in Mendelian fashion. CAT expression was found in the skin of one G0 ram and in 9 out of 26 transgenic
Gl progeny. Two Gl lambs were sacrificed to study tissue specificity. Both had high levels of expression
in skin 6utOne had high expression in spleen and kidney with lower levels of expression in lung; the other
had low expression in spleen, lung, and muscle. In situ hybridization demonstrated that transgene-
expression in the skin was confined to the keratogenous zone of the wool follicle cortex.-Expression of
CAT activity in skin was correlated with diet-induced or seasonal changes in the rate of wool growth.
This keratin promoter appears useful for overexpressing factors in the wool follicle that might influence
wool production or properties.

Reteivel l (t,\tty.tt.st l t)95 : ut t epted 22 Det etnlter 1995.

incc the filst clenronstration of the prodr-rction of a
lransgenic sheep', the abi1it1, to manipulatc the sheep
-ge nome has been arnply documented'-.  Thc gleatest
succcss has been achicved in targeting tr i tns-gene
expression to thc gland'6 notably in the production
of l 'actor IX and ct,-anti trypsin' in milk. Targctin-u o1'
other genes. such as a vi lal  envelope gcne" or imntuno-

globul in gcnes"' ,  has given more variablc t 'esults. Despite
considcrable eflblt to replicate the el'tbcts of glorvth hot'mone
overexplcssion in transgenic tnice' '  bv introducin-s gl 'owth
hormone genes in to  t ransgen ic  sheep ' t  " .  the  resu l t in - t
phenotype has been geneli i l ly dctr intental ' i  ' ' .

Manipulat ion of thc gcrnr l ine to improvc a proclue t iott  t lui t
in sheep remains an elusivc -goal. One apploach to enhance
wool ploduction has bccn to transl'er bactclial genes encoding
enzymes fbr the biosynthesis of cystciner, in the expectat ion
that availability o1' dietaly cysteine may be late-lirniting fbr'
wool -erowth. Wli i le explession of these enzvmes prevents
alopecia in tlansgenic r.nice placcd on a cliet delicient in sulfur-
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containing amino-acids' ' .  to date only one transgenic shecp has
hccn |cpo | te t l  thu t  lu i led  to  s i rc  c r rns is ten t  cxp I .css io l l .

With the ,goal of af l 'ect ing wool production or l ibcr char-
ac ter is t i cs .  we e lcc ted  to  ta rge t  t ransgene express ion
cl i lect ly to the wool fol l ic lc. In ordel to develop the technol-
ogy fol producing transgenic sheep and to dernonstrate abi l-
i ty to obtain expression in the wool fbl l ic le. we started with
a fol l ic le-specif ic plomoter l inked to a marker gene. The
chosen construct was a bacterial chlolarnphenicol acetyl
transferase (CAT) cDNA dl iven by an ultra-high-sulfur ker-
at in promoter that hacl been used to target the hair fol l ic le in
transgcrric mice'".  We rcport the successful targeting of the
rnarker gene to thc 'uvool 1'ol l ic le in transgenic sheep with sta-
ble. hcl i table expression thal rel lects the pattefn of f lber
growth.

Results
Transgenic animals. A DNA constrllct ntade of a mouse

ultra-high-sulfur kelat in gene promoter l igatcd to the CAI
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FIGURE 1. (A) The KERCAT construct used to generate transgenic sheep. (B) Southern blot analysis of BamHl digested trans-
genic sheep DNA probed with a CAT-SV40 probe. The probe detected a O.77 Kb band corresponding to the BamHl internal frag-
ment as well  as bands corresponding to tandem array integration and integration fragments. One copy and 10 copy-standard
are pKERCAT mixed with non-transgenic sheep DNA in a rat io equivalent to 1 copy and 10 copies of pKERCAT per haploid
genome, respectively. Control is non-transgenic sheep DNA.
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FIGURE 2. Detection of CAT activi ty in the skin of transgenic
sheep by CAT assay.The numbers above the lanes represent
the sheep number. NTG is non-transgenic sheep skin protein
extract. CAT is purified chloramphenicol acetyl transferase.
0 is buffer alone.

codin-e sequence (Fig. lA) was rnicloinjected into onc cel l
sheep zygotes.

From 37 1 injected zygotes transt-elred to 76 rccipient ewes.
3l larnbs were born. Screening b1' Southcrn blott ing t 'evcelcd
that fbur larnbs, two male and two f 'cr lale. wel 'e t lun\genic.
Transgene copy number val ied f l 'orrr less than one per cel l .  in
Line six. to more than 20 in Linc onc (Fi-s. lB). The blot l iom
one ram (Line one). subscquently selected lol rnating, dis-
played a band migrating between the 0.77-Kb intelnal I ' rag-
ment and the 2.6-Kb tandcrr.r array fragment obtained n'ith
BarnHl digcstion. We interpret this as indicating a single site
t r l  in tegru t ion .  r 'e ru l l ing  f r r rm 0 .12  Kb o l  - l '  CAT :cquencc
plus gcnomic DNA. The screening was confirmed by diges-
t ion with EcoRl (not shown). This rarn was mated to 42
random-bred nontrans-9enic ewes. result ing in 80 lanrbs born
of which 36 (.45c/a) were t lansgenic. Mating thc seconcl rant
(Line three) to 29 cu'es produced -57 lanrbs of rvhich l3 (-+0ct )
were transgenic.

Gene expression. CAT assay. on skin biopsics taken l t  I
month t l l l  agc from the fbur lbunder anirrrals (Fi-e. 2). shou'ed
expression of enzynre activi ty in one rani (Line clne) and no
expression in the second ram (Line three) or either of thc two
elves. From the Gl plogeny of both rams.26 Line one trans-
genic larnbs were tested at three month intervals ancl nine
showed CAT activi ty in the skin (scc below). None of l7 trans-

Il+E l.Transgene expression in different t issues.
Lamb No. l l8

9 .0
0 .3
3.,1
0 . 1
0 .1
u.6
0 . I
2 .8
0. 1
0 . 1
1 .5
0 . I

N.D
0.2

Ernressed as Dercent  conversiot t  of  substratc.  N.D.:  not  c lone

genic plogeny tested in Line thlee demonstrated cxpression of
the trans-gene.

Tissue specificity'. Two Gl progeny trom Line one were
sacl i t iccd and CAT assays were carr ied out on i l  variety oft is-
sues. Strongexpression was found in the skin but act i i i tS rras
also detected in spleen, lung, and kidney in onc ofthe two ani-
rnals; and in spleen, lung, and muscle of the other (Table l) .

The cel l  type in which skin expression occulred was lnvcs-
t igated by ir  .r lu hybl idization. using a "S-labcled antisense
riboprobe on f iozen skin scctions. Figure 3 shows that CAT
expression was local ized to the kelato-eenous zone of the
cortcx in the wool fbl l ic le

Regulat ion of gene expression. Since the ult lahigh-
sul lur kclat in gcne f lom which the KER plomotel is dcl ived
is explessed only dul ing active hair -growthr'rr".  we inresti-
gated whether CAT activi ty uncler the control o1'the mouse
KER prornotel would bc correlated with wool grou'th in
transgenic sheep.

Wool growth was assessed by wei-ehin-e the wool cl ipped
from a l0x iO-cm rnidsicle patch. At each sarnpl ing. a skin
biopsy was taken lbr CAT assay. Whcn thc ratc of wool glowth
was rnanipulated by altering the plane of nutl i t ion l 'or ram
Number one, a l inear relat ionship was fbund between CAf
expression and wool growth (Fig. 4A). Sarnpl ing was carr ied
out at 3 month intervals in the nine cxplcssing Gl progeny ol
th is  ram.  Compar ison o f  w in tc r  and spr ing  growth
(F' ig. ,1B) shows that expressiort of the transgene paral leled the
expected seasonal chan-tes in r 'r .ool growth.

D iscuss ion
The KER prolnoter w'as derivccl fl'onr a mouse ultrahigh-

sulf lr  keratin gene that is expressed during anagen (growing
phase) in the anterior-posterior temporal pattern characteris-
t ic of rnouse hai l  growtht". Our data indicatc that this mor-rse
promoter functions in a sinri lal  way in the sheep. driving
exprcssion of a heterolo-eous coding scquence in concert with
the patteln of wool growth.

The KER-CAT construct had been previously uscd to -9en-
erate transgenic mice. in which one out of thrce independent
l ines cxplcssed CAT activi ty in skin'".  This result is consistent
n i th our f incl in-u of explessiolt  in 25c/c of foundel transgetr ic
shcep. Lack of expressior.r.  despitc integration of the trans-
gene. is a common occl lrrcncc that can be attr ibuted to several
factors includin-s l"rosit ional el lects' ' .  In thc mouse l ine. CAT
activi t l ,  uas clevelopmental lv rcgr-r lated. occutr ing in anagen
but not telo-een (rest in-u phasc) of the hair cycle'".  Likewise.
our results show that thc activi ty of the promotet '  correlates
with variat ions in r.vool glovn'th. produced eithcr by dietary
manipulat ion or seasonal changes. The highly synchronized
pattern charactcl ist ic of hair -rrou,th in mice is not lbund in
shecp n'hcre most fbl l ic les are in anagen". Thus CAI activi ty
can be detected in expressin-u sheep, r 'egardless of thc t irne of
the yeaf u'hen the biopsy is taken.

Studies of t issue specif ici ty for KER-CAI irr t l lnsgc-nic
nricc showed explession was mainly in the skinr '" j  however
weak expression was also found in the sn-ral l  intest ine. which
was att l ibuted to bactcl ial  contaminationtt.  No data were
given fol the proport ion of offspl ing expressing the trans-
gene. In transgenic sheep. CAT activi ty was expresscd in the
skin of 9 out of 26 animals examined. Skin cxpresston was
stlong in tn'o Gl lanrbs in which l3 dif ferent t issues wet'e
assayed (about  70  t imcs  h igher  than background) .
E,xpression also occurrcd in lung. spleen and kidncy in one
aninral and in mr,rscle in thc othcr ' .  Ovelal l ,  skin expression
rvas fbund in 3-5% of Gl lanibs. Tissue specif ici ty can thus
valy betwccn anirnals and not al l  otfspring of the same l ine
express the transgenc in the target t issue. We have no cxpla-
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FIGURE 3. Detection of
probe. B: sense Probe.
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FIGURE 4. Relat ionship between CAT expression and rate of wool
sons (B; meanls.d., n=9).
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,x ,u iat ion cver1" ueck.  Synchronizat ior l  u as achicvet l  bY l l lser t lon of  an
i , r t i l r t , , , I innl  dci r  ie c tClbR: cont t 'o l led intcrnal  d lug le lease devtce'
; ; ; .  G:N. i t  Zcr l rnd Dr i l r  Board) contain ing 300 nrg plogcsteron On
Oi"  - f  :  thc CIDR rvas tctnot 'ed and rcplaceJ ui th l t lo lher t ln Da1'  -3 '
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"r , .h r ren in ' the proceduie Frbr l l  Da1'0 a rascctol r isccl  ranl  s l th a
;;;";t;it ';,;;";;i"iri,'un,vith thc eu'es H\\'cs that *erc markecl b-v1he
r; . t ; ; ; ; t i i ; ;  t " t r  tvcre inset l l inated'18 h nl icr  CIDR rctuorr l  u ' i th 250
*i oi rr"rr-I *-'""tt plaeeJ in the Ittt]len of thc utcrus by' a lrparoscopic
i aa f - l n i uu . .  Su t " i . r r i  r ee , , r t r r  r r l  t he  z r : r r l e '  r r r t s  p r ' r l i ' t t t t cd  t r - l  t "  6 ' l t
" l i " ' :  cr ion, l " , inu" l .  E$es $erc enct thct isct l  u i th i r '  s i ld i t t t .n pent t r
t , r* ia*  ,*J,ne utct  inc hort ls  and ol  iducts e r tcr ior ized v ia a mid-r 'c t l -
t l i l l  l i l r i u i ) l l t n \  u t i r t r :  ' t e r i l c  l c L h l l i L l t l e .  A  p o l r t h c n c  l l l h t  r 5  ( m v  I  X
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" , " . .  i r i i i r . l "a  w i th  l0  n t l  Du lbecco.s  phosp l ruLe_bLr l fe rcd  s r l ine  so lu t ron

. , , " , " i " iu i .S t "  ( \ \ ' / v )  BSA (S ignr r . )  l ' r ln r  r i ' r  r inge  u  i th  r  [ r lun t  ]0G nee

c l l c  inscr t ld  in to  thc  t l te r l l s  nJ l l  Lhe  u te r t r tubr l  jL rne t i ' r l  -  F l t t sh tn - t  nas

p. ' t " ' : ' i . J  , , "  [ ]o th  , l \  i r l t le  t \  and the  nun lbers  o f  corpor l  lu tea  and cggs

\ \e rc  teer r f ( l cd  f r r t  c le l l  c t rc .' 'nfi.- i"J..t ion 
of DNA into one'cell sheep embryos' Plasmid

oKbRCAT 
"eontains 

thc prr)moter rcgion of the ultra-high-sulfur kcratin

! . , " U U S f  i i r +  t . . , , . t h c r h l u t ; r t t t D h c t t i ' ' r l  r t t e l r l l r : r l l ' t i l r : c r (  \ T t e " J '

; , , " . , ; " .  ; . . .  i r r r ( l  l h c  S \  ' l t ) p , r h  \  r ' r ' 1 - i o r r  r F i ' :  l  \ r '  p K E R C  \ T  \ \ i r \  p t ( -

;;r:;t i ;;;", i i ; i i  t us clescrrbccl".irccpi that nr'6 rotrntls of cesittm chloride

i,i i ir i*rr,. *et'c perlbrttred. Thc rlconlbinant f l 'agn)crrt urs t-enlovetl

i l r r ; i ; ; ' ; l . . ' t , i J  [ rencnr  h1  tes t t ie t i ' r t t  t l iS t - r t i r . r r r  u i th  C la l  and Bg l l

t l r . . r r  t . t r r . i n . . . l  l r i , r r r . r r r  r r g l r r r , r c . . . : . 1  h r  r l r e  r l : , . .  n r i l k  h i t t t l i l t :  t t t c t l l ' t l  t l ' i t l :

. ,  c " i  .C t . , t "  L i t  iB i , r  iu l .  l - i :o t t i r '  Cr l i l i nn ia ) '  rccorc l iuq  1o  thc  rna t l r t

;;;;;, ' . instructiorrs. The purit ied DNA rias micxrinjectcd at a corrcen-
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nation fol the incornplete pcnetrance or the verr iat ion in t is-

sue specif ici ty between animals within thc same tral lsgenic
l inc. boutheln blott ing of DNA f iom G I lambs did not leveal
an)'  rearl 'angements of the transgene between animals (not

shonn). Th-c parteln of expt 'ession was not sex-r 'elated (5

ltmalcs and.1 males ffom Line one expt 'essed thc transgene)
nor \ \  as i t  related to twinning ( in three sets of twins onl l '  one

of each set showed expression). [ t  is irnportant 1o demon-
stratc the penetrance of expression among transgenic prog-

enl ancl to examine nlol 'e than one animal in order to assess
rhi t issue specif ici ty of expression. Few authors have com-
mented on these aspects'  but sinl i lar inconsistencies have
hccn sccn Prer  ioLrs l l

Oul leiults show a high rate ol success in gencrirt ing
transgenic sheep ancl demonstrate the usc of a mouse ker-

at in promoter to target e xpt 'ession of a heterologous gene tc)

the wctol fol l ic le. The promotcl uct ivi ty colresponded to i ts

bchav io r  in  the  mouse.  Expt 'ess ion  o f  the  t ransgene
occut 'recl in thc expectecl l 'ol l ic le ccl ls and was ct l trclatcd
with their metabolic act ivi ty in terms of wool growth' The
mouse plolnoter functions normally in the skin ot '-a di l fcr '-
ent species and appeals useful for overexpresslng lactors ln

the wool fol l ic le that might inl ' luence wool productton or
propert ies.

Exner imenta l  Pro toco l-'iS-uo".ot:utution 
program. Donor anirnals \\'e re selected at randolrl

tru' , .r , i l , , . i1, ut+0ttni ir t- i l -rge Cooprvorth ervcs naintained outcloors t ln

6/0 subslrale conversion
1
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t rat ion ol ' . : [  ng/pLl  into the prol luel ! -L l \  u l  tnc-ucl l  shcen embrvos as
c l c . e | i hcc l  .  T l t c  r r r i en ' i r r j c c l t . J  c r r r h r_ r , ' .  uc t . t '  t l i l n \ l cnL .d  i n t , ,  t l r c , r  i r l r r e  f
ol rcciprent c'"','es which rvere synchronized uith the clonors bv inserting
a CIDR and rcnroving i t  on the same day as lbr  the donors.  i )ur ing th!
nr ,n-hreedin!  \er \ ( ,11.  lceip icnts were also given a s ingle i . r r r .  in jcct i i in  of
: t , l , l U p t c . l i l i l t l l  i l t i l r e \ c t i l i l ) 9 i l 1 1 ; l j o q r r r p i r t t S i ! n t . r ) r , I D t r r  l r t  l l l ( \ . 1 i l I (
t i t t l c  u .  l h r ' h r . r  F S H D  i n  j c e  l i u r r  o f  r l r c . l , ' n o r r . -

.Screening of transgenic sheep. Larrbs born flon.r nricroin.jectccl
embrlos (G0) rvct'e testecl lil.integration of thc tt.unsgene b1, Southern
blotting anall,sis of DNA extractcd firrn an ear biopsy til<cn shortlv a|tcr
h i r t h  .  T l r e  p ruh . '  u ' c J  uu r  r r  L  l  K l r  [ ; , ' B1  l l . r l r r r cn i , , j  nKER(  A i  i . , r r _
ta inrng part  of . thc.CAT gene;rnd rhe SV. l0 re, : i r rn 1pr1.  i  { ; .  progcnv ol '
the lbunder anintals (G I ) r,,erc screenccl u.ith the polyircrase chain riac_
tiorr usin-e prinrels 5'-CAGTTGCTCA,ATGTACCtAi_3, ancl -5,_ATGAT_
GAACCTGAT\TCGCICA-3'  uhich bind ro rhc C.AT senc.

CAT assays, r\ 0.5-crn, skin biopsv uas taken fioh the bacK ot rrans-
gcnic shcep mid'"i,,a1,betuccn the hcad und the tail. Thc tissuc r.riis hontog
cnized in 0.1-5 M Tr is pH 7.8,  subni t ted ro 3 cycles of  l ieczinq aid
thawing and centr i fLr3cd ar  l -1.000-e fbr  l -5 min.  fo ncutr .a l izc p,r is ih lc
mhibitot'y luctors in the cxtl.act, the supet.natant was incubuled at 6-5,,C tbr
l5 nt inutes" 'and used in a CAT assav .

1 l r  s i lu h!br id izat ion,  1 i l  . r jar  h1 hr  i tL i  z lLron u rs 1rcr j  ornted cssent ia l ly
as dcscl ibccl" .  Br ic f ly .  sk in b i ' ,psrcs $crc t j rcd lor lh l t , rLrrs in,+? ( \ , / \ ; )
paratolnraldehl,dc. 0.2-57r (v/r.; glutaraldehydc in phosphate_butterctl
saline. pH 7.0, and l0-pm fl.ozcn sections ticre ,racie. RNA probes fbr
h.v-bridization r.r'cre prepared trrm a 2.10-bp EcoRI frasnterrt cdrrcsponcl
ing to thc 5 '  end of  thc CAT_ genc .subcloneci  

' in to 
pBJuc*-r ipt .

T lanscr ipt ion vu,as carr ic t l  out  $ i t l t  T7 (ant isensc probe) or  TJ (scnse
p|ohcl RNA polyrner.asc in rhc prescnce Of ,.S-Lrip (.100 Cli/rnntole).
according to thc manutucturcr 's  i t rs t r .uct ions (Boehr inser-Mannheirn) .
Thc sect iOns u 'cre incubl tecl  br ief l1 in 0.  l t t  ( \ , / \ . )  t r ic th inojaminc then
in 0.2511 (r'lr,) acetic anhy,clritle. li.l N'l rrierhanolamine lirr l0 rrin. at
rou.r . r  lcrrperatru 'e.  u 'ashecl  br ief ly  in 2 X SSC ( l  X SSC is 0.15 M NaCl.
0 .01 -5N , l  soc l i umc i r r a r c ) . i i nd ! [ . h ) ! ] l . r r edb1  p rLss inuLh r .ou , : h30 . i . 50? .r ( l ' { .  X 5 ' , .  O g ' ,  r r / r  I  e l t t , r n u l  . , , l L r t i , , r r . .  H i h r r , . l ; 7 , , 1 ; , , , ,  1 , , 1 1 1 1 1 i , . . 1 1 . g , , 1
sensc ' p robeswasca r r i edou t i r r r hu I l c r . t . un t r i i n i n r5 ( ) , , I r / r . 1  I o rn tan t i c l c .
0.3 N{ NaCl.  l0 mN{ F-DT.\ .  I  0 mN,l  Tr is .  pH 8.0.  I  X l )cnhar- t 's  solur ion . .
.500 pg veast  tRN;\ / rn l .  lOf t  ( r /v .1 dcrrr iLn sul l i r tc .  and l (X) r rN, I  t l i th io
thrc i to l  (DTT) I i l ' .113 hours aL.1l .C.
.  _ At icr  h lbr id izar ion the s l ides $ 'er .e t l -caleLi  I i th RNase . \  (20 pLg/nr11
in RNa.se buf lcr  (0.-5 M NaCI,  I  0 nr l , l  Tr is .  pH E.0.  O. I  nrNl  EDt\) ] rhcn
tashed ui th RNase buf fbr  for  30 min.  at  J7.C: I  X SSC tbr .30 rn in.  at
roolr  tempcrat lL lc;  ancl  0.1 X SSC. l0 ntM DTT t i r r  60 r l in .  at . t -5.C.
Thc slidcs \\,erc then dried. coated rvirh NTB2 phorocraphic entulsion
(Kodak. Rochcster, NY1, cxposecl tbr 7 days, devilopeiiarid stainctl u.ilh
n ac malox v I I n -e0sl n.

Nlanipulation of rvool grorvth. In thc tirst cxperiment wool grovutlr
r "as rnanipulated by al rer ing thc c l iet .  Rarr  nurrber one rvas 1ed i  h iuh
c'a lor ic  d iet  (  1200 g nuts ancl  .100 g ha1, . ;  fbr .1 u 'eeks lhen a l l r inrcnr;e u
. l j c t  t +15  |  i l u t 5  JnJ  l { ,U .  h r \  I  I o t  l  ( uD \ r ( . u t i r c  J -uccL  pc r . i o r l s .  l r r , ,
. l o  l { ) - e r r r  r r r i J - r i J c  . k i r r  l r . r r r . l r c .  u i r . c  Je l i r r c J  p r . i r , 1 .  1 , ,  111 .  l i r . t  l _ueck
In[et  \u l  r l ld  thcr , ' t r l  urs e l ippcd.  c lcaned and ucighecl  at  the cncl  o l 'cach- l -ucr-k per iod.  T\ \u skin h io|s ics werc taken in thJ nt ic ld lc ofeach intcr
val and used to perlornt a CAT assal as describctl lhove.

In thc secold crper in lent .  l t id-r le l t -  s l in 1.q19hgr \ \  e le ( lc t inc( l  on nine
t lansrenic o l fspnng of  rar l  nur lbcr  onc in Apr i l  ancl  thc uool  nrrs
cl ipped. c lcan.^d and ucighed at  l -nrouth intcrr  l ls .  u hcn skin b iopsics
lor  CAT assay \ \ 'erc a lso takcn.  Data arc prc\cnted f i r r  Jul r  (u: inter
. l n l u I h i . J t ) J  O i l o h g l  r 5 p 1 i 1 1 1  g r r ' u I h r .  T h c : 1 l i 1 t i r l .  r r c r c  ( . . 1 . t  , , 1 1  1 , ; 1 . 1 1 1 1 , .
! l t l f l t l f  t h c  t I [ t l
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