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ABSTRACT

For sophisticated gene targeting procedures requiring
two sequential selective steps to operate efficiently it

is essential that the marker genes used are not prone

to position effects. The double replacement gene
targeting procedure, to produce mice with subtle gene
alterations, is based on the use of hypoxanthine
phosphoribosyltransferase (  HPRT) minigenes in
HPRT-deficient embryonic stem cells. Our standard
HPRT minigene, under the control of the mouse
phosphoglycerate kinase-1 gene promoter, was stably
expressed at five of six target loci examined. At the
remaining locus, DNA ligase | ( Lig1), expression of this
minigene was highly unstable. A different minigene,
under the control of the mouse  HPRT promoter and
embedded in its natural CpG-rich island, overcame this
position effect and was stably expressed when tar-
geted to the identical site in the  Ligl locus. The
promoter region of the stably expressed minigene
remained unmethylated, while the promoter of the
unstably expressed minigene rapidly became fully
methylated. The difference in the stability of HPRT
minigene expression at the same target locus can be
explained in the context of the different lengths of their
CpG-rich promoter regions with associated transcrip-
tion factors and a resulting difference in their suscepti-
bility to DNA methylation, rather than by differences in
promoter strength.

INTRODUCTION

subtle gene alterations without the retention of a marker gene,
require two sequential selection steps and consequently place
greater demands on the stability of marker gene expression. The
advantage of these more complex targeting procedures has been
emphasized by the increasing number of reports that integrated
marker genes can have unanticipated effects on the expression of
genes adjacent to the target locus (for a reviewtsee

We have developed the double replacement gene targeting
procedure in the hypoxanthine phosphoribosyltransferase (HPRT)-
deficient embryonic stem (ES) cell line HMH) for making subtle
gene alterations6(7). The procedure, which was originally
suggested by Reid and co-workefy, (is based orHPRT
selectable marker§)and the ability to select both for and against
HPRTexpression. In the first step, to inactivate the target, a region
of the target locus is replaced withlARRTminigene, with HAT
(hypoxanthine/aminopterin/thymidiné0) selection forHPRT
marker expression. In the second targeting stepHRERT
minigene is itself replaced with an altered region of the target
gene to reconstitute the locus, with selection for loss tiERT
marker using the purine analogue 6-thioguanine (6-TG). Starting
from the knock-out cells generated in the first targeting step, a
series of second steps carried out in parallel can be used to
generate a panel of mouse strains with different alterations in the
same target gene.

We have used this method successfully to generate mice with
subtle alterations at three loci:lactalbumin (), prion protein
(PrP; 6) and DNA ligase Il{igl). The method is reliant for
success on the 6-TG selection identifying clones whetdRIRT
marker has been physically lost as a result of the second
replacement step. The efficiency of the procedure will be
compromised if 6-T® clones also arise due to instability of

The ability of chromatin to affect the expression of randomiHPRT minigene expression. Although the frequency for the
integrated genes has been extensively documented in transgesgicond step by double replacement targeting compared favourably
mouse studies (for recent reviews 5€8). Conventional knock-out with that reported for other methods, such as ‘hit-and-ri2), (
gene targeting in cultured mammalian cells involves the insertigrarticularly in the case of our initial work @igl, this frequency

into or replacement of part of the target locus with a selectabl&s generally been lower than anticipated. A similar two step
marker gene. Stringent demands are not placed on the marketection strategy has also been devised around a combination of
genes used, which need only be expressed for long enough dh@neo(positive selection for first step) and Herpes simplex virus
sufficiently high level to permit screening of colonies survivingthymidine kinase (HS\k; negative selection for second step)
selection to identify targeted clones. Consequently, although gegenes {3,14). Difficulties caused by the frequent loss of HEBV
targeting could provide a powerful method to analyse thexpression, as opposed to the physical loss of the marker by the
mechanism by which endogenous sequences exert positisacond step of the targeting process, have been disciSsed (
effects on integrated transgenes, there has been no stimulus to ddere we compare the stability of expression of HIPRT

s0. More sophisticated gene targeting procedures, which resultminigene, under the control of the constitutively expressed mouse
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phosphoglycerate kinasé®GK-1) promoter, at six different Cell culture

targeted loci. This represents the first survey for position effec " .
at gene-targeted lo¢iPRTmarker expression was stable at 1‘iveajlture conditions for HM-1 cells have been descriigll Cells
were grown in Glasgow modified Eagle’s medium supplemented

f;;bz?;taetéhﬁifgxm?hblgﬁg;ﬁ?'g&ﬁirg%ﬂﬂﬁt 3\?2 éﬂlir\]’;aswith 5% foetal calf serum, 5% newborn calf serum and human

same part of theigl gene was retargeted with a differefRRT \|7v”:r T?rgnetsd dC:?nrflSHvﬁ_remS%ﬁ?;egdg H;A'\I/’vrr]nfeczluzmé gulturiens
minigene, under the control of the mol#eRT promoter itself ereé removed fro € gro or 2~5 days

and containing the CpG island in which tHERT promoter medium supplemented with hypoxanthine and thymidine, before

: - - P being transferred to ordinary medium. After 7-10 days of
;er%dtﬁse’ gph(';gg:xglr?g ;::é( %rﬁris(;?hr;lv;/?esdstably maintained non-selective growth cells were plated at 1x11685/90 mm dish

in medium containing fg/ml 6-TG to determine the spontaneous

frequency of 6-T® in individual targeted clones.
MATERIALS AND METHODS
Nucleic acid hybridization

HPRT minigenes Genomic DNA was prepared from targeted clones which had
been maintained under HAT selection and from cultures grown
Construction and expression of the mow#eRT minigenes Non-selectively for 7-10 days and Southern hybridization was
PGK-HPRT and pDWM110 have been describ&l. (n the carried out as describeiidj. Probes were derived from the full-
referenced publicatioPGK-HPRT was described aBPGK/  length mousélPRTcDNA clone pHPT5X9). The 3-probe was
pDWML1. The 2.7 kb minigene (see F4yis under the control of & 254 bpPst—Xhd fragment, extending from the-&nd of the
a 510 bfEcoRI-Tag fragment from the mouseGK-1 promoter  CDNA to aXhd site at the beginning of exon 3 (see Big.The
(15). The promoter is fused to the truncatt®RT5-untranslated ~ 3-probe was a 449 bigindlll-EcoRI fragment extending from
region, 63 bp downstream of the mBiRRTtranscriptional start aHindlll site in exon 9 to the’@nd of the cDNA (see Fig). Total
site. The minigene contains the remainder of thenfanslated RNA was prepared from targeted clones grown non-selectively for
region’ entire Coding region antdhtranslated region' with the 7-10 dayS and northern hybﬂdlzatlon was Cal’l’led_out as described
coding region being interrupted by introns 7 and 8. The 2.7 K3.9). Filters were probed first fdiPRTmMRNA, using pHPTS,
minigene was excised froRGK/[pPDWM1 as arEcaRl fragment ~ and then reprobed with a mousectin cDNA €0).
and _cloned into thEcaR site of pBIugscript Il SK+ (Stratagene), Hpall PCR assay
to give pBT/PGK-HPRT (RI), which was used for targeting
vector construction. Genomic DNA (ug and 100 ng), prepared from targeted clones
The 5.2 kb minigene pDWM110 differs frddGK-HPRTatits ~ grown non-selectively for 7-10 days, was restricted overnight
5'-end (see Figd). It is under the control of 637 bp of the naturalWwith 20 UHpall or Msp. The digests were treated at€@5for 15
mouseHPRT promoter, rather than tfeGK-1 promoter, and Min to inactivate the enzyme and PCR reactions were set up with
contains the entire’Bintranslated region and parts of introns 1100 and 10 ng amounts of uncut and restricted (100 ng from the
and 2. Intron 1 contains a key control element required by tHeg digest, 10 ng from the 100 ng digest) DNA. The cycle
HPRT promoter. The presence of the truncated intron 2 fulfils gonditions (34 cycles) were: 1 min at*@} 1 min at 65C, 30 s
non-specific intron requirement for efficielPRT minigene  at 72°C. The primers used to amplify a 162 bp fragment from the
expression. The 5.2 kb minigene was cloned as a blunt-endefG island of minigene DWM110 wereGCCGGCAGCGTTT-
fragment into Sal/EcaRV-cut pBluescript Il SK+, to give CTGAGCCATTGCTGAGG (located just upstream of the main
pBT/DWM110, which was used for targeting vector construction HPRT transcription initiation site, positions 826-855 from the
mouse HPRT promoter sequence; GenBank accession no.
J00423) and 'SCGACGCTGGGACTGCGGGTCGGCATGA-
CGG (located itHPRTexon 1, positions 988—959). The primers
) , ) . _used to amplify a 150 bp fragment from the CpG island of
Gene targeting was carried out in th_e HPR‘_I'—deﬁugant ES (_:eII _IlanK _HPRT were 5-CGCACGCTTCAAAAGCGCACGTCT-
HM-1 (5). For thePrP gene the entire coding region, which is GccGCG (located just downstream of B@BK-1 transcription
contained in a single exon (exon 3), was replaced by tgjtiation site, positions 864-893 from the mMOUBGK-1
PGK—-HPRTminigene in the opposite transcriptional 0r|entatlor‘;pmmoter sequence; GenBank accession no. M18735) and the

(6). For thep-casein gen®GK-HPRT was inserted into theé gameHPRTexon 1 primer as for the DWM110 reaction above.
3-flanking region in the same transcriptional orientationpimer locations are indicated in Figiie

(A.Kind, personal communication). For thidactalbumin locus

a 2.7 kb fragment containing the entire gene was deleted apgg 15

replaced wittPGK—HPRTin the same transcriptional orientation

(7). For theLigl gene a 4.9 kb fragment containing thee3d  To date PGK-HPRThas been our minigene of choice for gene
(exons 23-27) of the gene was replaced bHRRT minigene  targeting in HM-1 cells. It combines the convenience for targeting
(either PGK-HPRT or DWM110) in the same transcriptional vector construction of a compact size (2.7 kb) with a high level
orientation (1). For the cytokeratin 10 gene an internal fragmenof transient expression in ES cells and a good transformation
containing exons 3—7 was deleted and replacedR@H-HPRT  frequency in both HPRT-deficient ES cells and fibroblasts. We
in the opposite transcriptional orientatidrb), For the cytokeratin  have used it successfully to target a number of different loci
18 gene a'Sragment containing part of exon 1 and the whole 0f6,7,11,16). Unlike PGK-HPRT, which is controlled by a 510 bp
exon 2 was deleted and replaced WiBK—HPRTin the opposite  fragment from the moudeGK-1 promoter, the larger (5.2 kb)
transcriptional orientation. DWM110 minigene is controlled by the natural mobkeRT

Gene-targeted clones
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promoter and contains part of intron 1. At HieRT locus itself HIA-1 gene-targeted clones
the promoter resides in a 1.3 kb CpG islati, (with all but the

3' 200 bp of this island being present in the DWM110 minigene. weo 3 §

The mous@GK-1 promoter is also located within a CpG island, - c2EEL oo

but only 510 bp of this is present in tAGK-HPRT minigene. b EE Sttt Escs
Because this minigene lacks any intron 1 sequence®GHKe £ = 33 g g o 58 s
promoter is not located in the same CpG island context in s § 243 % E % § s
PGK-HPRTas theHPRTpromoter is in the DWM110 minigene. ® e=Bae wl R
The larger minigene performs slightly better tR&K-HPRTin

transient assays (2-fold) and significantly better in transformation ey L L L Tt

assays (7-fold) in ES cell8)(

Stability of HPRT minigene expression in targeted clones Figure 1. HPRTmMRNA levels in gene-targeted clones. RNA ) extracted
from wild-type ES cells (E14), HPRT-deficient cells (HM-1) and a range of

The spontaneous frequency of 681G six different gene-targeted ~clones targeted wittHPRT minigenes RGK-HPRT or DWM110) was

i [ f ; subjected to northern analysis, probedfBRTMRNA and then the same filter
clones, all containing thBGK-HPRT minigene, is shown in was reprobed fom-actin mRNA as a control for variations in RNA loading.

Table 1. For five of the six clones testedrf, B-casein,  ypjess otherwise indicated, tRRGK-HPRT minigene was used for gene
o-lactalbumin, cytokeratin 10 and cytokeratin 18) the frequencyargeting. Lig, DNA ligase I.

was very low (ranging from <210-8to 4x 10-), indicating that

HPRT minigene expression was stable at each of these targeted frming th lusion th . P~
loci in the absence of selection. However, for the sixth targéones’ confirming the conclusion that expression OfRGH-

locus, Ligl, two independent clones targeted withR@K-HPRT  1PRT minigene, but not the DWM110 minigene, is highly
minigene gave a dramatically higher level of 68(G-2x 10-9).  Unstable at this locus.

To address the possibility that this very high level of & ftight

be due to the carry over, in the targetagll clones, of parental
HPRT-deficient HM-1 cells that were surviving in HAT medium

Table 1. Spontaneous frequency of 6-TG resistance in HM-1 clones targeted
with anHPRTminigene

by metabolic cooperatiorT), we subcloned the twidg1 clones .
uxder HAT selecF'zion andx then repeated the de%ermination n(f;éne targe.ted clofe Frequency of 6-TG resistarice
6-TGR on three subclones of each. All subclones assayed showé&don protein 0.75x 10
the same high level of 6-TGas the targetedligl clones  p-Casein <0.% 106
themselves (data not shown). The 6RT@erivatives of these _Lactalbumin <x 108
Ligl clones do not arise as a result of the physical loss 0?_
PGK-HPRT minigene DNA: all 6-T® colonies analysed by L92/DWM110#12 <0.5¢10°°
PCR were positive for minigene DNA (data not shown). WeLigl/DWM110 #6 4x 106
conclude thatPGK-HPRT minigene expression is extremely |iq1pck-HPRT %3 2x 10°2
unstable when targeted into tHeeBd of theligl gene. _ )
The identical region oLigl was then targeted with the U9VPGKHPRT#106 1.510°
DWM110 minigene. Two independent clones analysed showegytokeratin 10 %1076
a very low level of 6-T@ (<0.5-4x 10°9), indicating that this  ytokeratin 18 0.4x 10-6

minigene can overcome the position effect and is stably expressed
in the same situation that abolishes expressi®GH-HPRT aUnless otherwise indicated, tREK-HPRTminigene was used for gene targeting.
o . bindividual gene-targeted clones were released from HAT selection and grown
Level of HPRT minigene mRNA in targeted clones non-selectively for 7-10 days, before being plated jpg/6l 6-TG at a density
of 1-1.5x 1P cells/90 mm dish, to determine the frequency of & TGonies.
Frequencies are expressed as less than a certain value where no resistant colonie
¥re obtained from the cells plated.

The levels oHPRTmRNA in targeted clones were determined
by northern analysis after the cells had been grown non-selectiv
for 7-10 days (see Fid)). The targeted clones are all derivatives
of the HPRT-deficient HM-1 line, which produces H®RT
MRNA as the result of a deletion which has removed 'tead

of the gene8). The level oHPRTMRNA in the wild-type ES DNA methylation, particularly in the context of CpG-rich
cell line E14 22) was the standard against which the levels opromoter regions 2(3), was clearly a prime candidate for
minigene-encodedHPRT mRNA in the targeted clones were involvement in unstable expression of BH@K-HPRTminigene
compared. As expected, the five clones targeted with thet theligl locus. Consequently, we used Southern analysis with
PGK-HPRT minigene, which had shown a low frequency ofHpall and Msg digestion to study the methylation status of
6-TGR, all contained high levels 6fPRTMRNA, although there HPRTminigenes and flanking target sequences in three selected
was variation irHPRT mRNA levels between members of this clones. Thé>rP gene, targeted witARGK-HPRT, was chosen as
group, particularly when the actin reprobe, to correct for variatiorsn example where this minigene was stably expressed.ighe

in loading, was taken into account. The twigl clones targeted gene, targeted witPGK—HPRT, was selected as a situation where
with thePGK-HPRTminigene contained barely detectable levelexpression was highly unstable, while the same gene targeted
of HPRTmRNA, while the equivalent clones targeted with thewith the DWM110 minigene provided an example where a
DWM110 minigene both had higdlPRT mRNA levels. Thus, different minigene was stably expressed at the same integration
there was a good correlation between the high frequency site. Southern blots for one clone of each type are shown in
6-TGR and the low level dHPRTMRNA in theLigl/PGK-HPRT  Figures2 (5-probe) and (3 -probe), with the interpretation of

Methylation status of HPRT minigenes in targeted clones
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Figure 4. Methylation state oHPRT minigenes in targeted clones. The
5 probe Southern blot data from Figures 2 and 3 are summarized het@gIRGK-
HPRT Lig/DWM110 andPrP/PGK-HPRT Open numbered boxedPRT

Figure 2. Methylation state around the-&nd ofHPRTminigenes in targeted ~ €xons; closed boxeddPRT untranslated regions; light stipplind?GK
clones. DNA (1Qug), extracted from HM-1 cells and three clones targeted with Promoter; diagonal shadingPRTpromoter; vertical shadingiPRTintrons;

HPRT minigenes I(ig1/PGK-HPRT Ligl/DWM110 andPrP/PGK-HPRT), dark stippling, flanking target sequences; horizontal shading, polylinker. H,
was digested (MHindIll/Msp; H, Hindlll/Hpall) and subjected to Southern Hindlll. The locations and deduced methylation status ¢f@ll sites within
analysis. DNA was extracted from cultures maintained under HAT selection the minigenes and flanking target sequences are indicated by the unlabelled
(HAT) or grown non-selectively for 7-10 days (no HAT). Std. indicates Vertical lines on the maps: short lines, non-methylated; intermediate lines,

mobility of markers (kb) on the same gel. Thepfbe hybridizes t{PRT partially methylated; long lines, fully methylated. The locatioridjull sites
exons 1 and 2. within the PGK-1 andHPRT promoter regions were obtained from the DNA

sequenceHPRT(25), GenBank accession no. JOO2GK-1 (15), GenBank
accession no. M18735]. For the flanking target sequerpel sites were
mapped using cloned material. Note that the methylation stakjsafifsites
in the 3-flanking sequence okigl/PGK-HPRT could not be probed by
HM-1 LigiPGK- LigiDWM PrR/PGK- Southern blotting, due to the presence Hiradlll site in the polylinker at the

— HPRT = 110 ~ HPRT 3'-end of thePGK-HPRTminigene. For this reasdtpall sites in this region
E '% 'i are shown as broken lines, assuming the same fully methylated status as in the
E 5 % o & © equivalent region otigl/DWM110, which could be probed. Similarly, the
£ =z £ =z £ Z 5 methylation status of theHpall site in the 5flanking sequence of
MHMHHMHHMMHH & Lig/DWM110 could not be probed, due to the non-methylatidtpall sites
within the DWM110 promoter region. For this reason,ipall site in this
_334" region is shown as a broken line, assuming the same fully methylated status as
-85 in the equivalent region &figl/PGK-HPRT which could be probed. For each
a4 targeted locus the regions recognized by each probe and the locations and sizes
of the fragments observed followiktindlll/Msp andHindlll/Hpall digestion
rE are indicated. Note that thdindlll/Hpall data refer only to cells grown
non-selectively.
=20
e HPRT promoter/exon 1/intron 1 region of the DWM110 minigene,
which comprises most of the CpG island of HRT gene,
RS e contains 12 sites féipall, spread over 1.1 kb. There areHiyall
sites in the rest of either minigene.
oe Ligl/PGK—HPRTDNA was double digested witHindIll and
3' probe Msp or Hpall and probed with aHPRT 5'-probe, which

recognizes exons 1 and 2 and so did not give any signal with
. . - . parental HM-1 DNA (see Fig2). DNA prepared from
Figure 3. Methylation state around thé&@nd ofHPRTminigenes in targeted . o .
clgnes. The filt)(;r shown in Figure 2 was stripped and regrobed Witpr%kﬁe ngl(PGK_HPRT cells maintained under HAT selection a,nd
which hybridizes to thelPRT 3 -untranslated region. restricted withHindIll/Msd showed a 0.49 kb fragment extending
from aHindlll site within the coding region to the fiddpall site
encountered in the-bintranslated region. When the same DNA
the results given in Figuré. For each of the three situations was restricted wittdindlll/Hpall a ladder of higher molecular
identical results were obtained from two independent clones (dataeight bands was observed in addition to the 0.49 kb fragment,
not shown). indicating partial methylation of a numberldpall sites in the
ThePGK promoter antHPRT5S' -untranslated region presentin PGK promoter region. When tiéindlll/Hpall digest was repeated
PGK—HPRT contain 10 sites, spread over 590 bp, Hipall on DNA fromLigl/PGK-HPRTcells grown non-selectively for
(methylation sensitive) andsp (methylation insensitive). The 7-10 days only a 1.7 kb fragment was detected. This fragment
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LigPGK. Lig/DWM PPIPGK. which would be detectable by blotting. We have been unable to

HPRT 110 HPRT detect any such exon 1-containing fragments follovipgll
" S a' - — _ digestion ofLig/DWM110 DNA and, using this method of
E s22s5 %3 £33 analysis, can find no evidence of any methylation within the CpG
35.5.8.8.8.80808080 T island of the DWM110 minigene.
btk hetntectin 05 ReprobingLigl/DWM110 clone DNA with the '3probe was
02 informative for the methylation statuslag1 flanking sequences
ansll -01 because this locus, unlikégl/PGK-HPRT, does not contain a

Hindlll site in the polylinker immediately’ 3f the minigene.
Digestion with Hindlll/Msp of DNA prepared from cells

ﬂm HI maintained under HAT selection gave a 0.49 kb fragment
! extending from thé&lindlll site in the 3-untranslated region of the
0ASI— 06— D15M minigene to aHpall site at the junction withLigl flanking

sequenceddindlll/Hpall digestion of DNA from cells maintained
Figure 5. Hpall PCR assays on the promoter regionsiBRTminigenes in  under HAT selection or grown non-selectively gave the same 2.8 kb
targeted clones. DNA prepared from targeted cloids/PGKHPRT  fragment extending from thidindlll site in the minigene to a

Lig/DWM110 andPrP/PGK-HPRT) grown non-selectively for 7-10 days : g : : :
was subjected to PCR analysis. The DNA used (100 and 10 ng) was either unc:'J_!IndIII site in the flank|ng_|gl locus. This fragment would be

or restricted wittHpall or Mspi prior to the PCR reaction. The location of the Produced if all fourHpall sites in the flanking sequence were
primers used (arrowheads) and sizes of the PCR products obtained for both titeavily methylated and refractory to digestion.

PGK-HPRT(0.15 kb) and DWM110 (0.16 kb) minigenes are shown belowthe  Thus, for the DWM110 minigene at th&l locus we see no
picture of the gel. The same conventions as in Figure 3 are used to describe tgg;jjence for any methylation Hpall sites within the CpG island
minigenes. Note thaipall sites are indicated by the unlabelled vertical lines: . . L .

short lines, non-methylated; intermediate lines, partially methylated; long lines region, desplte the heavy methylatlpn in flanklng target Sequences'
fully methylated. The 0.15 kb PCR product fr@K-HPRTspans fouHpall The lack of detectable methylation correlates well with the

sites, the 0.16 kb product from DWM110 spans thipell sites. A control stability of DWM110 minigene expression at this locus.
PCR reaction with theGK-HPRTprimers on 100 ng uncut HM-1 DNA is also

shown. Std. indicates mobility of markers (kb) on the same gel. PrP/PGK-HPRT. Hybridization with the 5probe toHindlll/
Msp-digested DNA prepared froRrP/PGK—HPRT cells main-
extends from thelindlll site within the minigene coding region tained under HAT selection detected the same 0.4&nkill/ Hpall
to a flankingHindlll site in theLig1 locus itself. This indicated fragment seen inigl/PGK-HPRTCcells. The same fragment was
that all 10Hpall sites in thePGK-HPRTpromoter region and the also prominent followingHindlll/Hpall digestion of DNA
singleHpall site in theLig1 flanking region were heavily methylated prepared from cultures maintained under HAT selection or grown
and refractory tédpall digestion. non-selectively for 7-10 days. In addition, both digests showed
The filter was then stripped and reprobed withjar8be, which ~ a faint 0.53 kb fragment. Such a pattern would be compatible with
recognizes both the-Bntranslated region of the endogend@®RT  there being a very low level of methylation over PREK
gene and minigene. The 0.8 Kindlll fragment, present in all promoter. The prominent 0.49 kb fragment would arise if the first
lanes in Figures, contains the '3end of the endogenous gene. Hpall site within the 5-untranslated region was unmethylated in
Digestion ofLigl/PGK-HPRTDNA did not generate any useful most cells of the culture. In a minority of cells this site would be
information concerning the methylation statéiptll sites inthe  methylated and thidpall would read through to the next site, to
flanking target gene sequences, sinetrallll site was present give the 530 bp fragment.
in the polylinker sequence immediatelyoB the minigene. ReprobingHindIll/Msp-cut DNA with the 3-probe gave a
Thus, for thePGK-HPRT minigene at theLigl locus we 0.48 kb fragment extending from thiindlll site in the
conclude thatHpall sites within thePGK promoter region are 3-untranslated region of the minigene tdzall site in thePrP
partially methylated even when the cells are maintained und#@nking sequence. (Note that this fragment is only just detectable
HAT selection and all sites become heavily methylated as soonigigrigure3.) Hindlll/Hpall digestion revealed that thipall site
selection is removed. The methylation correlates well with th&as methylated in DNA prepared both from cultures maintained
extreme instability of minigene expression at this site. under HAT selection and cultures grown non-selectively for 7-10

) days, to give a 0.62 kb fragment reading through-imdlll site
Ligl/DWM110.The same 2.63 kb fragment was detected by th@ the flanking sequence.

5'-probe with DNA prepared fronn'gJJDWM_llo cells maintained Thus, thePGK-HPRT minigene at thé®rP locus is largely
under HAT selection or grown non-selectively for 7-10 days an@nmethylated and this state is maintained in the absence of

with Hindlll/Msp and Hindlll/Hpall digestion. The fragment gg|ection forHPRT expression. This correlates well with the
extends from &lindlll site within the central coding region to the giapility of minigene expression at this locus.

first Hpall site encountered in intron 1. Thus, this mdssige

within the CpG island of DWM110 remains unmethylated in thédpall PCR assaysAlthough Southern blotting gave no indication
absence of selection for minigene expression. The 2.63 kif any methylation ofHpall sites in the CpG island of the
fragment is detected by théfirobe because it contains exon 2.minigene inLigl/DWM110 cells, our inability to detect very
The probe will also detect exon 1-containing fragments. Althougbmall exon 1-containing fragments meant that we could not
we are able to detect restriction fragments containing an intagxclude the possibility that some methylation was present.
exon 1 by Southern hybridization§), the exon 1-containing Consequently, we carried out a serieslpéll PCR assays2¢)
fragments generated by complétpall digestion of DWM110 to supplement the blotting data. We were unable to establish PCR
were below the limit of detection. Methylation of tHpall sites  reactions to amplify the entire promoter region from either
in this region would result in larger exon 1-containing fragmentiinigene, presumably due to the very high CG content of the
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template DNA. The PCR reaction used for the DWM11Gsubsequently carried out by double replacement gene targeting in
minigene amplified a 162 bp fragment from exon 1, spanningigl/DWMZ110 cells at an equivalent frequency (1/5 to 1/10 of the
three Hpall sites (see Fig5). The reaction foPGK-HPRT  6TGR clones screened contained the desired subtle alteration) to
amplified an equivalent 150 bp fragment, spanning Fyail that which we have already reported fordHactalbumin ) and
sites. Control, non-targeted HM-1 cells did not give a produd®rP loci (6). While it is impossible to extrapolate from one
with either primer pair. The quantitative nature of both PCRyosition effect experienced/six loci targeted to the implications
reactions was demonstrated using 100 and 10 ng uncut genoffaictargeting many other loci, we do make the following practical
DNA as template. In each case considerably more product wsgggestions. If there is definitely only a requirement for simple
obtained from the reaction with 100 ng template. All reactiongene knock-out at a particular locus, then we see no compelling
were carried out on the same DNA, isolated from targeted clonasason to switch fronPGK-HPRT to the larger minigene,
that had been grown non-selectively for 7-10 days, that was useWM110, whose size will complicate the construction of targeting
for the Southern blot analysis. Data from one clone of each typectors. However, if two step gene targeting procedures, such as
(Lig/PGK-HPRT, Ligl/DWM110 andPrP/PGK-HPRT) are  double replacement, are required, then potential difficulties asso-
shown in Figure5. Equivalent results were obtained from aciated with unstable minigene expression should be minimized by
second independent clone of each type (data not shown). using DWM110 rather thaRGK-HPRT
Msq digestion oLigl/PGK-HPRTDNA prior to PCR prevented ~ DWM110 is expressed more strongly tiRAK-HPRTin ES
appearance of the 150 bp product. As expected, prior digestigslls, giving 2-fold higher transient expression and a 7-fold higher
with Hpall had no effect on appearance of the productiransformation frequency) This difference in transient expression
confirming the conclusion from the Southern blots thaHba| between the two minigenes is not sufficient to explain the
sites in this region are heavily methylated and so refractory @ramatic difference in expression of the two minigenes &idgfie
restriction. Digestion ofLig/DWM110 DNA with Msp or  |ocus. We believe that the key is the stability, rather than the
Hpall prior to PCR generated the same result: the almosfbsolute level, of minigene expression. DWM110 expression is
complete disappearance of product, providing direct evidence #fable in the absence of selection, wRigK-HPRTexpression
support of the blotting data, that the region of the promotgg highly unstable and is rapidly lost from cultures grown
amplified by the PCR reaction is unmethylated. non-selectively, leading to a drop in HPRT levels below the
Mspl digestion ofPrP/PGK-HPRTDNA prior to PCR prevented threshold needed for acquisition of 6.GThis is clearly an
appearance of the product. The product was present followirgtreme example of a difference in stability of minigene
Hpall digestion, but at a reduced level compared to uncut DNAexpression at a particular targeted locus. The 7-fold higher
confirming the conclusion from the Southern blot that there igansformation frequency for DWM110, compared WRBK—
some methylation of the CpG island in this targeted allele.  HPRT could reflect a less extreme indication of the same difference
in stability of minigene expression, but this time following
DISCUSSION random DNA integration.
In one of the locations, tHerP locus, where theGK-HPRT

We have developed a flexible system for gene targeting in EBinigene is stably expressed @K promoter remained largely
cells, based on the HPRT-deficient cell line HVB)lgnd the use  unmethylated. The extreme instabilityREK-HPRTexpression

of HPRTminigenes as selectable marké)s The system can be attheLigllocus was correlated with complete methylation of all
used for conventional gene knock-06t7(11,16), but is also the Hpall sites in the promoter region. In extreme contrast,
ideally suited to more sophisticated two step gene targetirgkpression of the DWM110 minigene targeted to precisely the
procedures, designed to introduce subtle gene alterafighs ( Same region of th&igl locus was stable and there was no
and also for making conditional gene knock-outs by combiningvidence for any methylation of the promoter region. For both
gene targeting with a site-specific recombination system, such lg¢i all Hpall sites examined in flanking target sequences were
CreloxP, fully methylated.

Using thePGK-HPRTminigene, under the control of a 510 bp  The promoters of the mous#®RT(25) andPGK-1 (15) genes,
fragment from the moudeGK-1 gene promoter, we have neverin common with many other housekeeping and some tissue-specific
failed to identify knock-out clones at a range of different targegenes, are located in CpG-rich regions of the genome (for a
loci. At five of the six targeted loci examined expression of theeview see23). While the rest of the genome is usually fully
PGK-HPRT minigene was stable. At the sixth locusgl, methylated, there is a strong correlation between lack of
expression was highly unstable and, although this did not prevenethylation at CpG islands and gene expression. In situations
successful isolation of knock-out clonekl)( the very high where genes with a CpG island are not expressed, such as gene:
spontaneous frequency of 6-Ff@bserved did preclude the use on the inactive X chromosome in female cells, then the island is
of double replacement targeting to introduce subtle alterationstetavily methylated. The binding of transcription factors to sites
this locus. The second selection step in this procedure, introductiafthin the CpG island is believed to deny access to methylases
of the subtle alteration to the target locus, involves selection @&nd so keep the islands non-methylaf&&iX(7).
6-TG for physical loss of thelPRT marker. The frequency of  Ligl maps to mouse chromosome2B)( The wild-type gene
gene targeting is of the order of #9106 so clearly a is strongly expressed in ES cells, butligl mRNA could be
spontaneous 6-Trequency of 167, due to unstable minigene detected from the allele targeted with B@K-HPRTminigene
expression, would prevent easy identification of second stdfpl). Targeting has resulted in deletion of the®ld of the gene,
targeted clones at this locus. including the polyadenylation signal. We have presumed that the

The position effect leading to instability &?*\GK-HPRT  failure to detect aniigl mRNA from the target locus was due
minigene expression at théy1 locus was overcome by the useto a failure to polyadenylate primary transcripts, but it could also
of another minigene, DWMZ110. Two subtle gene alterations wewgise from a failure to transcribe the targeted locus frorit{ie
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effect and continue to be stably expressed. The endogenous
mouse HPRT promoter is definitely not a stronger natural

promoter than itsPGK-1 equivalent. While both genes are REFERENCES

constitutively expresseHlPRTmMRNA is present at low levels in

all mouse cell lines and tissues that we have examined, with t@
exception of the brain, where expression is elevat&l (n
contrast, the strength of the 510RpK-1 promoter fragment has 3
been equated to that of viral promoters, such as S¥8}0Both
promoters lie in CpG islands and bind a similar range of*
generalized transcription factor30(32). The density of CpG 5
dinucleotides in the promoter regions of the two minigenes is also
similar: 7.1 CpGs/100 bp for DWM110, 8.5 fBGK-HPRT 6
However, in man the endogenotd’RT promoter is more
resistant to methylation on the inactive X chromosome than its
PGK-1 equivalent (for a review s@8). We are not dealing with 8
the entire CpG islands for the moli#eRTandPGK-1 genes, so
it is not clear that the apparent greater susceptibility dP i€
island to methylation can account for our results. We suggest that
the size of the CpG-rich promoter regions could be the ket
difference: 590 bp ilPGK-HPRT (PGK promoter andHPRT
exon 1), 1.1 kb in DWM11HPRTpromoter, exon 1 and intron
1), comprising all but the 200 bp of the natural CpG island. For 13
theHPRTgene we have identified key control elemefgjsafd
Sp1 binding sites within intron 1. Thus, for tHBRT promoter
in DWM110 the assembled transcription factors are likely tas
extend from the promoter region itself and into intron 1. This willLé
not be the case for tiRGK-1 promoter iPGK-HPRT Perhaps
this more extensive array of transcription factor binding sites
permits the assembly of a more stable transcription complexs
which can better resist the attention of methylases to the
underlying DNA. Another, less likely, possibility to explain the1®
differential methylation sensitivity of the two minigenes at they
Ligl locus is that the additional, non-CpG island components
(parts of intron 1 and 2) present in DWM110 but lacking ir¢!
PGK-HPRTcould act to protect any flanking CpG island from.,,
methylation.

Conventional transgenesis, with its random integration of3
transgenes, has led to the discovery of locus control regiorfé,
which render transgenes non-susceptible to position effects (fgy
a review sed). However, this method of analysis cannot probe
the mechanism by which specific chromatin regions can affeéf
expression of integrated genes. The observation of majg;
differences in the stability of expression from different promoters
targeted into the same chromosomal location could be usefulia
understanding the key interactions between transcription factors,
chromatin structure and DNA methylation which determin
position effects at the molecular level. In practical terms, if marker

9

14

Dillon,N. and Grosveld,F. (199@urr. Opin. Genet. Dev4, 260-264.
Clark,A.J., Bissinger,P., Bullock,D.W., Damak,S., Wallace, R.,
Whitelaw,C.B. and Yull,F. (19943eprod. Fertil. Dey6, 589-598.
Bonifer,C., Huber,M.C., Jagle, U., Faust,N. and Sippel, A.E. (129@pl.
Med, 74, 663—-671.

Olson,E.N., Arnold,H.-H., Rigby,P.W.J. and Wold,B.J. (1906, 85,
1-4.

Magin,T.M., McWhir,J. and Melton, D.W. (199Rlucleic Acids Res20,
3795-3796.

Moore,R.C., Redhead, N.J., Selfridge,J., Hope,J., Manson,J.C. and
Melton,D.W. (1995BioTechnologyl3, 999-1004.

7 Stacey,A., Schnieke,A., McWhir,J., Cooper,J., Colman,A. and

Melton,D.W. (1994Mol. Cell. Biol, 14, 1009-1016.

Reid,L.H., Gregg,R.G., Smithies,O. and Koller,B.H. (192@c. Natl.

Acad. Sci. USA87, 4299-4303.

Magin,T.M., McEwan,C., Milne,M., Pow,A.M., Selfridge,J. and
Melton,D.W. (1992)Gene 122, 289-296.

Littlefield,J.W. (1964 )5cience145 709.

Bentley,D.J., Selfridge,J., Millar,J.K., Samuel K., Hole,N., Ansell, J.D. and
Melton,D.W. (1996Nature Genef 13, 489-491.

2 Hasty,P., Ramirez-Solis,R., Krumlauf,R. and Bradley,A. (18@i)re

350, 243-246.

Askew,G.R., Doetschman, T. and Lingrel, J.B. (1988) Cell. Biol, 13,
4115-4124.

Wu,H., Liu,X. and Jaenisch,R. (199%pc. Natl. Acad. Sci. USA1,
2819-2823.

Adra, C.N., Boer,P.H. and McBurney, M.W. (19&&ne 60, 65—74.
Porter,R.M., Leitgeb,S., Melton,D.W., Swensson,O., Eady,R.A.J. and
Magin, T.M. (1996)J. Cell Biol, 132 925-936.

7 Redhead,N.J., Selfridge,J., Wu,C.-L. and Melton,D.W. (1986). Gene

Ther, 7, 1491-1502.

Thompson,S., Clarke A.R., Pow,A.M., Hooper,M.L. and Melton,D.W.
(1989)Cell, 56, 313-321.

Konecki,D.S., Brennand,J., Fuscoe,J., Caskey,C.T. and Chinault,A.C.
(1982)Nucleic Acids Resl0, 6763-6775.

Minty,A. J., Caravatti, M., Robert,B., Cohen,A., Daubas,P., Weydert,A.,
Gros, F. and Buckingham,M. (1981)Biol. Chem 256, 1008-1014.
Melton,D.W. (1987) In Maclean,N. (edQxford Surveys on Eukaryotic
GenesOxford University Press, Oxford, UK, Vol. 4, pp. 34—76.
Hooper,M., Hardy,K., Handyside,A., Hunter,S., and Monk,M. (1987)
Nature 326 292-295.

Cross,S.H. and Bird,A.P. (1996rr. Opin.Genet. Dey5, 309-314.
Singer-Sam,J., LeBon,J.M., Tanguay,R.L. and Riggs,A.D. (199¢eic
Acids Res 18, 687.

Melton,D.W., Konecki,D.S., Brennand,J. and Caskey,C.T. (1284)

Natl. Acad. Sci. USA1, 2147-2151.

Brandeis,M., Frank,D., Keshet,|., Siegfried,Z., Mendelsohn,M., Nemes,A.,
Temper,V., Razin,A. and Cedar, H. (199%ture 371, 435-438.
Macleod,D., Charlton,J., Mullins,J. and Bird,A.P. (199éjes Dey8,
2282-2292.

Gariboldi,M., Montecucco,A., Columbano,A., Ledda-Columbano,G.M.,
Savini,E., Manenti,G., Pierotti,M.A. and Dragani, T.A. (1988).
Carcinogen, 14, 71-74.

9 McBurney,M.W., Sutherland,L.C., Adra,C.N., Leclair, B., Rudnicki,M.A.

and Jardine,K. (199Nucleic Acids Resl9, 5755-5761.

genes with CpG islands are generally more stably expressed tt%&n Melton,D.W., McEwan,C., McKie,A. and Reid,A.M. (1983, 44,

their non-island-containing counterparts, then this could result !ﬂ
valuable improvements in the efficiency of a range of gené
targeting procedures. 32

319-328.

Jiralerspong,S., and Patel,P.I. (19R&)c. Soc. Exp. Biol. Med212
116-127.

Pfeifer,G.P. and Riggs,A.D. (199Ggnes Dey5, 1102-1113.



