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ABSTRACT

In rat hepatoma x fibroblast somatic cell hybrids,
extinction of rat al-antitrypsin ( alAT) gene expression is
accompanied by the loss of liver-enriched transcription
factors hepatocyte nuclear factor 1 (HNF1 a) and
hepatocyte nuclear factor 4 (HNF4). Previous analysis
showed that forced expression of functional HNF1  «
failed to prevent extinction of therat  a1AT locus in cell
hybrids. Here | show that ectopic co-expression of
HNF1a plus HNF4 fails to prevent extinction of either
rat or human alAT genes in cell hybrids. A 40 kb human
o1AT minilocus integrated into the rat genome is fully
silenced in cell hybrids in the presence of transacting
factors. The integrated a1AT promoter, but not a viral or
ubiguitously active promoter, is repressed 35  -fold in the
cell hybrids. In addition, position effects also contributed

to extinction of many integrated transgenes in a cell
type-dependent manner. Finally, internal DNA sequences
within the human alAT gene contributed dramatically
to the extinction phenotype, resulting in a further 10- to
30-fold reduction in alAT gene expression in cell
hybrids. Thus, multiple mechanisms contribute to
silencing of tissue-specific gene expression of the
alAT gene in cell hybrids.

INTRODUCTION

promoter sequences of a number of liver-specific genes, it is
thought that these factors act cooperatively to dictate hepatic gene
expression 4). In both dedifferentiated cells derived from
hepatoma cells and in hepatorféroblast somatic cell hybrids,

the loss of HNF4 and HNIedexpression is commonly observed,
while expression of HNF3 and C/EBP family factors remain
largely unaffected3-6). Thus, it has been suggested that the loss
of HNF4 and HNF is responsible for the general absence of
hepatic gene expression in these cell typgs (

Extinction is a term used to describe the dramatic loss of
cell-specific gene expression when mammalian cells of distinct
lineage are fused to form somatic cell hybrids Although the
process of extinction has been observed in many cell hybrid
systems, the mechanisms involved in extinction are not under-
stood. Extinction of a number of tissue-specific genes is
accompanied by the loss of positive tissue-speitiits-acting
factors 8,8-13). This apparent correlation between the loss of
trans-acting factors and the extinction of target genes has been
taken to suggest that extinction of tissue-specific genes is simply
due to loss of positive-acting factors4). However, these
observations have been largely correlative. Two notable exceptions
have been described. First, ectopic expression of HNF4 is
sufficient to prevent HNFA silencing in hepatoma fibroblast
hybrids @). Second, forced Oct-2 expression prevented extinction
of certain B cell-specific genes inBT cell hybrids {5), two cell
types of relatively close developmental lineage. However, Oct-2
expression has not been shown to rescue B cell-specific gene
expression in B cellx fibroblast hybrids, suggesting that

Developmental regulation of tissue-specific gene expression @xtinction in hybrids between more distantly related cell types
mammals is a complex process requiring the contribution of bothight involve additional regulatory mechanisms.

positive and negative regulatory mechanisms. Although our We have focused on regulation of the liver-specifi&T gene
knowledge of positive regulatory controls has advanced greaths a model to understand mechanisms of extinction. This gene
in recent years with the discovery of many tissue-specific argkerves as an ideal model since: (i) the proximal promoter has been

tissue-enriched positivetrans-acting factors,

mechanisms well characterized and shown to require binding by liver-enriched

responsible for tissue-specific gene repression have largdiansacting factors HNF4 and HNF4 {6,17); (i) alAT gene

remained elusive.

MRNA is reduced at least 1000-fold in hepatomigbroblast

In hepatocytes, several liver-enriched transcription factors havgbrids (L3); (iii) the genes encoding HNEland HNF4, both
been identified that are grouped into four major familiesextinguished in cell hybrids, have been cloned and characterized
including hepatocyte nuclear factors HNF1, HNF3 and HNF418,19); (iv) the proximal promoter is sufficient to obtain

and the CCAAT enhancer binding protein (C/EBB) Because

tissue-specific expression of th& AT gene in transgenic mice

binding sites for several of these factors are present within ti20).
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Our previous studies tested a lack-of-activation model afequences into theglll site of pAT.3G3geo. pAT5.(3geo was
extinction and involved introduction of cloned HNFinto rat  generated by cloning tleel AT Hindlll fragment (-5400 to —2 bp)
hepatomax rat fibroblast cell hybrids with subsequent monitoringfrom pAT7.13geo into [Bgeo. pAT1.963geo was generated by
of chromosomabi1AT gene expression. These results showedloning a blunted 1.6 kiBgllill-EcdRl fragment (1957 to
that, while a transiently introducemflLAT promoter could be —366 bp) into the blunteBglll site (—366 bp) of pAT.36Bgeo.
activated, the endogenous ¢efAT gene remained silent 3). Plasmid pPGK15.3 was generated by partially digesting a 2.85
However, these studies assumed that: (i) regulation of tHglll fragment (—366 to +2616 bp) of genomiz AT sequences
uncharacterized rat1AT locus was similar to the humadAT  with Apd, followed by blunting and cloning of the -2 to
locus; (ii) HNF4, which was shown to be essential for transient2616 bp fragment into vector pGEM2 (Promega). A 12.4 kb
activation of the humam1AT promoter in human hepatoma cells Bglll alAT restriction fragment (+2616 to aboti5 000 bp)
(16), is not required for basal activation in rat cell hybrids. In thifrom pATc.1 @6) was then inserted at tiBglll site to generate
paper, the well-characterized huntebAT locus is examined to the promoterless pd15.3, containing 15.3 kb of genorhi&sT
determine the influence of combined HNFland HNF4  sequences. Plasmid PGK15.3 was made by inserting a 500 bp PGK
expression on extinction of humarlAT gene expression in promoter fragmentHindlll-Smd) from pPGK3geo immediately
hepatoma fibroblast hybrids. Results show that HNF4/HMF1 upstream of exon | in the bluntegal site in the pGEM2
co-expression fails to prevent extinction of@ieAT loci (human  polylinker.
or rat) in cell hybrids. Expression of a 40kbAT ‘minilocus’ is
likewise extinguished in similar hybrids. The stable integration obNA transfections
tissue-specific and non-tissue-specific expression cassettes into ) i i )
rat chromatin followed by generation of cell hybrids suggests th&or stable transfections, both electroporation and lipofection

extinction of alAT gene expression involves both th&AT  techniques were used. Electroporation was carried out by
promoter and internal gene sequences. harvesting exponentially growing cells, resuspending them to
1.2 x 10’ cells/ml ice-cold PBS and mixing with 3(g

Ndd-linearized plasmid DNA. The cells were electroporaBl (
MATERIALS AND METHODS at 960uF, 300 V using a Bio-Rad Gene Pulser. The cells were
Cell lines and culture conditions incubated in non-selective medium for 48 h and then selective
medium was added. After 3 weeks, clones were pooled or picked
Rat hepatoma cell line FTO2B is a ouabain-resistant, thymidingdividually and expanded. For lipofection, liposome-mediated
kinase negative (OUalK") derivative of H4IIEC3Z21). RAT1 ~ DNA uptake was used according to the manufacturer’s instructions
is a SV40-transformed rat embryo fibroblast cell i28).(Rn16  (Gibco BRL). After a 5 h incubation in the presence of the
(also called RnH1:4-16) is a RATL1 transfectant stably expressimNA/liposome mixture, the medium was replaced with complete
cloned HNF44). RnB1 are pooled RAT1 cells stably expressingnedium plus 10% FBS. After 36-48 h, the cells were split
HNFla (13). F(14n)-2 is a cell line derived from FAO-1 1:20-1:100 into selective medium containing $@@ml (active
hepatoma cells and containe@emarked human chromosome concentration) G418. Approximately 3 weeks later, transfectants
14 introduced by microcell-mediated fusidtB), Somatic cell \ere counted and picked individually or pooled.
hybrids were generated by PEG-mediated fusidf) @nd Histochemical staining of cell clones fgal expression was
selection in 50Qug/ml G418 (or HAT) and 3 mM ouabain. All carried out according to Macgregetral (31). Cells were fixed
cells were maintained in 1:1 Ham's F12/Dulbecco’s modifiedn 1% formaldehyde, 0.2% glutaraldehyde in PBS for 5 min,
Eagle’s medium containing 10% fetal bovine serum (FBSthen washed twice with PBS and incubated overnight 4t 37
(Gibco BRL). Neomycin-resistant clones were maintained ifly 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside  (X-gal),
250pg/ml G418. All cell lines were free of mycoplasma as4 mM potassium ferro- and ferricyanide, 2 mM Mg@ind

judged by staining with Hoechst 33258 0.4 mg/ml dimethyl sulfoxide in PBS. Individual clones were
scored for the presence of blue precipitate by examination at

Plasmid constructs 100x magnification by light microscopy using a Zeiss telaval 31
microscope.

Plasmid pATc.1 contains 40 kb of genomic sequences including

the humanalAT locus @6). Plasmid pKOneo contains the RNA analysis
prokaryotic neomycin phosphotransferase geee) (under the
control of the SV40 late promoter and was provided byRNA was extracted from nearly confluent monolayers in 100 mm
K. Yamomota (University of California, San Francisco). Plasmidlishes by washing the cells twice with saline, harvesting the cells
pPGKBgeo contains the phosphoglyerokinase promdi& ( by scraping and pelleting in a microfuge at 12 @€y 10 s. Cells
linked to the3-geogene (anec3-galactosidase fusion gers)  were lysed in NP-40 and extracted twice with phenol/chloroform
and was provided by P. Soriano (Fred Hutchinson Cancess describedl3). RNA (5ug) was denatured in 50% formamide
Research Center, Seattle). Plasmids pGly6 and pAT.38gec  at 65°C for 5 min and loaded onto 1% agarose-2.2 M
were generated by replacing the PGK promoRat (partial,  formaldehyde gels. Gels were run at 7 V/cm for 4 h and RNA was
Hindlll) of pPGKBgeo with a 1157 bpsi—Hindlll fragment transferred to nylon membranes (Zetabind; Cuno Inc.) overnight.
containing the CMV immediate early promoter (from plasmidlhe blots were placed in hybridization solution (50% formamide,
pCMVilac;29) or a 366 bBglll-Hindlll fragment containing the 5x SSPE; ¥ SSPE = 150 mM NaCl, 1 mM EDTA, 10 mM
humar 1AT promoter (—366 to —2), respectively. Insertion of thesodium phosphate, pH 7.4), 1% SDS, Benhardt's solution

o 1AT promoter fragment required blunting the vector and inserfdx Denhardt's = 0.02% Ficoll, 0.02% polyvinyl pyrrolidone,
with T4 DNA polymerase prior to ligation. Plasmid pAT7.1 was0.02% BSA) and 1ag/ml each poly(A) and poly(C) (Pharmacia)
generated by cloning the 6.8Bgll1 AT (about-7100to -360 bp) for at least 30 min. Probe was added in the same hybridization
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solution and the filters were incubated overnight &Ci2The _
Human fibroblast microcalls

filters were washed twice for 5 min each m&SC, 0.1% SDS o

atroom temperature, then 30 min in0SSC, 0.1% SDS at 32 (29

and exposed to film for 1-5 days. For the munih&T riboprobe, Haan

filters were prehybridized and probed at°65 followed by i L_'

washing at 65C in 2x SSC, 0.1% SDS, then at®5for 30 min @ PEG Fusion X P

in 0.1x SSC, 0.1% SDS and exposed to film for 1-3 days. Clone

DNA sequences from-tubulin (Ka-1; 32), HNFla (18) and Fao-1 Fi1an)  gae Somatic Cell Hybrid
humana1AT (p8alPP933) were labeled with3EPJdCTP by the Hepatoma Fibroblast

random hexamer primer methd@#)). The mousel1AT probe is

a 500 nt $2P]JUTP-labeled riboprobe from linearized pAT500.2 (a §  HepG2
gift of K. Krauter, Albert Einstein College of Medicine, New York). i 4-fold dilutions
To detect HNF4 expression, a 179 nt riboprdiig Was used. @as-_ _X ;
For detection of HNF& mRNA, a 254 bp fragment corresponding OFE cm _ wowxwn

Frexgs o¥ned
toexon 5 (Nt 1867-2121) of rat HN&F&DNA was used4). Totall B L L X v
cellular RNA (10ug) was incubated with21 10 c.p.m. of HNF4 c¢HNF1a | — ——— ++

and/or HNF#x riboprobe plus 2x 10* c.p.m. of 18S RNA
riboprobe and incubated overnight af62 The 18S riboprobe i "
was synthesized according to the manufacturer’s instructior HNF1o =

(Ambion Inc.) to generate a low specific activity/high copy numbei
probe. The mixture was digested with RNases T1 + A and protect
fragments were resolved on 8% denaturing polyacrylamide gel
The gels were dried and exposed to film for 1-5 days.

alAT —

s
-

RESULTS Tubulin —pe= | & ke P

Cloned HNF1a fails to prevent extinction of human or rat

01AT loci
Figure 1. Cloned HNF 1 fails to prevent extinction of the rat or huntebAT
locus. @A) F(14n) cells are Fao-1 hepatoma cells containimg@marked

Although little is known about the rafl AT promoter, the human Euman c::romosome 1‘; (23). fCIonde I:(14rf1_)b-2 k;:Iells (containing a complete
alAT promoter has been extensively characteriiédl {,20). uman chromosome 14) were fused to rat fibroblasts expressingotthifell
. . . . sultant HAT/Oud hybrids pooled.B) Northern analysis of F(14n)-2 cells

Promoter mutant studies using CIUStere.d point mutations ha\{ésed with HNF&r* RAT1 fibroblasts (RnB1). An aliquot of fig of total
shown the humf'ﬂ_llAT promoter to require both HNEland cytoplasmic RNA was size-fractionated, transferred to a nylon membrane and
HNF4 for full activity in hepatoma cell4 8,36). Ectopic HNFI probed successively with HNELa1AT anda-tubulin probes. Two HNFL
expression in hepatoma fibroblast hybrids failed to prevent gene transcripts, 3.6 and 3.4 kb, are observed in hepatoma cells, whereas only
extinction of the rati1AT loci (4,13). In order to determine a 3.6 kb transcript is produced from the HFekpression plasmid (13). Serial

. o . dilutions of human hepatoma HepG2 cell MRNA were included to demonstrate
whether the failure of cloned HNE&Io restore expression of rat 4t the mousaLAT probe cross-hybridizes with the hunebAT RNA. The
01AT was due to species differences in promoter regulatiofat HNFIx probe failed to hybridize to the human HNEttanscripts. PEG,
between rat and human, cell line F(14n)-2 was used in cell hybrigplyethylene glycol, FTO2B, rat hepatoma cells; RAT1, fibroblasts; FR,
studies. F(14n)-2 is a rat hepatoma cell line containing £TO2Bx RAT1 hybrids; Rnb1, pooled cHNF1-transfected RAT1 fibroblasts.
neomarked human chromosome 14, on which resides the human
O1AT locus (Fig.1A). F(14n)-2 cells express high levels of
humanalAT mRNA (23; results not shown). Cell hybrids were
generated by fu5|on'of F(14n)-2 Wlth H_I\tF'lrat fl_broblasts and stinction of the rat a1AT locus or a humana1AT
grown under selection as described in Materials and Metho inilocus
Northern analysis of pooled cell hybrids was carried out using a
mouse al1AT riboprobe, which readily detects both humanTo determine whether the combined effect of HXahd HNF4
(Fig. 1B, HepG2 dilution panel) and ratlAT mRNA. As could prevent extinction of the humahAT locus, a 40 kin1AT
previously reportedi(3), the rat HNFtr anda1AT loci are fully  ‘minilocus’ plasmid containing the entire hun@bAT structural
extinguished in hepatoma fibroblast hybrids (FR hybrid). gene plus 8 kb of'5and 20 kb of 3sequences in @eovector
Fusion of HNFa* rat fibroblasts (RnB1) with F(14n)-2 cells (Fig. 2A) was introduced into rat hepatoma cells and subsequently
resulted in extinction of both rat and hun@mbAT expression fused to Rn16 cells. Previous results have shown that fusion of
(Fig. 1B), despite hepatoma levels of HNFINRNA being Rn16 (RAT1 fibroblasts stably expressing cloned HNF4) with
expressed. The failure to detect hurn&AT mMRNA was notdue hepatoma cells prevents extinction of the HNHacus ¢).
to probe specificity, as transcripts were readily detected in thiEherefore, Rn18 FTO2B hepatoma hybrids express both HNF4
human hepatoma line HepG2 (FiB). Thus, human and rat and HNFI, although they fail to express the adtAT gene ¢,
01AT loci behave similarly in this cell hybrid system, both beingrig. 2B and C). Northern analysis of mRNA from the G4i#led
fully extinguished in the presence of HNE1 hepatoma transfectants showed readily detectable human-specific

Combined HNF1a and HNF4 expression fails to prevent
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HNF4 HNF1z o1AT mRNA (Fig.2B, FTAT). Fusion of the pooled hepatoma
transfectants expressing the hunod®AT minilocus with Rn16
— cells resulted in hybrids in which tle& AT minilocus was fully
A | extinguished (Fig2B). HNF4 and HNF& genes were both

| ' — | expressed in the hybrids (F2C). Therefore, co-expression of
B kb a-1 Antitrypsin Minilocus +32 kb the two major transactivators of the hunoeliAT gene, HNFi
and HNF4, fails to prevent extinction of human orBAT gene
expression.

Position effects contribute to loss of gene expression in cell
-23 hybrids

-

FTOZB

RAT1

FR

Rn16

FTOZE X Rn16
® | FTAT pool

FTAT X Rn16

= | [l Hec:

[ ]

The observation that forced expression of HNF4 and HiN&ils
to drive expression of the endogenousAT gene suggests the
possibility that extinction acts through genomic targets in the
- context of chromatin. In order to test this hypothesis, the influence
, of position effects on transgene expression in cell hybrids was
- I first determined. To do so, a series of plasmids were constructed
containing a series of promoters driving expression of a
-galactosidasareofusion genef-geq 28). Because thp-geo
FTAT dilution gene encodes a sir)gle protein .enco_ding iBetfalactosidase '
) (B-gal) and G418 resistance functions, it allows for the generation
of clones in which 100% of G41&lones are3-gal positive.
These constructs were introduced into both FTO2B hepatoma
cells and RAT1 fibroblasts and selectechenexpression using
G418. Pooled transfectants were then fused to non-transfected
partners and the resultant hybrids were assaygddal activity
both by histochemical staining of individual clones and by
guantitation of enzyme activity in cell extracts. By monitoring
both individual clones and overdB-gal expression, a large
number of hybrids could be assessed to determine the frequency
of transgene extinction due to position effects.

Human o1AT

Murine c1AT |

-
Tubulin |~ *@eBes

FTAT X Rn16

FTOZ2B X Rn16
I 2 ug

FTOZB
RAT1
FR

* Rn16
FTAT pool
10 ug
20ug

§ | Riboprobes

HNF1 Probe —w

HNF1c —»
HNF4 Probe —®

HNF4 — Table 1.Summary of3-geoexpression in hybrids
Cell line Description % Blue!
Parentals
18S | FTO2B FTO2B hepatoma 0 (0/66)
| RATI RATI1 fibroblast 0 (0/74)
Transfectants
FTPgeo FTO2B PoKeeo 100 (22/22)
PGKpgeo
) ) . ) o RP 79 (50/63)
Figure 2. Combined HNF& and HNF4 expression fails to prevent extinction FT(g:eo RATI CMVpgeo 100 (23/23)
of rat or human minilocusA) Thea AT 40 kb ‘minilocus’ used in this study. geo FTozlg‘M\,ﬂgeo
Plasmid construct pATc.1 (26), including the 120lAT gene plus 8 kb of' 5 RCgeo RATI 80 (41/51)
and 20 kb of 3sequences in mechased plasmid, is shown. Exons |-V are FATBgeo FTO2B ATBeeo 100 (58/58)
shown with filled boxes.K) Northern analysis of hepatomdibroblast cell
hybrids. pATc.1 was stably introduced into FTO2B cells and Gdlbgies Cell hybrids
poglt(esti4(:{jgtegiggatled FTAT).IF(':I;AZ an(lj_ FT(t)2]l¢3 lﬁt;ell: tv\/terle f;tsecli With RRr’]lili cells FTPR FTO2B PGkBe0 y RATI 57 (Q27/47)
an ud clones pooled. An aliquot of g of total cytoplasmic PGKBgeo
was size-fractionated, transferred to a nylon membrane and probed successively RPFT FTO2B CMVpgeo X RATI 77 (57/74)
with al1AT (murine and human) armtubulin probes. The human probe is FICR FTO2B XRATICMVBgm 34 (27/80)
specific for humaro1AT, whereas the murine riboprobe detects both rat and RCFT FTO2B x RAT1 78 (70/89)
human transcripts. Serial dilutions of human hepatoma HepG2 cell MRNA were  FAR5 FTO2B *!ATPee y RAT1 5 (3/60)

included. Rn16 cells are RAT1 cells that constitutively express HNF4. Fusion of
Rn16 with hepatoma cells prevents loss of hepatoma &iNxpression (4). . "
(C) RNase protection analysis of HNF4 and HiRxpression in transfected 1_C|°”e_s witteS blue cells were scored as positive. Clones were scored by
parental and hybrid cells. An aliquot of 2§ of each mRNA was hybridized to light microscopy using a 4@00bjegt|_ve. Numbers in parentheses are
riboprobes specific for HNF4, HNEland 18S rRNA in a single reaction vial. number of clones scordigal positive over total number of clones
RNase digested fragments were resolved on 8% urea—polyacrylamide gels which examined.

were then dried and exposed to film for 1 week (HWBhd HNF4) or 1 day

(18S). FTAT mRNA dilutions were included to verify that band intensity _ i ;
corresponded to levels of mMRNA loaded. The undigested HNF4 riboprobe, Results OB gal cell staining are shown in TalileAs eXpeCtEd’

(225 nt) migrates ahead of the HNFprotected band (251 nt). FTO2B, rat  the non-transfected parental cell clones grown in non-selective

hepatoma cells; RAT1, fibroblasts; FR, FTO2RAT1 hybrids; Rn16, cHNF4 medium scored negative fqgd-gal expression. Surprisingly,
RAT1 fibroblasts; FTAT, FTO2B expressing the huradT transgene. although hepatoma cells transfected with PGKAT or CMV
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xfiro The integrated a1AT promoter is poorly expressed in
rbm' hybrids in the presence of HNF4 and HNFa&
P Bgeo, { ::z In contrast to the above results using PGK and CMV promoters,
x fibro. fusion of FTO2B1ATRgeo cells with RAT1 cells resulted in only

oMV fibro._—_‘ 5% [(3-gal positive hybrids, consistent with the lack cdfAT
{ x hep promoter activity in cells lacking HNF4 and HN113). Those

|

O — 2227772777777
hep

xﬁhro-_ clones which were scored @gjal positive may have been hybrids

AT hop segregating fibroblast chromosomes. Indeed, cell morphology
L xfbro. suggests this to be the case (results not sh@agal activity in
cell lysates of FTO28ATBgeox RAT1 or FTO2B1ATRgeox Rn16

R | ! ! ! showe3-gal levels slightly over background, suggesting that the

5 o 15 20 2% presence of HNF4 and HN&ails to be sufficient for optimal
M:Jf;g:')ts a1AT promoter activity.

To examinealAT promoter activity in individual hybrid
clones, a series ofLAT promoter deletion constructs driving the
Figure 3. Expression of PGK, CMV andilAT promoter constructs in B_ga_l ge_n_e were stably integrated into the FTO2B hepatoma cells
hepatomas, fibroblasts and hybrids. Plasmids pR@&, pCM\Bgeo and and individual clones subsequently fused to the Rn16 Begisl
PAT.363geo were transfected into FTO2B and RAT1 cells by electroporation expression was then monitored in cell lysates in parental cells and
and G418clones pooled (normally 30300 clones/pool). Transfectants werehyhbrids. AlthougtB-gal expression was highly variable, plasmids
subsequently fused with FTO2B or RAT1 cells and hybrids selected forcontaining IongeralAT promoter sequences (pAT?.l and

HAT"/Oud. Cells were harvested arfgtgal activity measured by MUG . .
hydrolysis. The filled bars shof+gal activity in parental cell transfectants. pAT5.0) generally eXpressed hlghel’ levels than those with shorter

Open bars sho@-gal levels in subsequent cell hybrids. Hep, FTO2B hepatoma Sequences (pAT1.96 and pAT.36) (Fp.In all cases, fusion with
cells; fibro., RAT1 fibroblasts. The values shown are raw values with MUG aloneRNn16 cells resulted in hybrids expressing very low levelsyz,

subtracted out. PGK, phosphoglycerolkinase-1 promoter; CMV, cytomegalovirusaveraging a 33- to 38-fold reduction regardless of the length of
immediate early promoter. a1AT sequence used. Most clones were found to contain a single
copy of thealAT transgene although a number of clones
N containing the 7.1 promoter construct have multiple copies
promoter constructs were 1008gal positive, the transfected (resuits not shown). Lack of promoter activity was not due to loss
RAT1 cells were only 79 and 80fegal positive for PGK and = of HNF4 or HNFIx expression, since hybrid cells express HNF4

CMV promoter plasmids, respectively. (TRELAT promoter  and HNFh mRNA (as determined by RNase protection analysis
construct, due to its tissue specificity, was not introduced into thg representative samples) (Fi).

RAT1 cells.) The failure of 20% of the RAT1 transfectants to be
scored afi-gal positive is likely due to either the RAT1 cells
requiring lesgeoexpression to achieve G418 resistance or th
apparent cytoplasmic volume of the RAT1 cells being muc
greater than that of FTO2B, thereby effectively diluting the blugdhe above results suggest that additional constraints beyond
staining observed. The latter explanation appears more plausibieduced promoter activity are responsible for the complete lack
sincef-gal activity in lysates from pooled RAT1 transfectants isof a AT mRNA in hepatoma fibroblast hybrids. To determine
similar to that from pooled hepatoma transfectants @ig. whether internalalAT DNA sequences contribute to the
Cell hybrids generated by fusing RAMVPIO or  extinction phenotype, the PGK promoter was fused to a 15.3 kb
RAT1PGKPgeoce||s with FTO2B hepatoma cells were 78 and 77%egion of the humam1AT locus (Fig.6A). This construct
B-gal positive, respectively. Since the perc@ral positive contains the PGK promoter at the transcription start site of the
clones was nearly identical to the perc@mgal positive RAT1  a1AT genomic sequences (at position —2). This plasmid was
transfectants prior to fusion, these results suggest that positiop-transfected with aeoplasmid into FTO2B cells and G418
effects did not account for significant losf3efial expression. In  clones either pooled or picked individually. Approximately half
contrast, a substantial decreaseftgal positive clones was of the clones expressed humahAT mRNA at levels much
observed when FTOSVPgeo and FTO2BCKRge0 transfectants higher than the endogenous gene (6&). The pooled clones as
were fused to RAT1 cells, resulting in 34 and §3%al positive  well as two high expressing clones were then fused to RAT1
hybrids, respectively (compared with 10(%al positive in the fibroblasts. The resultant hybrid cells showed a marked reduction in
original transfectants). Thus, these results suggest that a nume@AT mRNA levels compared with the parental levels (@),
of extinction phenotypes (loss Bfgal expression) in the stable ranging from an 11- to 30-fold reduction in expression (as
transfectants are due to position effects in the hepatoma genometermined by Phosphorlmaging). Southern analysis verified that
However, silencing due to position effects was infrequentlyoss of the transgene did not occur (results not shown). Thus, the
observed when transgenes were integrated into the RAT1 fibroblasitgernala LAT DNA sequences appear to contribute substantially to
Quantitation of(3-gal activity in cell lysates showed that thealAT extinction phenotype in cell hybrids. Whether this effect
PGKpgal and CM\Bgal transgene expression, although variablejs transcriptional or post-transcriptional has yet to be investigated.
were highly active in both the fibroblast and hepatoma transfectants
(Fig. 3). The subsequent hybrid cells continued to express th§iscussioN
[B-gal gene at levels within 3-fold of tiffegal-expressing parent.
Thus, an extinction phenotype was not observed in pooléthe silencing of tissue-specific gene expression in mammalian
hybrids with either CMV or PGK promoter transgenes. cell hybrids is thought to reflect mechanisms responsible for

Internal a1AT DNA sequences contribute ta1AT
gxtinction in cell hybrids
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Figure 4.Expression oft 1AT promoter deletion constructs in hepatoma transfectants and cell hybrids. FTO2B cells were transfected via lipofeatibrpleisimid
shown. G41Bclones were picked individually. Transfectants were subsequently fused to Rn16 cells @il Aybrids pooled. Cells were harvested grghl
activity measured by MUG hydrolysis. The open bars ghgai activity in transfected hepatoma cells. Filled bars $hgal values in subsequent hybrids. Numbers
to the right show average reduction in promoter activity measured in each set of transfectants, ignoring those with Mt28aldlabsve parental FTO2B values.
P, pooled (>40 clones) pAT.36Bgeo transfectants.

limiting inappropriate gene activity in mammalian cells duringundetectable, although these cases are likely due to position effects
differentiation and/or developmen)(The extinction phenotype also observed with two ubiquitously active promoters (the cellular
in hepatoma fibroblast hybrids is complete, global (affecting all PGK promoter and cytomegalovirus immediate early promoter)
or nearly all tissue-specific genes) and reversible (upon loss lbéing silenced in >40% of the cell hybrids (discussed below).
chromosomes from the non-expressing parental cglB7) HNF4 and HNF# are systematically absent in dedifferentiated
Evidence from these and other experimental systems suggest tfzthepatoma cells and in hepatomdibroblast somatic cell
the mechanisms responsible for this gene silencing in cell hybritigbrids 6,6,13,43), both of which lack the hepatic phenotype.
may involve lack-of-activation4(15,38), dominant supression However, expression of other liver factors (HNF3 and C/EBP)
(39,40) or a combination of both. remains largely unchanged in these cell systénGsid). This

The humam 1AT promoter has been extensively studied in thesuggests that HNF4 and HN#ZJre required for the hepatic
context of tissue specificity by introduction of constructsphenotype. The reported ability of HNF4 expression to activate
(1316,17,20,41) and in the mouse germling(26,42). Notably,  hepatic gene expression in certain hepatoma variantGetisy
the minimal promoter appears to contain the regulatory signagsipports this hypothesis. However, these factors are not necessarily
sufficient for tissue-specific expressio0). The minimal sufficient for hepatic gene expression. Ectopic expression of
promoter contains functional binding sites for liver-enrichedHNF4 and/or HNF fails to restore hepatic gene expression in
factors HNFtr and HNF4. The loss of both of these factors incertain hepatoma variant85) and in cell hybrids 4; this
hepatomax fibroblast hybrids suggested the possibility thatmanuscript). In addition, hepatoma variant lines have been
alAT gene silencing could be explained by a loss-of-activatiodescribed in which hepatic gene expression is absent despite
phenotype. Results presented here argue against this simptemal expression of endogenous HNF4 and HiNgidnes46).
model, showing that constitutive HNF4 and HFdxpression Thus, additional regulatory constraints, either positive or negative,
is not sufficient to maintain expression of the human arXAf  appear to dictate the ability of hepatic genes to be expressed. The
genes. The observed 35-fold decrease in promoter activity in caellLAT promoter studies presented here failed to identify DNA
hybrids, while dramatic, does not account for the completsequences within thelAT promoter that are targeted during
extinction phenotype of >1000-fold reductiond@ AT mMRNA  extinction. However, these studies cannot rule out a factor that
levels (L3). Indeed, the majority of hybrid clones analyzedacts to prevent gene activation in the context of chromatin.
continued to express tlel AT—3-geotransgenes, albeit at low  Silencing of transgenes due to position effects dependent upon
levels. In a number of cell hybrids, promoter activity wassite of integration is well knowrl{,48), although the mechanisms
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Figure 5. (A) HNF4 and HNF@i expression in FTOZEATRge0 x Rn16 ’

hybrids. RNA from representative cell hybrids shown in Figure 4 were assayed

for HNF1a and HNF4. An aliquot of 1g of each mRNA was hybridized to Tubulin

riboprobes specific for HNF4, HNEland 18S rRNA in a single reaction vial.

RNase digested fragments were resolved on 8% urea—polyacrylamide gels

which were then dried and exposed to film for 1 week (HN&did HNF4) or

1 day (18S). The location of undigested probes and RNase protected fragments

are shown. yRNA, yeast RNA as a non-specific conINorthern analysis Figure 6. Extinction of a PGKe&1AT construct in cell hybridsA) Plasmid

of MRNA from FTO2814TRgeocells. An aliquot of ig of total cytoplasmic pd15.3 contains a promoterless 15. 30 AT minilocus. pPGK15.3 contains

RNA was size-fractionated, transferred to a nylon membrane and probedthe PGK promoter fused tilAT genomic sequences at position —2 of intron |.

successively with murin@1AT ando-tubulin probes. FTO2B, rat hepatoma  positions of exons |-V are shown with closed ba8$.RTO2B cells were

cells; RAT1, fibroblasts; FR, FTO2B RAT1 hybrids; Rn16, cHNF4RAT1 co-transfected with pPGK15.3 (or pd15.3) plus pKOneo and 'GeldBes

fibroblasts. either picked individually or pooled. An aliquot ofu§ of total cytoplasmic
RNA was size-fractionated, transferred to a nylon membrane and probed
successively with humamlAT anda-tubulin probes. FTO2B, rat hepatoma

respons|b|e are not fu”y understood POSlt|On effects Weréells,Hll,alAT‘hepatomavarlantcells (350;)(Select FTO2B transfectants

; : R : pressing humaalAT were fused with RAT1 fibroblasts and HADud
examined in the context of gene extlnc_tlon_ in this St'fjdy' Result brids selected, pooled and expanded. Cytoplasmic RNA was size-fractionated,
suggest that loss of transgene expression is greatly influenced

i

L’

¢ ' cd ! tansferred to a nylon membrane and probed with human and mAfieand
the parental cell type into which the transgene is introduced priatibulin (as an RNA loading control) probes.
to fusion.[3-gal expression cassettes containing CMV and PGK

promoters integrated into the fibroblast chromosomes were rarely
silenced when fused to hepatoma cells. In contrast, integrationalfromatin, then these insertions may be down-regulated because

trangenes into hepatoma chromatin followed by fusion witlhe chromatin changes in liver-specific genes during the process
fibroblasts resulted in loss of transgene expression in >40% of thégene extinction. This hypothesis has not been formally tested,
hybrid cells. The extent of this loss of transgene expression what it would be useful to know whether genes are silenced due to
not determined. However, based upon intensity of blue stainimgoximity with regions of chromatin that are extinguished.

in the hepatoma transfectants compared with subsequent hybrid€ach of then1AT promoter deletion mutants tested (—7100 to
the effect is substantial. The reason for these differences #360 bp) behaved in a similar fashion in cell hybrids, in that
observed position effects between fibroblast and hepatonpaomoter activity was reduced by an average of 35-fold with each
integrants is not known. Itis possible that this is due to the fact thdgletion plasmid. Thus, sequences responsible for negative
the hepatoma cells express a large number of liver-specific genesgulation of thealAT promoter in cell hybrids were not
the majority of which are extinguished in cell hybrids. Ifidentified. It is still possible that a factor(s) in the cell hybrids
transgene integration occurs preferentially into highly activénterferes with the ability of the minimal promoter to function in
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propagator proteins’49,50), may play a central role m1AT 9 Leshkowitz,D. and Walker,M.D. (199Mol. Cell. Biol, 11, 1547—1552.
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