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Mam m alian gene expression can be regu
lated by cell type, developm ental stage, 

and  num erous external stimuli. Regulation is 
b rough t about by a complex interaction of cis- 
acting DNA sequences and trans acting factors. 
Considerable effort has been expended to iden
tify and characterize regulatory DNA sequences 
and to understand  the basic m echanism s by 
which they exert their actions. Traditionally, the 
transcriptional activities o f putative prom oters 
and  regulatory sequences have been m easured 
by transfections into cultured  cells o f various 
DNA constructs consisting o f these sequences 
fused to a repo rte r gene and subsequent quan
tita tion  of repo rte r gene expression. This ap 
proach  has provided a great deal o f inform a
tion  concerning the sequences m ediating the 
expression of genes in various cell types in re 
sponse to physiologic perturbations such as 
horm ones —and, to a lesser extent, during spe
cific developm ental stages, such as the fusion 
o f  myoblasts to form  myotubes.

Given the complexity o f biological processes 
in vivo, however, a question arises w hether reg
ulatory elem ents identified in cultured cells 
accurately explain the regulation o f gene ex
pression in vivo. This becomes particularly im 
po rtan t in considering the use o f im m ortalized 
cell lines or prim ary cultures, whose patterns 
o f gene expression often differ significantly 
from  those o f the intact tissue.

O ne way to evaluate the relevance o f in vitro 
transfection studies to gene regulation in vivo 
is to create transgenic anim als using constructs 
that have also been tested in cultured cells. This

approach requires the generation o f several in 
dependent mouse lines for each construct under 
study, an expensive and time-consuming u n d e r
taking com pared with transfections into cul
tu red  cells. O ne alternative to transgenic mice 
that may approxim ate in vivo gene regulation 
m ore closely than cell culture transfections is 
the injection of DNA sequences linked to re 
porters into cardiac and skeletal muscle tissue 
in vivo (Kitsis et al., 1991). However, this gene 
transfer technique appears to be lim ited to stri
ated muscle cells (Wolff et ah, 1991).

Regardless o f w hether gene regulation is 
studied  in vitro or in vivo, the state of the for
eign DNA may influence the regulation of its 
expression. W ith transient transfections into cul
tu red  cells o r injections of DNA into muscle 
in vivo (Wolff, et ah, 1990), the construct being 
tested exists in an episom al state. The geom et
ric configuration of the regulatory sequences 
in the construct may differ m arkedly from  its 
natural configuration in the endogenous locus. 
This, in turn , may influence regulation o f the 
expression of the construct. In addition, an epi- 
some will not be subject to regulatory in fo r
m ation that may reside in the chrom atin  con
figuration. O n the o ther hand, with stably 
transfected cells and transgenic animals, the con
struct undergoes integration into random  chro
m osom al sites whose chrom atin  configuration 
may differ from  that o f the endogenous locus. 
In fact, the im portance of long-range chrom o
some effects is supported  by the existence of 
locus control regions (LCR), such as those seen 
in the p globin gene com plex (see Grosveld, et
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al., 1987; Forrester et al., 1987), which act at a 
distance to confer copy num ber-dependent, 
position-independent expression onto a gene. 
A lthough it would be optim al to study the reg
u lation  o f a construct at its endogenous locus, 
o r at least w ithin its LCR, this is usually not 
possible. Therefore, studies should be p er
form ed on m ultiple independent cell o r trans
genic lines to separate effects which result from 
the cis-acting elem ents u nder study from  those 
which are due to the position of integration.

In  addition  to transcriptional regulation, 
posttranscriptional control plays an im portan t 
role in the control o f m am m alian gene expres
sion. Expression o f a test construct consisting 
o f prom oter and regulatory elem ents linked to 
a rep o rte r gene will not reflect posttranscrip
tional processes tha t may be relevant to the reg
ulation of the gene under study, since sequences 
specifying the endogenous pattern of RNA splic
ing and mRNA stability have been replaced with 
heterologous sequences. Some investigators have 
used constructs containing a minigene, ra ther 
than  a repo rte r gene, to address some of these 
issues (for example, see Dente et al., 1988). 
Though obviously important, the regulatory role 
played by posttranscriptional events is beyond 
the scope of the present review.

A lthough in vivo experim ents have often 
yielded results identical to those obtained  in 
cultured  cells (for example, see Leask et al.,
1990), there are m ultiple examples o f discor
dance between gene regulation in vitro and in 
vivo. The purpose o f this review is to discuss 
some o f the examples in which transcriptional 
regulation conferred  by a given cis-acting DNA 
sequence elem ent differs significantly between 
cultured  cells and in vivo. In addition, pos
sible m echanism s for the discordance will be 
discussed.

Gene regulation in vitro and in vivo

In a relatively small num ber of cases, some of 
the same DNA constructs tested in transfections 
have also been evaluated in transgenic mice 
(Table 1). This section will com pare results that 
have been obtained using both approaches. Dis
cordance between gene regulation in vitro and 
in vivo can take the form  o f “prom iscuous” ex
pression o f the DNA construct in transfections 
into different cell types with appropria te  ex
pression in transgenics. In the case o f the liver-

specific ai-acid glycoprotein gene (AGP-A), 
~ 1.2 kb of upstream  sequence and ~  2 kb of 
3'-flanking sequence were able to d irect tran 
scription with similar efficiencies, both  in HeLa 
cells, where the gene “should not” be expressed, 
and in Hep3B hepatom a cells, which express 
the endogenous AGP-A gene. In contrast, in 
transgenic mice, the same sequences resulted 
in appropriate liver-restricted expression (Dente 
et al., 1988). This type o f discordance is also 
exhibited by a hum an N -myc minigene, which 
was expressed promiscuously following transient 
and stable transfections into mouse 3T3 cells, 
where the endogenous gene is not expressed, 
bu t was expressed concordantly with the en
dogenous gene in transgenic anim als (Zim m er
m an et al., 1990). The endogenous rat a-cardiac 
myosin heavy chain gene is expressed in car
diac b u t not skeletal muscle. Despite this, —0.6 
kb of 5'-flanking sequence was sufficient to direct 
transcrip tion  in both  myoblasts and myotubes 
of the L6E9 ra t skeletal muscle cell line (Tsika 
et al., 1990). This sequence was not transcrip
tionally active in HeLa cells or 3T3 fibroblasts, 
dem onstrating lim ited —bu t not entirely spe
c ific -ex p ressio n  of this construct in vitro. In 
contrast, the same upstream  sequence directed 
cardiac-specific expression in transgenic mice 
(Katz et al., 1992) and following injection into 
the hearts of adult rats in vivo (Kitsis et al., 1991).

A nother form  o f discordance is observed 
when cis-acting elements are sufficient to direct 
expression in transfected cells bu t are inade
quate to drive transgene expression in the anal
ogous cell type in vivo or in em bryonic stem 
cells. For example, transfection of an a-feto- 
protein  minigene into hepatom a cells dem on
strated the functional equivalence o f three en
hancers located in the 5'-flanking region 
(G odbout et al., 1986). In contrast, constructs 
containing various com binations of these ele
m ents differed in their capacities to direct 
transcription in the livers o f transgenic animals 
(Hammer et al., 1987). A nother example is the 
m ouse di-antitrypsin gene. A pproxim ately
0.5-10 kb of 5'-flanking sequence results in ex
pression o f a hum an growth-releasing factor 
m inigene in transiently and stably transfected 
hepatom a cells and primary hepatocyte cultures, 
b u t n o t in 3T3 or neuroblastom a cells (M ont
gomery et al., 1990). In contrast, identical con
structs lacked sufficient inform ation to be ex
pressed in m ultiple lines of transgenic animals
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Table 1. Discordance between gene regulation in vitro and in vivo
In vitro In vivo

Expression
pattern Gene Sequences Construct

Trans
fection Cell type Tissue References

Human ai-acid 
glycoprotein

~1.2 kb 5' 
-2 .0  kb 3'

M T Hep3B (hepatoma) 
Heta

Liver Dente et al., 
1988

In vitro— 
promiscuous 
and

In vivo— 
appropriate

Human N-myc - 3  kb 5' 
- 3  kb 3'

M T,S Transferred gene 
expressed in 
multiple cell lines 
that do not

Brain
Kidney

Zimmerman et 
al., 1990

express
endogenous
N-myc

Rat a-cardiac 
myosin

_ heavy chain

-0 .6  kb 5' R (in vitro)
M (transgenics) 
R (injections)

T 1 ° fetal cardiocytes 
L6E9 myoblasts 
L6E9 myotubes

Heart Tsika et al., 1990 
Katz et al., 1992 
Kitsis et al., 1991

Mouse
a-fetoprotein

-6 .6  kb 5' M T HepG2 (hepatoma) 
(constructs with 
3 enhancers 
functionally 
equivalent)

Liver
(constructs 
with 3 en
hancers not 
functionally 
equivalent)

Godbout et al.,
1986

Hammer et al.,
1987

In vitro— 
appropriate 
and

In vivo—none, .

Mouse
ai-antitrypsin

-0 .5 -10  
kb 5'

M T,S HepG2 (hepatoma) 
BWTG-3 (hepatoma) 
SK-N-SH/SY5Y 

(neuroblastoma) 
NIH 3T3 (fibroblast)

None Montgomery et 
al., 1990 

Harris and 
Krauter, 
personal 
communication

less, or 
requiring 
additional 
sequences

Human HPRT See reference 
for details

M T CHO
Human fibroblasts 
Mouse L 

(constructs with 
or without intronic 
sequences 
expressed)

ES
(only con
structs with 
intronic 
sequences 
expressed)

Reid et al., 1990

Mouse muscle 
creatine 
kinase

-1.3-3.3  
kb 5'

R T MM14 myotubes 
(equal expression 
with 3.3 and 1.3 
kb constructs)

Skeletal muscle 
(3.3 kb 10- 
to 100-fold 
more active 
than 1.3 kb)

Jaynes et al.,
1988

Johnson et al.,
1989

Abbreviations: ES, embryonic stem cells; HPRT, hypoxanthine phosphoribosyl transferase; M, minigene; R, reporter construct; S, stable 
transfection; T, transient transfection.

(T. H arris and K. Krauter, personal com m uni
cation). D iscordance between gene expression 
in somatic and em bryonic stem (ES) cells has 
also been observed with a hypoxanthine phos
phoribosyl transferase (HPRT) minigene, which 
was expressed following transfection into m ul
tiple somatic cell types bu t n o t into ES cells, 
which express the endogenous HPRT gene (Reid 
et al., 1990). A ddition of HPRT in tronic se
quences to the minigene, however, resulted in its 
expression in ES cells. Gene expression in cul
tured cells can be quantitatively discordant from 
that in transgenic animals, even if expression 
is lim ited to the appropria te  tissues in bo th  sys
tems. For example, ~1.3 kb of mouse muscle

creatine kinase (MCK) upstream  sequence was 
as efficient as a ~  3.3 kb construct in driving 
rep o rte r gene expression in differentiated 
MM14 cells, a m ouse myoblast line (Jaynes et 
al., 1988). In several lines o f transgenic animals, 
however, the longer construct was 10- to 100-fold 
m ore transcriptionally active than the shorter 
one (Johnson et al., 1989).

Cell culture models for studying gene 
regulation

Given the discordance between gene regulation 
in vitro and in vivo, it is worthwhile to examine 
m echanism s that m ight explain the phenom 
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enon. O ne place to begin is to com pare quan
titative and qualitative patterns o f endogenous 
gene expression in cultured  cells and intact tis
sues. For example, many hepatom a cell lines 
have been shown to express liver-specific genes 
at very low levels or not at all (Clayton et al.,
1985). The H 4AZC2 ra t hepatom a cell line, for 
instance, expresses (among others) one liver- 
specific gene, glutathione S-transferase, bu t only 
at 5% of the level seen in the intact liver. Al
though culture conditions can be m anipulated 
to induce expression of this gene several fold, 
it remains substantially lower than that observed 
in vivo (G atm aitan et al., 1983). In addition, 
culture conditions designed to prom ote liver- 
specific gene expression have failed to activate 
the liver-specific a ran titrypsin  gene, which is 
silent in H 4AZC2 cells. Muscle cell lines also ex
hib it differences in gene expression relative to 
norm al muscle tissue. This is exemplified by 
the L6J1 myoblast line, which — although capable 
o f fusing into myotubes and initiating a p ro 
gram of muscle-specific gene expression — does 
not express the entire program  of myogenic reg
ulators, since it does no t express MyoD (Hin- 
terberger, et al., 1991). Additionally, the n o r
mal tem poral and quantitative program  of 
myosin heavy chain gene expression does not 
occur in muscle cell lines (see Weydert et al.,
1987). In summary, the phenotype o f many cell 
lines diverges significantly from that o f cells in 
the intact organ.

T here are several potential mechanisms for 
altered gene expression in cell lines. First, the 
genotype of im m ortalized cells may be altered, 
which may affect the expression o f specific 
genes. Second, cells in culture lack many o f the 
cues that trigger physiological and develop
m ental processes. For example, paracrine and 
m echanical signals from  o ther cell types with 
which they are in contact in a tissue u n d o u b t
edly influence gene expression. O ther stimuli 
that may be different (or lacking) in cell culture 
relate to the physical substrate on which cells 
are grown and the m edia in which they are 
bathed. O f note, using a chemical and/or a sec
ond  cell type to m odel the extracellular m atrix 
and  horm onally defined m edia to replicate the 
extracellular m ilieu has been shown to m od
ulate gene expression in cultured cells to mimic 
m ore closely that in vivo (see Jefferson et al., 
1984; Enat et al., 1984). In addition, cultured

cells do no t experience the myriad of develop
m ental stim uli to which cells that are form ed 
and  grow in an embryo are subjected. It is 
possible that the absence of this developm ental 
history results in alterations in the subsequent 
program  of gene expression.

Prim ary cell cultures, which may m ore ac
curately reflect gene expression in vivo, are an 
alternative to im m ortalized cell lines for gene 
regulation studies. In some cases, such as car
diac myocytes, prim ary cultures m ust be used, 
since there are as yet no perm anen t cell lines. 
U nfortunately, gene expression in prim ary cul
tures can also be discordant with that in the 
same cell type in the environm ent o f the intact 
organ. This can be the result o f the cell disso
ciation procedure, cell culture conditions (see 
Jefferson et al., 1984), o r the absence o f the ap
propria te  developm ental stimuli, as discussed 
above. When hepatocytes are disaggregated from 
the liver and cultured on a plastic substrate in 
serum -containing media, the cells assume a flat 
morphology, and liver-specific gene expression 
decreases dramatically, while the expression of 
housekeeping genes such as tubulin  rem ains 
constant (see Clayton and Darnell, 1983; Clay
ton et al., 1985). A lbum in transcrip tion  de
creases to 50% o f baseline after 4 hours and 
to 10% after 24 hours in culture (Xanthopoulas 
et al., 1989). Similarly, levels of skeletal a-actin 
mRNA specifically decline in cultured neonatal 
cardiac myocytes com pared with the intact neo
natal heart (Bishopric et al., 1987).

In o ther cases, the discordance between gene 
expression in vitro and in vivo may reflect the 
phenotype of the cells at the time they are placed 
in culture. For example, it has been possible 
to use only fetal and neonatal cardiocytes in 
transfection studies. The phenotype o f these 
cells differs significantly from  that o f adult 
cardiocytes, thereby lim iting the applicability 
o f the results o f gene regulation experim ents 
in these prim ary cultures. In support o f this 
idea, it has recently been shown that DNA con
structs that are inactive in cultured fetal car
diocytes are active when injected into the adult 
heart in vivo (P. M. Buttrick et al., unpublished 
data). Despite the lim itations o f extrapolating 
results obtained with myocytes from an earlier 
developmental stage to adults, neonatal cardiac 
myocyte cultures have been useful for analyz
ing some complex physiological processes, such
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as cellular hypertrophy, in which patterns of 
gene expression in cultured neonatal cells 
mimic those in vivo (Waspe et al., 1990).

Bases of discordance

Clues to the m olecular basis for discordance 
between gene expression in cultured cells and 
the same cell type in the intact tissue have been 
provided by analyses o f trans acting factors. 
Steady-state levels o f mRNAs encoding several 
transcrip tion  factors have been observed to de
crease in cultured liver cells. For example, the 
sequence-specific DNA binding protein  C/EBP 
is expressed at levels tha t are at least 10-fold 
lower in cultured hepatom a cells com pared 
with the intact liver (Friedm an et al., 1989). 
Further, it has been demonstrated that transcrip
tion o f this gene decreases almost 10-fold within 
24 hours o f placing hepatocytes into culture 
(Xanthopoulos et al., 1989). In fact, recent studies 
suggest that decreases in C/EBP occur in re 
sponse to activation of cell proliferation, thereby 
suggesting that expression o f high levels of 
C/EBP m ight be incom patible with most rapidly 
growing cell lines (Mischoulon et al., 1992). 
A nother example is provided by repression of 
the expression o f HNF-4, a m em ber o f the ste
roid  horm one receptor superfamily, in dediffer
entiated hepatom as and in hepatocyte-som atic 
cell hybrids in which the liver phenotype was 
extinguished (Kuo et al., 1992). This alteration, 
in tu rn , resulted in absence o f H N F-la, a 
hom eoprotein  that requires HNF-4 to transacti- 
vate its expression. In these systems, expression 
o f o ther transcrip tion  factors, such as C/EBP, 
was unchanged, demonstrating that the observed 
changes in gene expression were not the result 
o f general decreases in the abundance o f all 
transcrip tion  factors. The im plication o f such 
findings for the study o f gene regulation is sig
nificant. If  certain  trans acting factors are re 
quired  to achieve appropria te  tissue- or devel
opm ental stage-specific or stimulus-responsive 
expression, then  gene regulation in cultured 
cells, which express different levels o f these fac
tors com pared with the intact tissue, may be 
discordant with that in vivo. It seems likely that 
some o f the cases o f discordance discussed in 
this review can be a ttribu ted  to altered  expres
sion o f trans acting factors in cultured  cells.

In  summary, the regulation o f many m am 

m alian genes is different in cultured cells than 
in intact tissues. Future studies directed at defin
ing the differences in cellular m ilieu in these 
two states will undoubtedly  extend our u n d er
standing o f this discordance and o f the u n d er
lying basis for gene regulation in vivo.
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