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Variegated gene expression in mice
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Transgenic animals, particularly mice,
are most-commonly generated by the
microinjection of DNA into fertilized
eggs. End-to-end ligation of the con-
struct and/or homologous recombi-
nation between circularized molecules
is thought to generate a transgene
concatemer (often 5-50 copies) that
integrates at a single site in the
genome. While transgene expression
can be stable and heritable, the
tandem-repeat nature of the insertion
appears to contribute to a phenom-
enon akin to variegation, as described
in insects and plants. This can gener-
ate, by stochastic silencing of the trans-
gene, a variable and mosaic pattern
of transgene expression. Variegation
can complicate the interpretation of
some experiments using transgenic
animals generated by microinjection.
Below, we briefly discuss the evi-
dence for variegation in mice, mecha-
nisms of silencing and routes by
which it can be avoided. and the
possibility that some endogenous
genes might be subject to variegation.

Several different mechanisms
can lead to variations in the level of
(trans)gene expression within a single
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line. Variation can be due to strain-
specific modifier genes, or to inte-
gration or translocation into Y chro-
mosome heterochromatin or to the X
chromosomel. Loss of function has
also been observed when cells ex-
pressing the construct have a selective
disadvantage, so favouring loss of
transgene DNA. For the most part,
transgene loss appears uncommon
although inverted repeats within a
transgene array can favour deletion or
rearrangement?. Mosaic expression
patterns have also been observed
with tyrosinase fusion transgenes,
although mosaic or striated expres-
sion might be an intrinsic property of
this locus?®. As noted above, growing
evidence now suggests that some
transgenes can be subject to a
phenomenon akin to the variegation
found in insects and plants.

Position effect variegation in
Drosophila

Mosaic or ‘variegated’ expression
of endogenous genes* and trans-
genes =7 in Drosophila is subsumed
under the term ‘position-effect varie-
gation’ (PEV). This can be defined as
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(a) position-dependent inactivation
of gene expression in a fraction of
cells that generate a particular tissue,
(b) heritable maintenance of this pat-
tern, either ‘on’or ‘oft”, through subse-
quent cell divisions, and (c) incom-
plete mixing after each cell division
such that cells that remain closest in
space are those most-closely related
by lineage.

The first and best-documented
example of PEV concerns a chromo-
some rearrangement in which an
allele of the white (w*) gene was trans-
ferred to a site close to the centro-
mere. Expressiont in the eye is uniform
at the original site, but after translo-
cation to a pericentromeric region,
the expression of the gene becomes
variegated, resulting in patches of pig-
mented and unpigmented cells in the
eye. Further studies have led to a para-
digm. still unproved, that pericentro-
meric localization renders the gene
susceptible to heterochromatic con-

- densation spreading out from the cen-

tromere®~10, PEV has also been docu-
mented in yeast for gene sequences
integrated close to telomeres!! or
within centromeres!2. The silencing



process in yeast can affect
genes up to 20 kb away
from the heterochromatin—
euchromatin breakpoint!3
while this extends to 2 Mb
in Drosophila't.

Variegation of transgene
expression in mice

As we have seen, a va-
riety of mechanisms can
contribute to variable trans-
gene expression in mice,
but do any correspond to
variegation as described in
Drosophila? Despite many
suggestive reports, there has
been little direct evidence.
Two studies in mice now
provide firm evidence for
sectoring of transgene ex-
pression, consistent with stochastic
silencing and maintenance of the
expression state (on or off) through
cell division. In situ staining of sec-
tions of thymus from mice harbour-
ing a human CD2 transgene revealed
some clustering of cells expressing
the transgene!>. Compelling evidence
for sectored localization of transgene
expression was also obtained in mice
harbouring a transgene encoding the
ovine milk protein, B-lactoglobulin
(BLG). In situ hybridization to mam-
mary gland sections revealed clusters
of cells strongly expressing the trans-
gene surrounded by cells that fail to
express detectable transgene mRNA
(Ref. 16; Fig. 1. In two of three lines
examined, the level of BLG expres-
sion in the milk varied by up to ten-
fold between individuals of the same
line: the level of transgene product in
milk appeared to parallel the number
and size of cell clusters positive for
transgene mRNA (Ref. 16).

While in both these cases the
clusters of expressing cells suggest
clonal expansion from a committed
progenitor, other possibilities have
not yet been formally excluded.
However, these observations indi-
cate that individual cells are able to
suppress the expression of transgene
constructs and, subsequently, to
propagate the inert state of the trans-
gene through cell division, leading
to mosaic or variegated patterns of
expression.

How might variegation arise?

The chromosomal localization of
the variegating mouse transgenes
provides a first clue to the underlying
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FIGURE 1. Variegated gene expression in mammary gland of
transgenic mice. /n situ hybridization was performed to sections
of mammary gland from line 7 mice harbouring a B-lactoglobulin
(BLG) transgene with a pericentromeric insertion site®.

mechanism. In sifu hybridization
studies on chromosome spreads from
transgenic animals exhibiting varie-
gated expression of human CD2
revealed that the transgenes were
integrated close to a centromerel’,
Similarly, in lines displaying varie-
gated BLG expression the transgene
array was also present close to a cen-
tromerel®. These results parallel the
situation in Drosophila where prox-
imity to heterochromatic regions pre-
disposes to variegation.

Second, there are some indications
that transgene copy number can con-
tribute to variegation, also as reported
in Drosophila. Transgene heterochro-
matinization in Drosophila is not only
dependent on proximity to the cen-
tromere, but also on the number and
orientation of repeats present at the
transgene locus; silencing increases
in step with copy number>7. Similar
copy-number-dependent  silencing
has been reported in plants!”.18, The
variegating mouse lines discussed
above were not designed to address
a possible association between copy
number and variegation (although
the two variegating BLG lines con-
tained more than 17 copies of the
transgene while the nonvariegating
line harboured less than five copies!©).
However, there is some indirect
evidence for linkage between varie-
gation and copy number in mouse.
In vertebrates (but not Drosophila)
DNA methylation is associated with
gene inactivity, although whether
methylation is a cause or consequence
of gene silencing in mammals is a
matter of some debate. Nonetheless,
we reported previously that the extent
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of transgene methylation
increases in step with copy
number!®, consistent with
progressive  silencing as
copy number increases. In
addition, higher transgene
copy numbers show more-
rapid silencing of expres-
sion20. These observations
suggest, but do not prove,
that higher copy numbers
contribute to transgene
silencing in mouse just as
they do in Drosophila.

What might be the
mechanism that triggers
heterochromatic  conden-

sation? In Drosophila, it has
been suggested that somatic
pairing can lead to DNA
looping and, hence, seques-
tration into a heterochromatic com-
partment>’. A further possibility is
suggested to us by the fact that mul-
tiple interacting transcription factors
bind at many promoter elements.
Tandem repetition of the promoter
could permit the formation of incor-
rect (and unproductive) multiprotein
complexes between transcription
factors bound at adjacent promoter
sites, resulting in DNA looping out
between them and loss of expression.

These models are consistent with
a silencing process comprising three
steps (Fig. 2). First, the formation of
abnormal (possibly bent?) DNA struc-
tures due to pairing or looping, a pro-
cess favoured by sequence repetition.
Second. the specific recognition of
these abnormal structures (for instance
by the binding of heterochromatin
components possibly associated, in
mice, with DNA methylation). Third,
sequestration of the complexes into
heterochromatic regions, and facili-
tated by proximity to preexisting
heterochromatin structures.

It is of note that the contention
that silencing extends progressively
outwards from early foci of hetero-
chromatinization is consistent with a
report that the extinction of expression
of a globin transgene increases with
age of the animal?. However, it is
not clear that proximity to preexist-
ing heterochromatic regions is an
absolute prerequisite for stochastic
silencing to occur.

Is variegation widely encountered?

Tandem repetition and proximity
to the centromere (or another hetero-
chromatic region) both appear to



contribute  to  transgene
silencing. Superficially, this
supports the argument that
many transgenic animals
should express transgenes in
a stable fashion, because
copy numbers are often low
and integration close to a
centromere is unlikely. This
argument might be incorrect.
Although no systematic stud-
ies have been done, there is
evidence that transgene inte-
gration into pericentromeric
regions may occur fre-
quently. Of 17 lines exam-
ined (14 by Festenstein ef
al 15, three by Dobie et al19),
more than half (nine) had a
pericentromeric localization.

This might indicate that
variegation is rather more
common than previously ]
recognized, although sector-
ing of gene expression pat-
terns is, of course, difficult

Transcription factor compiex
at promoter

O Heterochromatin protein

D opy 1 _D Copy 2

Heterochromatic
region

(b)

Cé = =

that some transcription en-
hancers can act to suppress
variegation, although it is
clear that most enhancers
alone do not have this e-
ffect. Matrix-attachment re-
gions (MARs; also scaffold
attachment regions, SARs)
have also been reported to
prevent variable expression
of some transgene con-
structs?8.22  although  this
does not appear to be a
systematic feature of such
elements30:3L,

Festenstein et all> re-
port that the inclusion of
the human CD2 locus con-
trol region (LCR) in a trans-
gene construct could pre-
vent variegation while, at
the same time, rendering
the level of expression pro-
portional to copy number.
Similar  findings  were
reported for a globin LCR

to detect in tissues (such as
brain and the immune sys-
tem) in which individual
daughter cells migrate away
following cell division. How-
ever, there are abundant
instances of unexplained
variable or mosaic transgene
expression?l-2%. To give one exam-
ple, five out of five transgenic lines
harbouring a housekeeping trans-
genel® showed extreme variation in
the tissue levels of expression in indi-
vidual animals. Unpredictable swings
in the level of transgene expression
were observed, ranging over two
orders of magnitude [M. Mehuali
(1986) PhD Thesis, Strasbourg], par-
ticularly at high copy number, and
most were consistent with variegation.

Can variegation in transgenic mice
be avoided?

The possibility that many trans-
genes are subject to stochastic silenc-
ing is of concern, especially because
variegation can be difficult to detect
without detailed analysis. The out-
come of transgenic experiments
would be considerably obscured if
some animals of a given line express
the transgene at high levels in a
particular organ while others do not.

Although screening  transgenic
mice for the chromosomal insertion
site and copy number should permit
the elimination of variegating lines.
there are other routes by which

FiGuRe 2. A model for heterochromatic condensation of transgene
arrays precipitated by (1) repeat DNA sequences and (2) proximity
to existing heterochromatin. (a) A multimeric transcription-factor
complex is formed between repeat transgene copies. (b) Hetero-
chromatin proteins bind to the abnormal DNA structures. (¢) The
transgenes are sequestrated into the heterochromatin compartment.

variegation can be avoided. First,
single-copy gene insertions do not
appear to variegate. This argues for
the use of targeted integration of
single transgene constructs by hom-
ologous recombination in embryonal
stem cells?>, or for integration by cat-
alysed recombination in microinjected
eggs (J.O. Bishop, pers. commun.).
Second. the use of very long con-
structs (employing yeast or bacterial
artificial chromosomes) will increase
the distance between repeat elements
and can decrease the likelihood of
precipitating heterochromatic conden-
sation (A. Colman, pers. commun.).
Third, the incorporation of elements
permitting efficient site-specitic re-
combination (such as the loxP site
from bacteriophage P1) could be used
(by crossing to an animal expressing
the P1 recombinase. Cre, in the germ-
line) to generate progeny in which
the number of transgene copies is
substantially reduced?©.

The effect of multiple integration
and/or a  pericentromeric  localiz-
ation can also be attenuated by the
inclusion of specific DNA elements
in the construct. It was suggested’
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(Ref. 32). While a fuller dis-
cussion of the relationship
between  copy-number-
dependence and varie-
gation would be out of
place here, this is a poten-
tially important finding
with implications across the
board from transgenesis in animals to
gene therapy in humans. However, it
is not known whether the suppres-
sion of variegation is a general fea-
ture of LCRs or whether particular
elements can only suppress varie-
gation in specific cell types. Neverthe-
less, the incorporation of LCRs into
transgene constructs could plausibly
provide a general route to ensure
reproducible expression levels.

Do any endogenous genes
variegate?

If the model of heterochromatic
condensation spreading from the
centromere (or other heterochromatic
regions) to encompass repetitive
transgene arrays is even partly cor-
rect, this would inevitably raise the
question of the fate of genes located
close to the transgene or between the
transgene insertion and the centro-
mere. Are they stochastically silenced
too, and are there genes whose
expression naturally variegates?

Chromosome rearrangements lo-
cated 4-400 kb away from the relevant
locus have been associated with
some human (e.g. SOX9/campomelic



dysplasia; PAX6/aniridia) and mouse
(steel/female sterility) genetic disor-
ders, as reviewed recently33.34, De-
tailed molecular analysis of two
aniridia (absence of iris) human
pedigrees demonstrated that the dis-
order is associated with chromosome
rearrangements greater than 85 kb
downstream of the PAXG gene.
Although a link between the aberrant
phenotypes and the genomic re-
arrangements has yet to be estab-
lished, it is tempting to speculate that
the rearrangements could in some
cases cause relocation of the affected
loci into a domain subject to hetero-
chromatic condensation, leading to
variegated expression.

‘Variegation’ could also provide a
mechanism for gene silencing during
development3-3% or even for the
storing of acquired information: re-
arrangement of neuronal centromeric
satellite DNA was reported during
synaptic plasticity®® while, in Droso-
phila, a protein phosphatase mu-
tation that suppresses variegation
also impairs learning and memory4l,

Finally, in plants!”42 and in
insects# inactivation of one copy of
a gene can, by a phenomenon termed
co-suppression or frans-inactivation,
perturb the expression of another
copy situated elsewhere in the gen-
ome. Although co-suppression has
not so far been documented in mam-
mals, it would come as no surprise if
the same were to occur in transgenic
mice. More generally, the many ex-
amples of variegation, co-suppression
and related phenomena discussed
here emphasize the conclusion that
mechanisms exist by which different
copies of a DNA sequence can inter-
communicate in some real sense
(possibly by direct physical associ-
ation brought about by pairing and/
or looping) such that, jointly, their
activity state can differ substantially
from that of a single copy acting alone.
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