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Imprinted genes have few and small introns

Sir — Neumann and colleagues!
have recently concluded that
imprinted genes often contain
particular repeat sequences. Oth-
ers have shown that imprinted
genes tend to have unusual sex-
specific recombination rates?,
Here we add to the list of unusual
properties of imprinted genes by
showing that they tend to have few
and typically small introns for
their size.

From descriptions of the
genomic structure of 16 imprinted
genes, we have determined, for
each, the total size of exons, the
total size of introns and the num-
ber of introns/exons. From these
data we calculated: the average size
of introns, the number of introns
per kb of exon and the ratio of the
total intron size to the total exon
size (Table 1). Mann-Whitney U

tests were performed to compare
the imprinted genes with a control
set of genes. The control set
totalled 90 randomly selected
genes from man and mouse with
the same ratio of human to
murine as found in the imprinted
set (Table 2).

The intron—exon structure of
imprinted genes is very different
from the control set (Table 2).
Controlling for total exon size, the
total amount of intronic DNA in
imprinted genes is one fifth that of
the control set (Fig. 1). This high-
ly significant difference (P <
0.0001) is due to two separate
effects. First, the average intron
size in imprinted genes is signifi-
cantly smaller than in the control
group. Second, the average num-
ber of introns per kb of exon is
significantly lower for imprinted

genes than the control set. The
average size of individual exons in
the control set is significantly
smaller, by approximately one
third, than the average for the
imprinted genes. In contrast, the
average total exon size (approxi-
mately the size of the cDNAs) of
imprinted genes is no different
from that of the control set and so
can be ruled out as a confounding
variable.

The conclusion that imprinted
genes are different from the con-
trol set is highly robust to alter-
ations in the analysis. The current
data*> we consider includes hCGf3
as an imprinted gene, although
this remains to be proven. How-
ever, if removed from the study,
the qualitative results remain
unaltered (meaning, after control
for Type 1 Error, the statistics

Table 1 Gene structure parameters of the murine and human imprinted genes.

gene

Igf2 (mouse)?
IGF2 (human)®
p57KIP2 (human)
Igf2r (mouse)
H19 (mouse)

H19 (human)
CGb (human)
SNRPN (human)t
Xist (mouse)
Insulin 1 (mouse)
Insulin 2 (mouse)
U2afbp-rs (mouse)

Mas-oncogene (mouse)

IPW (human)
Znf127 (mouse)
Mash29 (mouse)
Averages for the

imprinted genes (+SEM)

Averages for the
control set (+SEM)
Significance level
from Mann-Whitney
Significance after

number of total total average average
exons exon size intron size exon size intron size

4 4,209 7,270 1,052 2423

4 5,270 6,430 1,318 2140

4 1,313 328 817 272

48 8,891 81,768 185 1740

5 2,248 270 450 68

5 2,332 347 466 86.75

3 716 585 239 293

8 1300 4,800 163 686

6 15,000 4,100 2,500 820

2 435 118 218 118

3 435 606 145 303

1 2,950 - 2,950 -

1 1,217 - 1217 -

3 2,075 2925 692 1463

1 2,700 - 2,700 -

2 1,526 100 763

6.5 (£3.24) 3,297 (+1083) 9,282 (+7279) 1,027 (+266) 729 (+220)
12.01 (¢1.34) 2,816(+232) 23,230(x3552) 378 (x43) 2,396(+303)

- - - - P =0.0025"
- - - - 0.01>P>0.001

controls for Type | Error

number of total intron ref.
introns/kb size/total
exon size
0.71 1.73 see @
0.57 1.22 see®
2.28 0.62 ¢
53 9.2 2
1.77 0.12 27
1.72 0.15 28
2.8 0.82 29
5.4 3.69 30
0.33 0.27 31
2.29 0.27 32
46 1.393 32
0 0 33
0 0 e
0.96 1.41 34
0 0 f
0.07 35
1.92 (+0.52) 1.37 (+0.66)
3.99 (+0.25) 7.64 (+0.88)
P =0.0018 P<0.0001
0.01>P>0.001 P<0.0001

The averages for the parameters are given below both for the imprinted genes (combining mouse and human genes) and for the control set (fifty from
mouse, forty from human). For each of three parameters that we are interested in the Mann-Whitney U test was employed to compare the set of ran-
domly selected control genes (1=90) and the imprinted genes {(n=14) under the null hypothesis that there was no difference between the two groups.
The resulting P values thus generated are given below. These P values are then corrected using the Bonferroni adjustment (for Type | Error, assuming
three tests have been performed) and the resulting levels of significance are given. To avoid non-independence we utilised only the human sequences
for Igf2 and H19 (hence n=14). Usage of the mouse genes instead makes no meaningful difference.
aMurine /gf2 has three different promoters and makes three different mMRNA2! The values given here are the averages for these three putative transcripts.
bHuman Igf2 has at least six different transcripts?? but one is adult specific and not imprinted so is hence not included. For the remainder we consider only
the three transcripts utilising the complete Igf2 coding region®3-. We take an average value of these three (intron sizes obtained from ref. 23).

°From EMBL — accession number: D64137.
9The published sequence of this gene may be missing two exons (R. Nicholls pers. comm.)
The human gene is intronless?4 but not yet shown to be imprinted. The mouse gene is known to be imprinted, is of known cDNA size25 (that which we
employ), but not yet genomically characterised. We assume by comparison with the human sequence that it is intronless (note, the number of introns/exons

in genes tends to be hi

ghly conserved within mammals).

fR. Nicholls personal communication.
9Estimate from graphical representation of gene structure.
hFor this comparison n in the control set is 88 and n in the imprint set is 11 (introniess genes are excluded).
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Table 2 The comparison between i) mouse and human genes and ii) human autosomal and X-linked genes.

number of
exons
exon size
Average for mice 9.36 (+1.08)
{n = 50) (+SEM)
Average for human 15.32 (x2.63)
(n = 40) (+SEM)
Significance from
Mann-Whitney U test
Significance after correction
Average for human X 8.54 (x0.99)
(n = 35) (+SEM)
Average for human A 15.32 (£2.63)
(n = 40) (+SEM)
Significance from

Mann-Whitney U test
Significance after correction

total exon
size

2339 (+210)
3411 (2436)

2802 (+365)
3411 (x436)

total intron average average number of  total intron
size exon size intron size introns/kb size/total
13084 (+2321) 399 (x60) 1847 (+307) 3.96 (+.35) 5.45(x.79)
35914 (£6993) 353 (+60) 3086 (+551) 4.02 (+.35) 10.37 (+1.6)
P=0.025 P=0.75 P=0.012
ns ns 0.05>P>0.01
37418 (+8061) 514 (x107) 5634 (+1351) 3.34 (+0.4) 13.12 (x2.37)
35914 (x6993) 353 (+60) 3086 (+551) 4.02 (+.35) 10.37 (x1.6)
P=0.11 P=0.13 P=0.60
ns ns ns

For both pairs of tests the derived P values following the Mann-Whitney U test are corrected for Type | Error by application of the Bonferroni adjustment
assuming three tests have been performed. We find that mouse genes have significantly smaller introns than human genes (P<0.05). This effect is
sensitive, however, to control for Type | Error. In contrast, and in accord with a previous report’, mouse genes have a significantly lower ratio of the total
intron size to the total exon size (P<0.05) and this remains significant after control for Type | Error. Mouse and human genes have the same number of
introns per kb of exon. To counter the effect of differences between mouse and human genes, the proportion of human to mouse genes in the control

data set is matched to that in the imprinted set.

remain significant). Likewise, the
two insulin genes can be treated as
non-independent points. Most
conservatively, when Insl is
removed from the analysis, the
qualitative results again remain
unaltered. If the three non-protein
coding genes are removed (namely
Xist, H19 and IPW) then, again,
the qualitative results remain
unaltered. Indeed, if these three
and hCGp are removed the statis-
tics all remain significant.

Our list of imprinted genes does
not include any that are polymor-
phically imprinted; therefore WT1
was not included. Although, this
gene does not fit our observed
pattern (it has large introns) its
incorporation into the data set
does not qualitatively
affect the results. Inter-
estingly, the only other
gene that does not fit the
pattern — Igf2r — is not
imprinted in all species.

Frequency

We conclude that
imprinted genes tend to
have few and small

introns; not only less
total intronic DNA, but
also fewer introns per kb
of exon. We have also
compared a collection of
35 human X-linked genes
(not pseudo-autosomal)
with 40 human autoso-
mal sequences and found
no significant differences
(Table 2). Thus, the lim-
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ited intronic content of imprinted
genes does not appear to be sim-
ply a consequence of haploid
expression.

Our finding corresponds with a
previous analysis showing that
genes in GC-rich isochores (where
imprinted genes tend to be local-
ized®) on average have a low ratio
of intronic to coding DNA’. This
correlation is not understood but,
may be a consequence of
increased recombination rates in
GC rich regions’. Imprinted genes
appear to have higher recombina-
tion rates in males than females
(the converse of the usual)?. We
are unaware of reports that the
absolute rate is higher for
imprinted genes.

1=
08—

06

02 24 46 68

Total intronic content/Total exonic content

Fig. 1 The distributions of the ratio of the total intron size to the
total exon size in the control set (n=90) and in the set of
imprinted genes (n = 14). The Mann-Whitney test shows the dis-
tributions of the two sets of genes to be highly significantly dif-
ferent (P < 0.0001). On the average, imprinted genes have
between 1/5 and 1/6 the intronic DNA per unit length of exon
that is found in the control set. The imprinted genes are shown
in white, the control set in grey.

We speculate that the scarcity of
intronic DNA in imprinted genes
may be a consequence of selection
favouring the maximization of the
effective dosage of gene products.
The evolution of imprinting may
be a consequence of a ‘genomic
conflict. The ‘conflict theory’ of
imprinting®!! follows as a simple
extension of classical parent-off-
spring conflict. In species with
multiple paternity, within or
between broods, paternally inher-
ited genes are less related to fellow
progeny of the same mother than
are maternally inherited genes. It
follows that paternally derived
genes will be under selection to
extract more resources from the
mother than it is in her interest to

give. The maternally
derived genome will, by
equal measure, be under
selection to inhibit this to
some degree. The activity
of these genes could
directly affect embryonic
growth or do so indirectly

through, for example,
altering suckling behav-
iour!!,

From over 14 theories
of the evolution of mam-
malian genomic imprint-
ing'?, the conflict theory
is unique in predicting
that if paternally
expressed genes directly
affect embryonic growth
(rather than suckling

810 10:12 1214 1416 1618 1820 220
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behaviour and so on) they should
be growth enhancing, while if
maternally expressed, and directly
affecting growth, they should sup-
press this effect. At least seven
imprinted genes are thought to
affect growth!. Igf2, Mas and Ins2
are all paternally expressed and
enhance growth rates. By analogy
Insl is expected to be a growth
enhancer. Igf2r, HI9 and p57XIP?
are all expressed off the maternally
derived genome and reduce
growth rates. In addition, Mash2
is expressed off the maternally
derived genome and is thought to
affect growth. The effect is howev-
er  ambiguous — deletion  of
Mash2 is associated with placental
failure, but maternal duplication
of the region'* is associated with
growth retardation (this could be
due to linked genes). Ignoring
Mash2,  the  correspondence
between the direction of growth
effects and direction of imprinting
can be analysed employing the G-
test of independence with
Williams® correction for a 2x2
table. This reveals G,;,=7.8, 0.01 >
P> 0.001 showing that there is a
significant non-independence
between the direction of imprint-
ing and the direction of growth
effects. This effect is robust to
alterations in assumptions,
including the addition of Mash2 as
a growth enhancer, the removal of
HI19 and the removal of one
insulin gene.

If we assume that the conflict
theory is correct —as supported
by duplications and knockouts —
the dosage of the products of these
genes is important to the net effect
on growth (refs 15,16). Consider
then a mutant paternally expressed
gene that could somehow slightly
increase its net dosage (or that of
another paternally expressed prod-
uct). The theory predicts that such
a mutant allele would spread and
also provide the conditions for the
spread of a mutant maternally
expressed antagonist that had
increased dosage to re-suppress the
paternal allele. This process could
potentially reiterate, possibly indef-
initely, what might be referred to as
an ‘arms race’ between maternally
and paternally derived genes. The
selection  favouring  increased
dosage of products would not
result in selection for the loss of
imprinting, only for increased

product levels from the active alle-
les. This arms race may be mani-
fested in terms of selection
promoting a variety of features: i) If
transcription of intronic DNA is
time consuming, the arms race may
lead to the condition where tran-
scription rate is limiting and selec-
tion may then act to favour reduced
intronic sequences so as to acceler-
ate the rate of expression per gene.
ii) Selection for increased dosage
per unit time might favour the acti-
vation of duplicated versions of the
genes concerned!’ (compare refs
18,19). If some duplications are
generated by retroposition then
imprinted genes as a class should
be expected to have fewer introns
per kb than the control set. In addi-
tion, iii) if paternal interference
with maternal genes (and vice
versa) can be effected through
altering patterns of RNA splicing,
possibly leading to mRNA degrada-
tion or inviability, then avoidance
of such suppression, through loss
of introns or intronic residues, may
be expected.

Although these possibilities,
which are not mutually exclusive,
are theoretically feasible they
remain to be established. The first
model is given some credence by
the observation of substantial
effects on growth of deletions and
duplications and more directly, of
abundant transcripts, for example
in placental tissues, of HI9, Igf2,
p57KIP2 and others. It is unclear
whether this model is of general
applicability. Consistent with the
first model would be the finding
that non-imprinted genes that are
very rapidly transcribed also have
few and/or small introns. Perhaps
this explains why genes in GC%
rich isochores tend to have rela-
tively little intronic DNA.

The possibility that imprinted
genes may commonly be members
of multigene families can be anec-
dotally supported (for example the
multiple insulin genes and the mul-
tiple copies of hCGp ). In addition,
this model would predict that
imprinted genes should more com-
monly be intronless than other
genes. Applying the G test of inde-
pendence with the Williams® con-
trol to the data sets that we have
(3/14 imprinted genes 2/90 in the
control set are intronless), it is
found that the frequency of intron-
less genes is higher than expected
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(Gad 5.09, P<0.05). There may
be an alternative interpretation of
this finding. If only a limited num-
ber of chromosomal domains allow
the creation of an imprint, then by
chance, genes that can retropose
more often than others are more
likely to become imprinted as they
are more likely to end up in one of
these few domains.

The third possibility predicts that
imprinted genes may affect, and be
affected by, splicing. This predic-
tion is consistent with the existence
of imprinted genes which poten-
tially affect splicing (UZ2afbp-rs and
SNRPN) and with the control of

-
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Human choroideremia protein contains
a FAD-binding domain

Sir — Patients ~ with  choroi-
deremia, an X-linked form of late-
onset retinal degeneration, carry
mutations in the CHM gene that
has been positionally cloned!?,
The CHM gene encodes the large
subunit of geranylgeranyl trans-
ferase 11, an enzyme that attaches
geranylgeranyl groups to C-termi-
nal cysteines of Rab GTP-binding
proteins»%. This subunit is not
required for the catalytic activity
but binds the Rab protein and pre-
sents it to the catalytic
component®. After geranylgerany-
lation, it remains tightly associat-
ed with the Rab protein and is
thought to deliver it to another
protein which is directly responsi-
ble for the insertion of Rab into
membranes; therefore the CHM

nature genetics volume 12 march 1996

gene product and other closely
related proteins are called Rab
escort proteins, or REPs>S. Pro-
teins homologous to REPs have
also been identified as GDP disso-
ciation inhibitors (GDIs) that pre-
vent the GDP/GTP exchange and
release GDP-bound Rab from
membranes, thus playing a role in
Rab recycling’~10

REPs and GDIs are highly con-
served from mammals to yeast!!.
However, analysis of their amino
acid sequences have so far failed to
provide any clues for the activity
of these proteins. I report here
that REPs and GDIs contain a
putative FAD-binding domain,

A comparison of the CHM pro-
tein sequence to the non-redun-
dant protein sequence database

(National Center for Biotechnology
Information, NIH) with the
BLASTP program!? revealed, in
addition to the high similarity to
other REPs and GDIs, a limited
similarity to several dehydrogenas-
es (the probability of finding the
alignment with the putative dTDP-
4-dehydrorhamnose reductase
from Mycoplasma genitalium was
about about 0.08). Even though
this similarity was not highly statis-
tically significant, the respective
regions of the dehydrogenases
included their most conserved seg-
ment, the N-terminal FAD-binding
motifl®. A further database search
for conserved sequence motifs with
the MoST program!* detected a
highly significant relationship (see
legend to Fig. 1) between these
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