tered throughout the interior of the natural
RNASs supports the accuracy of the models.

The Min 1 RNA may prove more useful
than the natural RNase P RNAs for some
studies. Because it is smaller than the natural
molecules, the Min 1 RNA may be more
amenable to spectroscopic studies or to crys-
tallization for diffraction analyses. The re-
duced affinity of the Min 1 RNA for the
substrate, coupled with its holoenzyme-like
maximum velocity, makes Min 1 RNA more
useful than the natural RNAs for steady-
state kinetic analyses that are not complicat-
ed by the rate-limiting step of product re-
lease. Finally, the Min 1 RNA sequence is a
new starting point for the elimination of
additional sequence elements. We anticipate
that further reductions in the size of the
active molecule are possible, since many
random deletion mutants of the natural
RNAs lack conserved features and yet retain
some (usually very low) activity (16, 17).
The inspection of RNase P RNAs from
more diverse eubacteria should provide fur-
ther perspective on the minimal active struc-
ture and allow the rational design of RNase
P RNAs that are even simpler than the Min
1 RNA.
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Repeat-Induced G-C to A-T Mutations in Neurospora

EpwARD B. CAMBARERI, BRYAN C. JENSEN, ERIC SCHABTACH,

Eric U. SELKER*

In the Neurospora genome duplicate sequences are detected and altered in the sexual
phase. Both copies of duplicate genes are inactivated at high frequency, whether or not
they are linked. Restriction sites change, and affected sequences typically become
heavily methylated. To characterize the alterations of the DNA, duplicated sequences
were isolated before and after one or more sexual cycles. DNA sequencing and
heteroduplex analyses demonstrated that the process (termed RIP) produces exclusive-
ly G-C to A-T mutations. Changes occur principally at sites where adenine is 3’ of the
changed cytosine. A sequence duplicated at a distant site in the genome lost approxi-
mately 10 percent of its G-C pairs in one passage through a cross. A closely linked
duplication of the same sequence that was passed twice through a cross lost about half
of its G-C pairs. The results suggest a mechanism for the RIP process.

NA SEQUENCE DUPLICATIONS
provide the critical first step for
gene amplification and provide the
raw material for evolution of new genes.
While vital for evolution, sequence duplica-
tions can also have negative consequences.
Dispersed repeated genes can mediate ex-
changes resulting in deletions, inversions, or
translocations. In addition, altered gene dos-
age can result in a detrimental imbalance of
gene products. In many organisms, such as
fungi and bacteria, virtually all genes are
present in one copy per haploid genome.
In the. multicellular fungus Neurospora
crassa, the paucity of duplicated genes may
not simply be due to natural selection. Du-
plications are efficiently detected and altered
in a specialized (dikaryotic) tissue formed by
fertilization (1, 2). The process affects both
copies of a duplicated sequence as revealed

by gene inactivation, changes in the position
of restriction sites, and de novo methylation
of cytosines in the repeated DNA. Because
the process is limited to the stage between
fertilization and nuclear fusion, susceptible
cells have a nucleus from each parent. Thus a
cell should survive a duplication and inacti-
vation, even of an essential gene, so long as
the duplication were only in one of the
parents. Both nuclei should deliver their
genetic material to meiosis. Standard recom-
bination processes would produce meiotic
products having different combinations of
altered and unaltered copies of the duplicat-
ed sequences (Fig. 1). Just the class of cells
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Fig. 1. Fate of duplicated sequences altered by the
RIP process. A cross between a wild-type strain
(top right) and a strain harboring an unlinked
duplication of a chromosomal segment (top left)
is illustrated. For clarity only two of the seven
chromosomes of ‘Neurospora are indicated. Both
copies of the duplicated segment (boxed) are
altered by RIP (cross-hatching) in the dikaryon
resulting from fertilization (7). The homologous
segment in the wild-type nucleus (white box) is
unaltered, and in general, should complement
mutations resulting from RIP. Nuclear fusion and
meiosis immediately follow. The four possible
combinations of chromosomes harboring the al-
tered or unaltered homologs are shown. If the
duplicated segment included essential genes, two
of the meiotic products (¢ and d) should be
inviable. One of the remaining meiotic products
(b) would receive both altered and unaltered
sequences.
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Fig. 2. Restriction analysis of duplicated se-
quences exposed to the RIP process. Samples of
genomic DNA (~0.5 pg) from transformant T-
ES74-1 (lane 1), the second generation offspring
of T-ES174-1 (L-G,, lane 2), transformant T-
ES174-9 (lane 4), and the first generation off-
spring of T-ES174-9 (U-G,, lane 5) were digest-
ed with Mbo I. For comparisons, samples of
plasmid DNA (~0.2 ng) of pEC24 (cloned from
L-G;; lane 3) and pBJ20 (cloned from U-G;, lane
6) were digested with Sau 3A. Mbo I was used for
the genomic DNA since this enzyme is insensitive
to cytosine methylation, typical of DNA affected
by RIP. Its isoschizomer, Sau 3A, was used for
the plasmid DNA since Sau 3A is insensitive to
adenine methylation, contributed by the bacterial
host. Restriction digests were fractionated
through a 1% agarose gel and probed for the
duplicated anonymous (“flank”) sequences (13).
Bands resulting from RIP are marked with aster-
isks.

1572

receiving only altered copies may be invia-
ble. Because of the timing of the inactivation
and the alteration of restriction site patterns,
this process was designated “rearrangement
induced premeiotically” (RIP).

As a step toward understanding the con-
sequences of RIP, and to learn about its
mechanism, we have examined the nature of
the sequence alterations that result from it.
RIP operates on both genetically linked and
unlinked duplicated sequences, although to
different extents. A 6-kb direct duplication
separated by approximately 7 kb of single-
copy sequences never survived a cross unal-
tered, whereas an unlinked duplication of
the same sequences escaped RIP at a fre-
quency of approximately 50% (1). Judging
from the changes in restriction patterns ob-
served for linked versus unlinked duplicated
sequences, we concluded that proximity of
the duplicated elements influences the sever-
ity of alterations by the RIP process. We
therefore studied a segment of DNA from
an unlinked duplication that had been rela-
tively lightly altered by RIP, as well as a
segment from a linked duplication that may
have suffered the maximum possible dam-
age.

We chose a linked duplication of an arbi-

Fig. 3. Heteroduplex analy-
sis of a sequence scverely
altered by the RIP process.
Plasmid DNA of pEC24
and pEC25 (containing the
altered sequences of L-G,
and the unaltered sequences
of T-ES174-1, respectively)
were linearized by digestion
with Bgl II, denatured, and
allowed to renature together
for 20 to 30 min at 25° to
30°C by standard tech-
niques (14). Samples of the
heteroduplex solution were
diluted to give 0.1M tris
(rH 8.5), 0.01M sodium
EDTA containing 35% (A),
40% (B), 50% (C), 60%
(D), or 70% (E) formamide,
or 0.05M tris (pH 8.5),
0.005M sodium EDTA con-
taining 80% (F) formamide.
The samples were then
spread for electron micros-
copy at room temperature
(~22°C) under isodenatur-
ing conditions. A 6-kb seg-
ment of these ~12.5-kb
plasmids was duplicated in
the transformant and thus
presumably susceptible to
RIP. Representative hetero-
duplexes are shown. The bar
corresponds to 0.5 pm.

trary 6-kb sequence that had been exposed
to two generations of RIP as an example of a
severely altered sequence. DNA blot hybrid-
izations indicated that the size of virtually
every restriction fragment in the duplicated
DNA of the strain L-G;, had been altered
(Fig. 2, lanes 1 and 2). Subsequent crosses
of this strain did not result in further
changes in the restriction pattern, suggest-
ing that the duplicated sequences may have
suffered the maximum possible damage (3,
4). As an example of a mildly affected se-
quence, we selected a first generation isolate,
U-G;, from a cross of an unlinked duplica-
tion of the same arbitrary sequence. Most of
the restriction fragments in the duplicated
sequences of U-G, appeared unaltered (Fig.
2, lanes 4 and 5). Although only minor
alterations were observed with restriction
enzymes insensitive to cytosine methylation,
such as Mbo I and Taq I, digests with
enzymes sensitive to cytosine methylation,
such as Sau 3A, demonstrated that cytosines
in the duplicated sequences of U-G,; were
methylated by RIP.

Our investigation of the alterations result-
ing from RIP was facilitated by cloning the
affected sequences. To do this, we took
advantage of bacterial plasmid (pUCS) se-
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quences adjacent to one copy of the dupli-
cated DNA. Restriction mapping showed
that, in each case, a single Bgl II fragment
contained the desired sequences along with
the bacterial sequences that allow for selec-
tion and propagation of the DNA in Escheri-
da coli. Genomic DNA was digested with
Bgl II, treated with DNA ligase, and trans-
formed into a strain of E. coli tolerant of
DNA that contains methylcytosine (5). As
expected, colonies arising on medium con-
taining ampicillin contained the desired
plasmids. The altered sequences of L-G,, U-
Gy, and the parental sequences from trans-
formant T-ES174-1, were isolated in this
way. Restriction analysis of the cloned se-
quences that had been exposed to RIP re-
vealed the novel fragments detected in the
genomic DNA, strengthening the conclu-
sion that the alterations were not simply due
to some form of DNA modification such as
methylation (Fig. 2, lanes 3 and 6).

We had previously noted that the alter-
ations resulting from RIP do not, at least in
general, result in large changes in the overall
length of the affected sequences (7). It was
not clear from the Southern hybridizations,
however, whether the alterations were clas-
sical rearrangements (that is, insertions, de-
letions, inversions, or substitutions), point
mutations, or a combination of these. To
determine whether the cloned sequences,
altered by RIP, had suffered any gross rear-
rangements, we prepared heteroduplexes
between the altered sequences and their
native counterparts and examined them by
electron microscopy. Heteroduplexes be-
tween pBJ20, the plasmid containing the
mildly altered sequence from isolate U-G;,
and pES174, the parental plasmid, appeared
completely paired. Rearrangements involv-
ing about 200 bp or more would have been
detected. We conclude that the changed
restriction fragments in the duplicated se-
quence of U-G; must result from small
changes such as point mutations.

In contrast to the results with pBJ20,
electron microscopy of heteroduplexes be-
tween pEC24 (having the severely altered
sequences of L-G;) and pEC25 (having the
corresponding unaltered sequences) re-
vealed structural differences between these
plasmids. Under standard heteroduplexing
conditions, small single-stranded bubbles,
diagnostic of substantial differences in base
sequence or substitutions of DNA segments
were seen (Fig. 3B). To distinguish between
these alternatives, we examined heterodu-
plexes spread under a variety of conditions.
The standard conditions (40% formamide,
0.1M tris, 22°C) are expected to allow pair-
ing of molecules having up to 40% mis-
match (6). If the observed bubbles reflected
sequence divergence, it seemed likely that
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they would shrink, or disappear, if the strin-
gency of the hybridization were further re-
laxed. Heteroduplexes prepared under more
stringent conditions, however, might reveal
additional regions of difference. If the bub-
bles were due to substitutions, their size
should not change with the hybridization
conditions. In fact, the size and number of
bubbles did vary with the conditions (Fig.
3). The heteroduplexed molecules became
increasingly single-stranded as the forma-
mide concentration was increased. At 70%
formamide, virtually the entire duplicated
region was single-stranded.

In the opposite direction, heteroduplexes
prepared in 35% formamide and spread
under isodenaturing conditions exhibited
just one or two very small bubbles (Fig.
3A). When the formamide concentration
was reduced 5% further, complete pairing
was observed, indicating that the original
bubbles were not due to substitutions. We
conclude, therefore, that the RIP process
does not result in gross rearrangements.

On the basis of heteroduplex analyses, it
seemed likely that RIP results in point muta-
tions. We therefore sequenced segments of
the native and altered duplicated regions.
We determined the sequence of ~0.6-kb
segments of the native and altered regions of
the linked duplicated sequence and ~1-kb

A

segments of the native and altered regions of
the unlinked duplicated sequence (Fig. 4).
In both cases, all the differences were point
mutations, and they were exclusively polar-
ized transition mutations of one type; G-C
base pairs in the native sequence were re-
placed by A-T base pairs in the altered
sequence. Thus, the RIP process results in
point mutations, consistent with the results
from the heteroduplex analyses. On the basis
of this information, we suggest changing the
name of the phenomenon from “rearrange-
ment induced premeiotically” “repeat-
induced point mutation.”

In a segment of 925 bp of the unlinked
duplication, which started out with a G+C
content of 53%, 10% of the G-C base pairs
were converted to A-T base pairs. On the
strand shown, there are 34 changes of G to
A, but only 13 changes of C to T (Fig. 4B),
which is significantly different from a ran-
dom distribution. In the case of the linked
duplicated sequences exposed to RIP
through two generations, 31% of the G-C
base pairs were converted in the first 563 bp
of the duplicated segment. As expected from
the heteroduplex analysis, the distribution
of mutations is not uniform. Only six
changes occurred in the first 120 bp of the
duplicated segment, and these were all with-
in a 16-bp stretch (Fig. 5A). In a 300-bp

40 60 80 100
GAATTCGATATGGGACAGTT GAGACATGGAGTCATCCAGC ACTGCATCGTTGGAATCGTG CTGGAGCAAAGGTGCGACGG CGACATGTTGCTCTGAAATA GATGCGGTTATAGCTGCGTT

T-=~T=-T ---AT--T-

240

TTGTGGGTGTGCCTGCTTCT CGGCAGGCTTGTCGTTTCCC CATGAGATCGTGGCTTTGAC MTTCGCM‘[‘TGCTTGGAGG CTGTGGCAAGGGCTATCMG AGAGCATTTTTGTCATTGCA

360
AAGAGCGGCATGGGTAATTA GATCGTCGAGGAAGTGATGC TTTCTAGCTCAATGGCAGTC TCCTCCAGGCGAGTGTTGTT GTTCTGAAACATCAGTCTGA GAAGACCGTTTGTGGTGATG

————— TA-T- A--T-
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GAGACCAGGGCACTTTTGTT TGTATTAGGATGGTTAGGGC CTGTAGGCTTTGTGTACGAG CTCTCGTACTTGTACAGCCC ATCCCCGGGGGTTTTAGCAT CTTCGGGCTGAACCCATACT
T

563
GCAGGCCCGTACATGACGCT TAACTGTCTTGGATTGAGCA AAGGGAGCCAGTAACAACCG ACAACCGCATGAAGGTCGTC GAC
A T A AT- A---T--T-- T

T A AT-- To--T—

B

--T

20 40 80 100
TCGAGACCGCAATTCAGGCA AAAAGTAGCGCCCAGAGAAA ACAAGGCGGCTCCACACAAC AAAGGAACGMGAAGGCCGG GGCTTGTCACCGCGCGGTTG CCGGGAAACACMTCCACGG

240
GGCGGACCCACCTGCAGCTC CCGTCTTAGTGCCGCCCTCC CGCCCCCCCGGACCACAGAT CAGGGACCGCGCTACCTTAA CAGCTCCI-@GATACAAGCCA AGAACCCAGAGCGCAAGCCA

TACGTGGCTGGAGAGGGCTT GTGCTATCTTCGGTAACGAA CGGCAGGCCTTACGAGGCGT TACACCACTCTGCACGCACG GGCCATACTGTGTAAGTACA ACTTCAGTTCGTTCAGTTGT

TGCACACAACTTGAACTTGA ACGACGGAGTTGCAGTGCAG TAGTGGGTGGAGAAATAGTG CCTAGGTAGGTACTGCACTC AATGTGACTGTAAGTACTAT CGTACCGTCGCGAGCTCAGC

600

TGTCCGGATCACCGAAACGG GGACTGGAGCTTCGTTCGGC ACTCAACGACACTGTATTGC ATCTTCTTGAATAACTCAGT TTCACCCCGTCTTGCTCAAA AAGCCCGACTGTTTGAATAA

720
TTGGGAGATTAAGAATATCG TTTACTCACTACACACATAT ACAACATCTATTCAGTTGCA GTGGTCAGCCGTTGTCTCAG TTCCTGCACACTGCACATAC AAACGCCATCCAACTCAAGT
A A A T

840
TCTCAACCAGCATCAAGTCT CTTTTCATCGAGTCTCTAAG GCTTCCGACCTGATCAGCAT TGTGTCGGCGCGACTAGACT ACAGTATATAAACGGCAATT GGATAGACCTTGGTGGATAA

925
TTCTACACGGCGCTTAGCAT CCTCATCACTGCCTCCCATT CTTGGAGACGTCCCAACTCG AACGACTTGGCATCACCGGA TTCGA

A-—= —=~T--T-=-A

Fig. 4. Sequence comparisons of DNA segments before and after exposure to the RIP process. Paired
clones were sequenced on both strands and compared. The complete nucleotide sequence of the
unaltered segment is shown (above) and differences resulting from the RIP process are indicated
underneath. The sequences compared in (A) came from the linked duplication (segment extends to the
right from the Eco RI site at the edge of the duplication). The sequences compared in (B) came from
the unlinked duplication (segment extends to the right starting approximately 1350 bp from the Eco RI
site at the edge of the duplication).
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Fig. 5. Reduction of melting temperature of
sequence altered by RIP. Melting spectra were
obtained with sheared DNA of pEC25 (A) and
pEC24 (B) in 0.15M NaCl, 0.015M sodium
citrate pH 7.0. The ~12.5-kb plasmids pEC25
and pEC24 are identical except pEC25 has a
native copy of the duplicated 6-kb segment,
whereas pEC24 has the altered form of this
segment. Absorbance was monitored at 260 nm
twice per minute; temperature was increased
0.5°C per minute. Whereas pEC25 melted uni-
modally around 91°C, pEC24 showed an early
melting component around 80°C. These melting
temperatures correspond to G+C contents of 53
and 26%, respectively (7). The melting tempera-
ture of N. crassa genomic DNA in the same buffer
was determined as a control. The value obtained
(91° to 92°C) corresponds to 53 to 55% G+C,
consistent with previous determinations (15).

segment starting 240 bp from the edge of
the duplicated segment, 41% of the G-C
base pairs were changed to A-T base pairs,
resulting in approximately 21% sequence
divergence. The melting behavior of the
altered sequences and limited sequencing
data from other portions of the duplicated
segment make it clear that other segments of
the duplicated DNA suffered even more
extensive mutation.

The numerous G-C to A-T mutations
detected by sequence analysis presumably
account for the changed restriction frag-
ments in the regions exposed to RIP and for
the single-stranded bubbles observed in het-
eroduplexes. To get an overall measure of
the change in base composition due to RIP,
we compared the denaturation profile of
plasmids containing the native sequence
(pEC25) or severely altered sequence
(pEC24). The plasmid pEC25 denatured
unimodally around 91°C (Fig. 5A), corre-
sponding to an average G+C content of
53% (7). In striking contrast, the denatur-
ation profile of pEC24 showed a broad early
melting component centered around 80°C
(Fig. 5B), corresponding to a G+C content
of 26%, down 27% relative to the native
sequence. We conclude that approximately
half of the G-C base pairs in the affected
sequence were converted to A-T base pairs
as a consequence of the RIP process. The
frequency and specific nature of RIP suggest
that we reexamine the meaning of “sponta-
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Fig. 6. Sequence-specificity of
RIP. Site-specificity was in-
vestigated by analysis of the
sequence context of the muta-
tions. Each mutation in the
linked (A) and unlinked (B)
sequences determined in this
study was considered on the
strand showing the C to T
change. The solid bars indi-
cate the number of mutations
that occurred immediately 5’

No. of mutations

of the base categories shown. The striped bars indicate the number of mutations that would be expected
on a random basis, taking into account the dinucleotide composition of each of the original sequences
(Fig. 4). A relatively small number of mutations (8 of 280 for the linked duplication, and 2 of 47 for the
unlinked duplication), which occurred adjacent to another mutation, could not be unambiguously
assigned to dinucleotide categories, and were therefore not considered in the analysis. The x* values
calculated from the distribution of mutations illustrated in (A) and (B) are ~55 and ~33, respectively.
Thus, the probability that G-C to A-T mutations occurred at random is <0.001.

neous” mutation; cells can “cause” muta-
tions to occur.

From the very specific nature of the se-
quence alterations resulting from RIP we
can rule out a number of hypothetical mech-
anisms for the process and focus attention
on likely mechanisms. The RIP process does
not result from any of a variety of possible
mechanisms that would scramble duplicated
sequences. Indeed, there is no reason to
believe that RIP involves cleavage of the
DNA backbone. However, a high level of
intramolecular  recombination  between
closely linked direct repeats is temporally
correlated with RIP (1, §&).

One of the remarkable features of the RIP
process is its efficiency. Duplicated se-
quences are detected by the cell at high
frequency, whether or not they are geneti-
cally linked, and are then riddled with polar-
ized transition mutations. The same type of
mutation occurs nonspecifically at lower fre-
quencies in bacterial cells that are deficient
for uracil DNA glycosylase (9), apparently
because of spontaneous deamination of cy-
tosines, to give uracils. In normal cells,
uracil glycosylase presumably removes ura-
cils from DNA before DNA replication to
avert potential mutations. Deamination of
5-methylcytosine  produces thymine  (5-
methyluracil), which is not a substrate of
uracil glycosylase. Thus, deamination of 5-
methylcytosines in DNA would produce G-
T mismatches, which if “repaired” to A-T,
or resolved by DNA replication, would es-
tablish a polarized transition mutation. In-
deed, it has been shown in E. coli that 5-
methylcytosines can be mutational hot spots
(10). The frequency of transition mutations
in RIP is too high to be accounted for by
spontancous deamination of cytosines or 5-
methylcytosines. Nevertheless, RIP may oc-
cur by a related mechanism. Specifically,
cytosines or methylcytosines in duplicated
sequences may be enzymatically deaminated
and simply left unrepaired. Mismatches re-
sulting from such a mechanism would be

resolved by DNA replication. The fact that
more G to A than C to T changes were
observed on one strand in the case of the
sequence mildly altered by RIP (Fig. 4B),
may reflect this proposed mechanism. No
asymmetry was observed in the case of the
more severely altered sequence, but this is
not surprising since this sequence probably
underwent multiple cycles of RIP. The pro-
cess operates before meiosis in the period
between fertilization and nuclear fusion, a
stage thought to consist of roughly ten cell
divisions. According to our hypothesis, the
occasional differences in “RIP patterns” ob-
served between sister meiotic products re-
flect deamination events in the final DNA
duplex before premeiotic DNA synthesis.
Although our data reveal that RIP can
occur in various sequence contexts, quanti-
tative analysis of the sequences flanking the
mutations shows that RIP occurs preferen-
tially at certain G-C base pairs. The muta-
tions of the DNA strand showing C to T
changes occurred primarily where there was
an adenine 3’ of the changed cytosine, but
rarely where there was a cytosine 3’ of the
changed cytosine (Fig. 6). For example, in
the segment of the linked duplication,
~64% of CpA dinucleotides changed,
whereas ~18%, ~13%, and ~5%, respec-
tively, of CpT, CpG, and CpC dinucleo-
tides, changed. The identity of the sec
ond base pair on the 3’ side of the muta-
tions, and of the first and second base pairs
on the 5’ side of the mutations, did not
appear to deviate significantly from a ran-
dom distribution. Interestingly, the low se-
quence specificity observed, which is unusu-
al for nucleic acid—enzyme interactions, is
characteristic of eukaryotic DNA methyl-
transferases. The rat enzyme, for example,
methylates ~99%, ~14%, ~6%, and ~0%,
respectively, of CpG, CpA, CpT, and CpC
dinucleotides, in vitro (11). Although the
distribution of methylation in N. crassa has
not been examined in detail, we know that
5-methylcytosine is not limited to a particu-
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lar dinucleotide in this organism (12). Lim-
ited sequence specificity may reflect either
low precision of an enzyme or else specific
recognition of a structural feature of DNA,
such as local helical twist, curvature, or
mechanical flexibility.

That sequences altered by RIP are typical-
ly methylated suggests that methylation it-
self may play an active role in the mutation
process, but this need not be so. The N.
crassa genome contains “constitutive” meth-
ylated sequences that appear to go through
crosses unaltered. Thus, methylation alone is
not sufficient to cause the frequent transi-
tion mutations characteristic of RIP. Con-
versely, once rendered methylated by RIP, a
sequence need not stay duplicated to retain
methylation. When the elements of an un-
linked duplication, methylated by RIP, seg-
regate to separate cells, the resulting solitary
elements continue to be methylated (2).
Persistent methylation is not simply a result
of passive maintenance methylation (4).
Thus, the point mutations resulting from
RIP must themselves be responsible for
rendering the sequence a good substrate for
DNA methylation. This finding is a poten-
tially important clue for solving the mystery
of why certain sequences are methylated in
eukaryotes.
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Cloning of Breakpoints of a Chromosome
Translocation Identifies the AN2 Locus

MANFRED GESSLER, KALLE O. J. SiMorA, GAIL A. P. BRUNS

Chromosome translocations involving 11pl3 have been associated with familial
aniridia in two kindreds highlighting the chromosomal localization of the AN2 locus.
This locus is also part of the WAGR complex (Wilms tumor, aniridia, genitourinary
abnormalities, and mental retardation). In one kindred, the translocation is associated
with a deletion, and probes for this region were used to identify and clone the
breakpoints of the translocation in the second kindred. Comparison of phage restric-
tion maps exclude the presence of any sizable deletion in this case. Sequences at the
chromosome 11 breakpoint are conserved in multiple species, suggesting that the

translocation falls within the AN2 gene.

HE PHENOTYPIC FEATURES OF THE
WAGR syndrome (Wilms tumor,
aniridia, genitourinary abnormali-
ties, and mental retardation) indicate the
presence of a constellation of genes impor-
tant in human developmental processes

within a small region of chromosome -

11p13. Aniridia is a congenital developmen-
tal disorder of the eye, characterized by
complete or partial absence of the iris, cata-
racts, lens anomalies, early onset glaucoma,
and progressive loss of vision (1). It occurs
in sporadic or autosomal dominant familial
form without other phenotypic features at a
frequency of 1:64,000 to 1:96,000. Many
of the sporadic cases likely represent new
mutations as aniridia is frequently inherited
as an autosomal dominant in subsequent
generations. Two genetic loci have been
identified. In one large kindred, Ferrell et al.
(2) observed linkage of aniridia (AN1) and
the erythrocyte acid phosphatase (ACP1)

locus on chromosome 2p. The presence of a
second aniridia locus, the AN2 locus, on
chromosome 11p is supported both by the
consistent association of aniridia with the
constitutional 11pl3 deletions of the
WAGR syndrome (3) and by the different
inherited translocations with 11p13 break-
points associated with familial aniridia in
two kindreds (4, 5). The breakpoints of both
translocations were localized by somatic cell
hybrid analysis between the genes encoding
the beta subunit of follicle-stimulating hor-
mone (FSHB) and catalase (CAT) within
the critical region of overlap of WAGR
deletions (6). Mapping and cloning of chro-
mosomal translocation breakpoints has been
a powerful tool for characterization of myc-
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Fig. 1. Long-range chromosomal map around the aniridia locus. The location of probes used in this
study and cutting sites for the enzymes Not I (Nt), Nru I (Nr) and Sac II (Sc) were determined by
pulsed-field gel analysis (12). The position of the breakpoints for the t(4;11) translocation (H.V.) and
the approximate size of the deletion associated with the t(11;22) translocation (DG-85) are indicated.
The centromeric breakpoint of t(11;22) is likely between the Not I site and 495 as a rearrangement of
the adjacent Not I fragment was not detected by Compton et al. in the DG-85 cell line (16). Probe 495
is located on the centromeric and probe p495-3PH on the telomeric side of the H.V. translocation
breakpoint.
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