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The DNA immediately flanking the 164-base-pair Ul RNA coding region is highly conserved among the
approximately 30 human Ul genes. The Ul multigene family also contains many Ul pseudogenes (designated
class I) with striking although imperfect flanking homology to the true Ul genes. Using cosmid vectors, we now
have cloned, characterized, and partially sequenced three 35-kilobase (kb) regions of the human genome
spanning Ul homologies. Two clones contain one true Ul gene each, and the third bears two class I pseudogenes
9 kb apart in the opposite orientation. We show by genomic blotting and by direct DNA sequence determination
that the conserved sequences surrounding Ul genes are much more extensive than previously estimated: nearly
perfect sequence homology between many true Ul genes extends for at least 24 kb upstream and at least 20 kb
downstream from the Ul coding region. In addition, the sequences of the two new pseudogenes provide
evidence that class I Ul pseudogenes are more closely related to each other than to true genes. Finally, it is
demonstrated elsewhere (Lindgren et al., Mol. Cell. Biol. 5:2190-2196, 1985) that both true Ul genes and class
I Ul pseudogenes map to chromosome 1, but in separate clusters located far apart on opposite sides of the
centromere. Taken together, these results suggest a model for the evolution of the Ul multigene family. We
speculate that the contemporary family of true Ul genes was derived from a more ancient family of Ul genes
(now class I Ul pseudogenes) by gene amplification and transposition. Gene amplification provides the simplest
explanation for the clustering of both Ul genes and class I pseudogenes and for the conservation of at least 44
kb of DNA flanking the Ul coding region in a large fraction of the 30 true Ul genes.

Eucaryotes, and to a lesser extent procaryotes, often meet
the demand for large amounts of a gene product by expand-
ing single genes into multigene families. In most higher
eucaryotes, abundant proteins such as the tubulins (8),
actins (15), and histones (17) are encoded by multiple genes,
as are almost all non-mRNA species (2, 25). A multigene
family presents evolutionary problems not encountered for
single-copy genes. How was the original gene duplicated or
amplified? How is homogeneity maintained between individ-
ual members of the gene family? And, in certain cases (e.g.,
the 5S RNA genes of Schizosaccharomyes pombe [36]), how
were the gene copies dispersed in the genome? We have
been studying the multigene family for human Ul small
nuclear RNA to gain insight into these questions.
Ul small nuclear RNA is an abundant, homogeneous,

164-nucleotide RNA species that participates in the splicing
of pre-mRNA (26, 28, 42, 49, 65). The variety and abundance
of human genomic sequences homologous to Ul RNA
illustrate the complex structure and organization that can
arise in a multigene family. Based on genomic blotting data
(11), our minimum estimate for the number of homologies to
Ul RNA in the human genome is 500 to 1,000 copies.
However, all but about 30 of these copies (31) are unexpres-
sed pseudogenes that have a wide variety of defects with
respect to the true Ul genes (10, 11, 34, 40). DNA sequence
analysis of six representative human Ul genes revealed

* Corresponding author.
t Present address: Institute of Molecular Biology, University of

Oregon, Eugene, OR 97403.
t Present address: Department of Biology, Massachusetts Insti-

tute of Technology, Cambridge, MA 02139.

dramatic homology among flanking sequences of Ul genes
(35). Virtually perfect homology between individual Ul
genes extends at least 2.6 kilobases (kb) upstream from the
Ul coding region, and the first 100 nucleotides downstream
also exhibit substantial although much less dramatic conser-
vation of sequence. More recently, significant homology
between Ul genes has been found to extend for at least 2.3
kb downstream as well (19). The true Ul genes are clustered,
since the vast majority (if not all) of Ul genes are located in
band 1p36 on the short arm of chromosome 1 (29, 30, 44).
However, the average intergenic distance appears to exceed
15 kb (34, 35).
The structural features of cloned Ul pseudogenes suggest

that both DNA- and RNA-mediated mechanisms are respon-
sible for generating defective members of the extended Ul
multigene family (11, 40). The DNA-mediated mechanisms
(proposed for class I pseudogenes) work exclusively at the
DNA level and thus preserve to some degree both the 5' and
3' flanking sequences of the true Ul genes. The RNA-
mediated mechanisms (proposed for class II and class III
pseudogenes) involve a reverse flow of genetic information
from the small nuclear RNA back into genomic DNA,
possibly through a cDNA intermediate (3, 11, 59, 61), and
consequently, the flanking sequences of the true genes are
absent from these pseudogenes.

In this paper and elsewhere (29), the relationship between
the true Ul genes and the closely related class I Ul pseu-
dogenes is addressed. Before this work, we did not know
whether the class I pseudogenes were interspersed with the
true genes or whether they were located separately from
them. Thus, we could not determine whether class I pseu-
dogenes were derived from the contemporary set of true Ul
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genes or whether they were relics of a more ancient Ul gene
family.

It is demonstrated elsewhere that human class I Ul
pseudogenes are clustered in region lql2-q22 within the long
arm of chromosome 1 (29), whereas the true Ul genes are
clustered in band lp36 of the short arm on the opposite side
of the centromere (30, 44). Here we present evidence that
very good (and perhaps nearly perfect) DNA sequence
homology between many individual Ul genes extends for at
least 24 kb upstream and at least 20 kb downstream from the
Ul coding region; the reduced level of homology previously
observed for sequences immediately downstream from the
Ul coding sequences (35) appears to represent a localized
region of DNA sequence polymorphism. Thus, the inter-
genic distance between many true Ul genes exceeds 44 kb.
We also present evidence that the distance between class I
pseudogenes generally exceeds 35 kb (but can be as small as
9 kb) and that class I pseudogenes are more closely related to
each other than to the true Ul genes. We argue that all of the
data can best be accounted for by repeated cycles of gene
amplification and recombination, in some cases accompa-
nied by transposition. Furthermore, we suggest that the
class I Ul pseudogenes are the aging ancestors of the
contemporary functional Ul gene family.

MATERIALS AND METHODS

Construction and screening of a human cosmaid library. A
cosmid library was constructed essentially as described by
Ish-Horowicz and Burke (20), except that the recipient
pBR322-based cosmid vector was pHC79 (18) instead ofpJB8
and the recipient Escherichia coli strain was the recA- strain
1046 instead of HB1Q1. The inserted human genomic DNA
fragments were generated by partial MboI digestion and size
fractionation (20) of DNA from the blood of a 22-year-old
male.
Two separate screenings of the cosmid library were per-

formed. First, approximately 3 x 104 recombinants were
screened by colony hybridization to nick-translated p5P2 (a
subclone containing the 2.5-kb HindII-PvuII fragment lo-
cated 105 base pairs [bp] upstream of the Ul coding region of
clone HSD2 [35]), as described previously (20). Positive
colonies were screened with nick-translated pD2F (a Ul
gene subclone containing the Ul coding region, 105 bp of 5'
flanking sequences, and 500 bp of 3' flanking sequences
[44]). Colonies hybridizing to both probes were purified;
these yielded clones cosDl and cosD21. In a second screen,
approximately 5 x 104 recombinant colonies scoring as
positive with the pD2F probe were hybridized with pSP2,
and only those colonies that were positive with both probes
were purified; these yielded the cosDA clone.

Restriction mapping and subcloning of recombinant
cosmids. Cosmid DNAs were prepared and mapped by
standard procedures (33). To quickly map the large inserts of
these cosmids, restriction enzymes were chosen that cut
each clone at only a few sites. Consequently, different sets of
enzymes were used to map the three clones. (The possible
significance of the differences between the restriction maps
of cosDl and cosD21 is discussed below.) We took advan-
tage of several invariant restriction sites found within the 5'
flanking regions of Ul genes (BglII at -6, PvuII at -100, and
PstI at -1500) to determine the precise locations and the
orientations of the Ul coding regions of cosDl and cosD21,
with blots probed with p5P2.
The vector-insert junction subclone pDlPv was created by

complete digestion of cosDl with PvuII and by circulariza-

tion of the resulting fragments by T4 DNA ligase treatment
at high DNA dilution. Upon transfection into E. coli, the
only viable species was pDlPv, which retains parts of the
pHC79 vector bearing the pBR322 origin of replication, the
1-lactamase gene, and 3.8 kb of human DNA from the
downstream junction of the cosDl insert with vector DNA
(Fig. 1). Similarly, the pDlEc clone containing 400 bp of
human DNA from the upstreamjunction of cosDl DNA with
vector sequences was constructed by complete EcoRI diges-
tion of cosDl, followed by dilution, ligation, and transfec-
tion. Neither pDlPv nor pDlEc contains highly or moder-
ately repetitive human DNA sequences, as judged by the
absence of hybridization to nick-translated human placental
DNA.
To isolate one of the two Ul pseudogenes of cosD8A, an

11-kb HindlIl fragment containing the cosD8A-2 pseudo-
gene was subcloned into the HindlIl site ofpBR322, creating
plasmid pHin2 (Fig. 1). pHin2 was mapped by the type of
blotting experiments described above for the cosmid clones.
To orient the cosD8A-1 and cosD8A-2 pseudogenes, blots of
cosD8A and pHin2 digests were hybridized at moderate
stringency (42°C; 50% formamide, 5x SSC [lx SSC is 0.15
M NaCl plus 0.015 M sodium citrate]) against the Ul gene
5'-flanking probe p5P2 (this probe has homology to both Ul
gene and class I pseudogene 5' flanking sequences). p5P2
hybridized both to the NcoI-SacI fragment of pHin2 located
next to the pseudogene cosD8A-2 and also to the short
SalI-MluI fragment of cosD8A adjacent to the cosD8A-1
pseudogene. Therefore, the cosD8A pseudogenes have been
oriented in a head-to-head manner (Fig. 1).
DNA sequence analysis. For cosmid clones cosDl, cosD21,

and cosD8A, DNA fragments spanning the Ul coding re-
gions were subcloned into the M13 vectors mp8 and mp9 (39)
and sequenced by the method of Sanger et al. (51). Klenow
polymerase was a generous gift of C. Joyce, Yale Univer-
sity. To compare the sequences located 2 kb downstream
from the lambda Ul clones HSD1 and HSD4, a 516-bp PstI
fragment mapping 2 kb downstream from the HSD1 Ul
coding region was isolated; the map position of this fragment
was identified by using the restriction map of HSD1 devel-
oped by Manser and Gesteland (see Fig. 1 of reference 35).
The PstI fragment of HSD1 hybridized strongly to a 700-bp
BglII fragment of HSD4. Both of these fragments were
subcloned into M13 mp9 and sequenced as described above.
From the sequence data, as well as from our own mapping
data (unpublished data) and that of Htun et al. (19), it is cle'ar
that the BglII fragment of HSD4 spans the entire PstI
fragment of HSD1. A typographical error in the original map
of HSD4 (see Fig. 1 ?f reference 35) indicated the PvuII site
within the sequenced BglII fragment as a PstI site.
Genomic blotting procedures. Placental and leukocyte

DNA were prepared as described previously (23) or were
received as a gift from Allan Wilson and Elizabeth Zimmer,
University of California, Berkeley. Genomic blots were
prepared and probed by the method of Southern (56) with
modifications as described previously (60). In the haploid
human genome the numbers of copies of sequences homol-
ogous to the Ul distant flanking probes pDlPv and pDlEc
were estimated by densitometric comparison of genomic
DNA band intensities with reconstruction lanes containing
pBR322 DNA at concentrations representing 1 or 10 copies
of a sequence per haploid genome (as calculated by assuming
a haploid genome size of 3.2 x 109 bp). Copy number
estimates were made by comparing the total amount of
hybridization of the pDlPv and pDlEc probes to the pBR322
lanes (via vector sequences) with the total amount of hybrid-
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FIG. 1. Restriction maps of three regions of the human genome containing either true Ul genes or class I Ul pseudogenes. Exterior thick
lines represent the ends of the vectors (pHC79 for cosDl, cosD21, and cosD8A; pBR322 for pHin2). Inserts of human DNA (thin lines) for
cosDl and cosD21 are marked with heavy arrows to show the locations and orientations of Ul RNA coding sequences. Dark boxes in cosD8A
show the approximate locations of the two Ul coding regions, designated cosD8A-1 and cosD8A-2; their orientations are indicated below the
boxes by thin arrows. The heavy arrow of pHin2 shows the precise location of the cosD8A-2 Ul sequence in this subclone of cosD8A. The
significance of fragment I of pHin2 is discussed in the text. Restriction enzyme sites are denoted as follows: Ba, BamHI; Bg, BglII; Bs, BstEII;
El, EcoRI; EV, EcoRV; H, HindIll; K, KpnI; M, MluI; Nc, Nc oI; Nr, NruI; Ps, PstI; Pv, Pvill; Sc, Sacl; SI, Sall; Sp, SphI; X, XhoI. Partial
brackets above the cosDl map indicate the origins of subclones pDlPv and pDlEc, which were constructed by digestion and recircularization
of cosDl. pDlPv contains insert sequences from the left end of the cosDl map and extends into vector sequences through the PvuII site
indicated at the far right end of the map. Likewise, pDlEc includes insert sequences from the right end of the map and extends into vector
sequences through the EcoRI site. The cosDl and cosD21 maps show only a few selected sites near the Ul coding regions or the vector-insert
junctions for the enzymes BglII, EcoRI, PstI, and Pv,uII. The four restriction maps are complete for the remainder of the enzymes shown,
except that for cosDl two small HindIll fragments (less than 2 kb) and two small NcoI fragments (less than 2 kb) have not been mapped.

ization of the probes to genomic DNA (via insert sequences);
the resulting figure of approximately 15 copies for either
sequence was normalized to account both for the different
ratios of vector and insert sequences in pDlPv and pDlEc
and for the greater length of the insert sequence in pDlPv as

compared with pDlEc.

RESULTS
Isolation and initial characterization of three cosmid clones

containing Ul RNA homologies. With the intent of demon-
strating physical linkage between two cloned Ul RNA
genes, a human DNA library in cosmid vector pHC79 was
constructed and screened for Ul genes. We used cosmid
vectors because the 40-kb insert size afforded a better
chance of finding two Ul loci on one recombinant cosmid
than did the lambda phage vectors used previously (average
insert size, 15 kb). A screen of approximately 80,000 colo-
nies yielded 11 cosmids which hybridized strongly to both a
Ul gene coding region probe (pD2F) and a Ul gene 5'
flanking sequence probe (p5P2). Hybridization with p5P2
indicated that these 11 cosmids contained either true Ul
genes, whose immediate 5' flanking sequences are virtually
perfect matches for the probe sequence, or class I pseudo-
genes, whose 5' flanking sequences share more than 80%
homology with the true Ul genes.
To tentatively classify the Ul homologies on the cosmids

as true genes or pseudogenes, we took advantage of the fact

that restriction-fragment-length polymorphisms can be used
to divide the Ul genes into a small number of groups. For
instance, the great majority of Ul genes are found on PstI
fragments of either 3.9 or 2.65 kb (35). The 3.9-kb PstI Ul
group and the 2.6-kb PstI Ul group appear as multiple copy
bands above a background of fainter bands on blots of
human genomic DNA hybridized to a Ul coding region
probe. All of the previously cloned Ul genes are represen-
tatives of one or the other PstI group (35; unpublished data).
However, restriction-fragment-length polymorphisms can-
not be used to divide the 30 Ul genes into unique groups,
since some enzymes define three or more major groups. For
example, PvII divides the Ul genes into four major groups,
but two Ul genes belonging to different PstI groups may
belong to the same PviII group (35). Thus, a recombinant
cosmid is very likely to represent a true Ul gene if digestion
with several different restriction enzymes invariably pro-
duces a Ul-containing fragment that corresponds to one of
the major genomic Ul fragments characteristic of each
enzyme.
Of the 11 cosmids, only 2 (cosDl and cosD21) carried the

Ul homology on restriction fragments whose lengths were
always characteristic of true Ul gene groups (data not
shown). A third cosmid (cosD8A) produced, for each restric-
tion enzyme used, two fragments hybridizing to the Ul
probe. The sizes of both of these fragments seldom corre-
sponded to major Ul gene groups, suggesting that both Ul
homologies were class I pseudogenes (data not shown).
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-390 -380 -370 -3C0 -350 -340 -330 -320

HSD4 CAGGCTAAGGACCAGCTTCTTTGGGAGAGAACAGACCGAGGGGCGGGAAGGGAAAAAGGGAGAGGCAGACGTCACTTCCCCTTG
HUl-l ------------------------------------GC---------- -----------------------------------

D8A-2 G-A---------------------------------AAG--A------GA-A------------A---------------T

-310 -300 -290 -28Q -270 -260 -250 -240

HSD4 GCGGCTCTGGCAGGCAGATTGG CGGTTGAGTGGCAGAAAGGCAGACGGGGACTGGGCAAGGCACTGTCGGTGACATCACGGACA
HUl-1 ------------- --------T--------------------------------------------------------------

* D8A-1 /C----- -G-G----TA--C----C-------------------------A-------------------------T-
* D8A-2 C------A- -G-G----T---C-----T--G-T ------------- A---------------------T-

TTGGGGTGAAGA

-230 -220 -210 -200 -190 -180 -170 -160 -150

HSD4 GGGCGACTTCTATGTAGATGAGGCAGCGCAGAGGCTGCTGCTTCGCCACTTGCTGCTTCGCCACGAAGGAGTTCCCGTGCCCTG
HUl-l -----------------------------------------------------------A------------------------
D8A-1 -------------------------------G------------C----C--------------------T.----------G-

*D8A-2 ------------------------CA -----T- -----G-------A------ ---------------- T-C----G-
U1.4 /--T-C--G-------------T-T---G--- ----------------G----T---T-C---TG--

-140 -130 -120 -110 -100 -90 -80

HSD4 GGAGCGGGTTCAGGACCGCGGATCGGAAGTGAGAATCCCAGCTGTGTGTCAGGGCTGGAAAGGGCTCGGGAGT
HUl-l -------------------T------------------------------------------__________
cosDl /---------------------------------
cosD21 /.
D8A-1 -------A-----------T-G------C-----G---------------------A- G------ ---GGGGGTGGGGC
U1.15 /C-----G---------------------A- G----- ---G--GGGGGGGGGG
DD8A-2 -------------------T-G-----CC-----G---------------------A- G------ -CCG-G
U1.1 /--G-------------------A- G------ ---G-G
U1.4 -- -AA-- ---------C-G-T---C----T-G---------------------A- G------ ---G--GGGGGTGGGGGGC

-70 -60 -50 -40 -30 -20 -10

HSD4 GCGCGGGGCAAGTGACCGTGTGTGTAAAGAGTGAGGCGTATGAGGCTGTGTCGGGGCAGAGCCCGAAGATCTC
HUl-1 -------------------------------------------------------------G--C--------
cosDl ___________
cosD21 ----------------------------------------------------------_-_____________
D8A-1 T--------------------G--------G----A----G-------- -G----G--TGC----G---

* U1.15 GGGGGGGGGCT--T-----------------C--------G----A----G----------G------G---GTGC--------
D8A-2 T---GC---G-------------------G---------- ------G---GTGC-G--G---

* U1.1 T------------C-G--------G---------- ------G---GTGC-G--G---
U1.4 GGTGGGGGGTT-----T--G-----------C------G-G------------GA------G-A----G---G-GT-T------

5' end of Ul 20 30 40 50 60 70 80

HSD4 ATACTTACCTGGCAGGGGAGATACCATGATCACGAAGGTGGTTTTCCCAGGGC GAGGCTTATCCATTGCACTCCGGATGTGC
HU I- 1 -----

cosDl -----------________________-
cosD21----------------------------------------------------- -----------------------------

D8A-1 ----------------------------------T-------C-------- -----------------------------
U1.15 ------------ -----------------------------

L D8A-2 ---T----T--------------A-G---C---------- -------------T---------T-----T-------------
U1.1 ---T----T--------------A----------------------------- ---------------------A------T
U1.4 ------------------------G---------------------------A-----------------------------

90 100 110 120 130 140 150 3' end of Ul

HSD4 TGACCCCTGCGATTTCCCCAAATGTGGGAAACTCGACTGCATAATTTGTGGTAGTGGGGGACTGCGTTCGCGCTTTCCCCTG
HUl-1 ------------- ------ ------ ------ ------

cosDl -------------_-___________________________
cosD21----------------------------------------------------------------------------------
D8A-1 -------------------------------------_--------______._____________________________

D8A-2 ------------------------------------------------------------G---T--C--T-----T-----
Ul.1 ------------------------------------T---------------------T ----------------------
U1.4 -------CG---------------------.---G---T---

+10 +20 +30 +40 +50 +60 +70

HSD4 ACTTTCT GGAGTTTCAAAAACAGACCGTACGCCAAGGGTCATGTCTTTTTTCGTATTGGTTTGTGTCTTAGTTG
D8A-1 -T---T- -T-----A--G--T--T-TAC--AG---TT--T-CT-G------ T--C---C------T----- C
U1.15 -T---T- -T-----A--G--T--T-TAC--AG---TT--T-CT-G------ T--C---C------T----- C
D8A-2 - -----TTTTTTCTG----------T-----------TCCTT--T-CTG---- C-TTC-------------T--TTC--GTG

P Ul.l -T---T- -T--------G--T-CG-T----T-T-----CT-CT-T--- C-TTC----A----------G-AC-
U1.4 A-T---G- GC-GGA---CG----TT---T-TG-----AT-CT-T-AC-AGT-C--AATA-G- -- -G--

+80 +90

HSD4 TTAATCCTACAGTGGAGG/
D8A-1 TTAA TG GT---TC-C -CAGTCGAA/
U1.15 TTAA TG GT---TC-C -CAGTCGAA/
D8A-2 CCCTTAAGTG---C-GT------C --A/
U1.1 TG---T--T------C--A-GCTGAGA/
Ui.4 TCA TG---T--T------ T-CA/
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These three clones (cosDl, cosD21, and cosD8A) were
subjected to further analysis, and the restriction maps are
shown in Fig. 1.
The two Ul pseudogenes of cosD8A were found to be

oriented divergently by mapping an 11-kb HindlIl fragment
of cosD8A subloned into pBR322 (plasmid pHin2). The maps
of the cosDl and cosD21 genes can be aligned with each
other by using the NruI sites which appear 1.4 kb upstream
of the Ul coding sequence. However, for most other infre-
quently cutting enzymes, we did not find any obvious
correspondence between the maps of cosDl and cosD21 at
distances greater than a few kb from the Ul coding region.
Thus, these two Ul gene loci share a core of homology
extending for a few kb on either side of the Ul sequence but
have different restriction maps at larger distances from the
Ul coding region. Moreover, these genes belong to different
PstI and PvuII groups (data not shown). We conclude that
cosDl and cosD21 belong to different subfamilies of Ul
genes. We will demonstrate below that at least one of these
two loci, cosDl, is representative of a subfamily of Ul genes
that is repeated many times in the human genome.
DNA sequence analysis of the Ul genes and pseudogenes. To

confirm that the single Ul loci on cosmids cosDl and cosD21
are true Ul genes and that the two Ul loci on cosD8A are
class I pseudogenes, we sequenced the Ul coding regions
and immediate flanking DNA. These sequences are com-
pared (Fig. 2 and 3) to those of two previously characterized
Ul genes, HSD4 and HU1-1, both of which are known to be
transcriptionally active in vivo as well as in vitro (32a, 43,
54). Several class I pseudogenes whose sequences we re-
ported previously (U1.1, U1.4, and U1.15) also are included
in Fig. 2; all pseudogenes are indicated by a Pi.
As predicted by the genomic blotting data, the Ul loci of

cosDl and cosD21 appear to be true genes, by several
criteria. First, the Ul RNA sequence is perfectly conserved
in each. Second, the 5' flanking regions of the U1 loci in both
cosDl and cosD21 are virtually identical to the perfectly
conserved 5' flanking regions of the true genes: the 5'
flanking sequences of cosDl, cosD21, HSD4, and HU1-1
diverge from each other by less than 1% (Fig. 2). Third, as in
true Ul genes, the 3' flanking sequences of cosDl and
cosD21 are well conserved at least 20 bp beyond the Ul
coding region and thereafter exhibit occasional mismatches
and insertions or deletions with repect to one another (Fig.
3). Most of the divergent nucleotides in the 3' flanking
sequences of cosDl and cosD21 are common to a subset of
genes and appear to divide the true Ul genes into groups;
however, these groups do not seem to be correlated with the
groups of Ul genes defined on a larger scale by restriction
site mapping.
The genomic blotting data also predicted that cosD8A

would contain two class I Ul pseudogenes, and this was
confirmed by DNA sequence analysis (Fig. 2). The Ul

+10 +20 +30 +40 +50

HSD2 ACTTTCTGGAGTTTCAAAAACAGACCGTACGCCAAGGGTCATGTCTTTTTTCGT
HSD4 ----
HSD5 --------------- - -

HSD7 ----------------------------------G-T-----------------
cosDl ------------------------------------- A ----A-------- T--
HSD1 -------------------------T------T----------------C-TT-
HSD6 -------------------------.T------ T----C---------- C--T--
HUl-1 -------------------GT----T------T---------A-----------
HSD3 ------------------- GT ---- T-/
cosD21 -------------------GT----T------T---------A--------TT-

+60 +70 ' +80 +90 +100

HSD2 ATT GGTTTGTGTCTTAGTTG TTAATCCTACAGTGGAG/
HSD4 --- ----------------- __ -_
HSD5 --- ---G/
HSD7
cosDl C-- ---------------- ---------------CA/
HSD1 G--TTT---------T--G----GCG CTTAAATG---------------T-/
HSD6 --- --A---------G-------T----GG-------------------/
HUl-1 T-- -------------G--------------------------------/
cosD21 --- -.------- T---------- ----------------------- T-/

FIG. 3. Comparison of the 3' flanking sequences of nine true Ul
genes. The first 100 3' flanking nucleotides of true U1 gene HSD2 are
compared with the sequences of nine other true U 1 genes. Sequence
data is presented as in Fig. 2. Sequences for clones HSD1 through
HSD7 are taken from Manser and Gesteland (35). The sequence of
HU1-1 is from Murphy et al. (43).

coding regions of both the cosD8A-1 and cosD8A-2 loci
exhibit point mutations and single base insertions or dele-
tions but retain -95% overall homology with Ul RNA.
However, in comparison with true Ul genes, the flanking
sequences average only -85% homology upstream and
-65% homology downstream from the Ul coding region.
This suggests that the class I Ul pseudogenes were at one
time subjected to a selection pressure which was greater
within the Ul coding region than within the flanking se-
quences. Curiously, sequences about S kb downstream from
the cosD8A-2 coding sequence (Fig. 1, fragment I of pHin2)
cross-hybridize to a probe that is specific for the 5' flanking
sequences of a true Ul gene (pSP2, see above). Fragment I
could be (i) the orphaned remnant of a third Ul pseudogene
that was deleted from the cosD8A locus, (ii) part of the 5'
flanking sequences of cosD8A-1 that were separated from
cosD8A-1 by insertion of cosD8A-2, or (iii) part of the 5'
flanking sequences of cosD8A-2 that were orphaned by
inversion of a DNA segment containing cosD8A-2. A more
detailed DNA sequence analysis of the cosD8A locus would
be required to distinguish among these possibilities.

Sequences 2 kb downstream from the ends of true Ul genes
are almost as highly conserved as the 5' flanking sequences.
Manser and Gesteland (35) originally observed that the 5'
flanking sequences of true Ul genes are almost perfectly
conserved as far as 2.6 kb upstream, whereas the first 100 bp
of 3' flanking sequences appeared to be extremely
polymorphic (31, 35; Fig. 3). However, Htun et al. (19)
subsequently demonstrated that seven true Ul genes have
very similar restriction maps for at least 2.3 kb downstream.
To determine whether downstream sequences diverge more

FIG. 2. Comparison of the sequences of four true Ul genes and five class I Ul pseudogenes. The top line shows the sequence of the true
Ul gene HSD4 (35) supplemented with sequence data from our own laboratory (M. Mangin, V. Hoffarth, and A. M. Weiner, unpublished
data); the sequences of three other true Ul genes and five class I Ul pseudogenes (marked by '1) are compared with it. Dashes indicate
matching bases, blank spaces indicate the absence of a corresponding base at that position, and a slash denotes the limits of sequence data.
Nucleotide positions are numbered as follows. 5' flanking sequences are given negative numbers, beginning with -1 for the base preceding
the RNA cap site. Ul coding sequences are numbered 1 through 164, begining with the first base encoding Ul RNA. 3' flanking sequences
are given positive numbers, starting with +1 for the first base downstream of the U1 coding region. The 3' flanking sequences of true genes
other than HSD4 are not shown here; instead they are shown in Fig. 3. The two pseudogenes of the cosD8A clone are abbreviated here as
D8A-1 and D8A-2 (for cosD8A-1 and cosD8A-2, respectively). The sequence of HU1-1 is from Murphy et al. (43) and Lund and Dahlberg (31).
The sequences of U1.1, U1.4, and U1.15 are from Denison and Weiner (11). The sequence of cosD8A-2 very closely resembles the sequence
of clone U1-8, reported by Monstein et al. (40, 41).
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P8tI
HSDI CTGCAGCAATGATAAGTTGTTCAGATCTTGTCTTTCCAATGTTTGGTAAAAAATTTATAGGCCCA
HSD4 -----------------------C-T------------

HSD1 ATTGTTGTCAATATCTGCAAGAGTGGCATCTCTATTACAAGAGTGATCTTACTACTCAACGTCCC
HSD4 ---T--------------------------G-----------------------G-T-----

HSDI
HSD4

CCCTCCCACCCAACTTCGTTTCCTAGGGGCTCTTGGCTTTAACAAATTTACTGTATCTAAAAGAC

HSD1 ATCTTAGTACAGGAAGAAAACTAAATCTGTAGCATGTAAGGAGCAGTTTTCTTTGATTGGTATAT
HSD4 --------------------------------------------------A--------------

PvuII
HSDI TCAGGTTTCTAACCAGCTGAAAAATTCAAATACATGTCCTTTAAGGATTAAGTTTAAACTACACT
HSD4 ------------------------------------C----------------------C-----

HSD1 ACAGAAAGAAGAGAAAAGATTTATATGATCACATATAAGCAATGGAATCAGCAATATGAGCACTT
HSD4 ----------- -------------C---------------------------------T----

HSD1 TTCACAACTATATAAATCAAATTTAGTAATCTCCAGAACATTAACCAAGTTCAGCCCTTAATGGA
HSD4 ------------C------------A------------------GG-------------------

HSD1
HSD4

PstI
AATGAATGAAAATAAATTATTCACCCACTGTTACATGCCCTGGAAAGAGAATGCCCTGC AG

FIG. 4. Comparison of sequences 2 kb downstream from the Ul coding regions of two true Ul genes. The top line shows the sequence
of a PstI restriction fragment located 2 kb downstream from the Ul coding region of the true Ul gene HSD1. This sequence is compared to
the sequence of part of a BglII fragment located 2 kb downstream from the true Ul gene HSD4. Sequence data are presented as in Fig. 2.
PstI and PvuII sites are overlined for HSD1 and underlined for HSD4.

quickly than upstream sequences and whether the restriction
map differences downstream are due to minor sequence
heterogeneity or to gross sequence divergence, we com-
pared sequences located 2 kb downstream from the ends of
the Ul coding regions in two previously characterized Ul
genes (HSD1 and HSD4 [35]). Surprisingly, these distant
downstream sequences (Fig. 4) are much better conserved
than the sequences immediately following the Ul genes (cf.
Fig. 4 with 3). Over the entire 516-bp region (Fig. 5), these
two loci diverge by only about 4% as a result of 19 scattered
single-base mismatches (approximately 1 every 20 bp) and
two small insertions or deletions. The same two loci diverge
by at least 10% immediately 3' to the Ul coding regions (Fig.
3).
We note that a single base insertion in HSD4 relative to

HSD1 explains why a PstI restriction site is present in HSD1
but absent from the corresponding position in HSD4. Antic-
ipating our analysis of Ul gene organization below, we
emphasize that as little as 4% sequence divergence can
introduce significant restriction site polymorphism into two
related sequences while still preserving many of the restric-
tion sites (for instance, both HSD1 and HSD4 share the
PvuII site indicated in Fig. 5). In this light, the apparent
differences in the maps of distinct Ul gene loci (35; corrected
as in reference 19) do not contradict the evidence presented
here that the flanking sequences of many Ul genes are
extensively conserved. However, as mentioned above, the
differences found between the restriction maps of the two Ul
gene clones cosDl and cosD21 at large distances from the
Ul coding region may indicate the existence of divergent
subfamilies of Ul genes. Therefore, we cannot rule out the
possibility that some other Ul genes may diverge from the

cosDl subfamily (which probably includes HSD1 and HSD4,
since they also belong to the 2.6-kb PstI group) at distances
further upstream or downstream from the coding region.
Nevertheless, the homologous regions found 2 kb down-
stream from the coding regions of the two Ul genes HSD1
and HSD4 are almost as highly conserved as the virtually
identical 5' flanking regions of these genes. We will argue
later that conservation of such extensive flanking sequences
could result from coamplification of the Ul genes together
with a large tract of flanking DNA.

Flanking sequence homology extends over 24 kb upstream
and 20 kb downstream from the true Ul genes. The selected
sequence comparisons described above (and in references 19
and 35) prove that many of the -30 true Ul genes in the
human genome share a high degree of flanking sequence
homology at distances as far away as 2.6 kb upstream and
2.3 kb downstream from the Ul coding region. However,
previous studies with Ul gene probes against whole-genome
Southern blots (11, 35) suggested that the homology between
many Ul gene loci may extend well beyond a few kb. To
determine how far these homologous regions actually ex-
tend, we performed genomic blotting experiments based on
the following rationale. If all Ul genes differ completely from
one another at some distance from the Ul coding region,
then a distant flanking fragment probe from one Ul locus
should hybridize to a genomic blot at single-copy intensity.
At the other extreme, if all Ul genes have identical flanking
sequences at a distance from the coding region, the probe
should hybridize to a single band on a genomic blot repre-
senting 30 copies of the probe sequence (i.e., the repetition
frequency of the Ul genes). In an intermediate case, in
which Ul genes are slightly divergent at this distance, we
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FIG. 5. Estimation of the copy number of sequences at least 20 kb to either side of the true Ul gene cosDl. Portions (10 pLg) of the same
sample of human placental DNA were digested by restriction enzymes and used to prepare two identical genomic blots, which were
hybridized either to nick-translated pDlPv (A) or to pDlEc (B), as described in the text. Hybridizations and washes were performed at 42°C.
The pDlEc probe gave a weaker signal merely because it is much smaller than the pDlPv probe (0.4 versus 3.8 kb). Enzymes used to digest
placental DNA were BglII (lanes c), BamHI (lanes d), EcoRI (lanes e), HindlIl (lanes f), KpnI (lanes g), MspI (lanes h), PstI (lanes i), PvuII
(lanes j), XbaI (lanes k), and XmnI (lanes 1). Lanes a and b contain 135 and 13.5 pg, respectively, of pBR322 DNA partially digested with AccI;
these lanes represent 10 and 1 copy equivalents of a 2.7-kb sequence (A), or of a 3.8-kb sequence (B), per haploid human genome.

would detect a few bands on the genomic blot indicative of
restriction site polymorphism.
We chose the cosDl cosmid to serve as a representative

true Ul gene for this analysis. Since this clone contains more
than 19 kb of flanking DNA to either side of the Ul coding
region, we could identify and isolate restriction fragments
that are relatively distant from the Ul sequence. The cosDI
subclones pDlPv (insert size, 3.6 kb) and pDlEc (insert size,
0.4 kb) contain fragments of DNA at the junctions of the
cosDl insert with the vector (Fig. 1 and above) and represent
sequences lying 19 kb upstream (pDlEc) or 19 kb down-
stream (pDlPv) from the Ul coding region. Since the Ul
genes may belong to subfamilies which differ from each
other at large distances from the Ul coding region, we will
use the term cosDl family of genomic sequences to describe
those genomic sequences which hybridize to either the
pDlPv or the pDlEc probe.

Identical Southern blots containing human placental DNA
digested with a variety of restriction enzymes and probed
with pDlPv or with pDlEc (Fig. 5) show patterns of hybrid-
ization which in general reflect very good homology of
sequences at a distance from Ul genes. For most of the
enzymes used in the blots shown in Fig. 5, both probes
hybridized to one very intense band and to as many as four
faint bands, with a total copy number per lane of approxi-
mately 15 per haploid genome, as determined by
densitometry (see above). Some lanes of these genomic blots
contain a single intense band and no minor bands, such as

the PvuII lane for pDlPv (Fig. 5A, lane j) and the XbaI lane
for pDlEc (Fig. 5B, lane k).

Since the single PvuII band hybridizing with pDlPv (Fig.
SA, lane j) migrates at 4.5 kb, the cosDl map (Fig. 1) can
now be extended by nearly 1 kb past the leftmost end of the
insert, to the next PvuII site. Likewise, since the major
EcoRI band hybridizing with pDlEc (Fig. 5B, lane e) is 5 kb
long, the rightmost insert end of the cosDl map can be
extended by about 5 kb, to the next EcoRI site. Therefore,
the cosDl family of genomic sequences (which are identified
here by hybridization to the distant flanking region subclones
pDlPv and pDlEc) must be nearly identical over a distance
of at least 24 kb upstream and at least 20 kb downstream
from the Ul coding region. Since a second Ul gene is not
found within this region, we can estimate an intergenic
distance of more than 44 kb for Ul genes of the cosDI
subfamily.
We noted earlier, based on the marked differences in the

maps of cosDl and cosD21 (Fig. 1), that Ul genes may be
divided into several subfamilies. If the distant flanking
sequences of another subfamily of Ul genes (for instance, a
cosD21 subfamily) were unrelated to those of the cosDl
subfamily, only the genes of the cosDl subfamily would
contribute to the observed hybridization signal. The copy
numer of 15 found for distant flanking sequences of cosDl
(Fig. 5) suggests that Ul genes of the cosDl subfamily might
account for roughly half of the -30 true Ul genes in the
human genome (31). However, given the technical limita-
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FIG. 6. Variation between individuals in the distribution of Ul genes among BgII and PstI genomic blot bands. Portions (10 ,ug) of
leukocyte DNA from various primates were digested with BgII or with PstI and used to prepare genomic blots, which were hybridized to
nick-translated p5P2, as described in the text. Hybridizations and washes were performed at 50°C. Primate genomic DNAs were from the
following sources: chimpanzee (lanes d); orangutan (lanes e); humans of Oriental (lanes f) and Caucasian (lanes g to m) background. The DNA
in lane g of the PstI blot was incompletely digested. Lanes a, b, and c contain p5P2 DNA digested with HindIl and PvuII, at amounts
equivalent to 15, 1.5, and 0.15 copies, respectively, of the p5P2 insert per haploid human genome.

tions of the gene quantitation experiment, we cannot rule out
an error of a factor of 2 in copy number determination. Thus,
the cosDl subfamily of Ul genes could conceivably repre-
sent most of the -30 true Ul genes in the human genome.
We do not yet know whether cosD21 defines another
subfamily of Ul genes or whether cosD21 is merely a
single-copy locus. If the distant flanking sequences of the
cosD21 locus are imperfectly homologous to those of the
cosDl subfamily, the cosD21-like genes may be represented
in the fainter bands on the blots of Fig. 5. Alternatively,
these faint bands could represent class I Ul pseudogenes.

Individual variation in the distribution of the true Ul genes
among groups defined by restriction-fragment-length
polymorphisms. To assess individual variation in the Ul
multigene family, we obtained genomic DNA prepared from
the blood of eight humans and two lower primates. Southern
blots prepared from BglII or PstI digests of these DNAs
were probed with the U1 gene 5' flanking probe pSP2. Since
all known human Ul genes have a BglII site at -6, the
intense 3.5-kb band of the BglII blot (Fig. 6, lanes f to m)
indicates that most of the Ul genes of each human individual
examined have a BglII site at -3.5 kb. Absence of the
-3.5-kb BglII site apparently results in the appearance of
bands of 5 or 9.5 kb, with the 9.5-kb band presumably
indicating the absence from some Ul gene loci of two
upstream BglII sites (at -3.5 and -5.0 kb). In agreement
with previous work by others (31), we found that the relative
intensities of these three bands vary from one individual to
another, but the sizes of the bands remain constant, indicat-
ing an underlying similarity in the upstream flanking se-
quences of Ul genes in different individuals.
The PstI blot (Fig. 6) depicts a similar situation for the

downstream flanking sequences of Ul genes. Since the p5P2
probe overlaps the invariant PstI site at -1.5 kb in human
Ul genes, it hybridizes to fragments downstream from this
site (i.e., containing the Ul coding region) as well as to those
upstream. The two Ul-containing PstI fragments migrate at
either 3.9 or 2.6 kb, probably determined by the presence or
absence of a PstI site about 1 kb downstream from the Ul
coding sequence (35), and the upstream PstI fragment is
always 2.3 kb in length (Fig. 6, lanes f to m; the DNA sample
in lane g is underdigested). When the PstI patterns of
different individuals were compared, the relative intensities
of the 3.9- and 2.6-kb bands were found to vary; however, in
no individual were new bands found which would indicate
additional polymorphism.
The invariant sizes of the fragments hybridizing with pSP2

in different human genomic DNAs digested with either Bgll
or PstI lend further support to our contention that human Ul
genes have highly homologous flanking sequences both
upstream and downstream from the Ul coding region. In
addition, we note that the upstream flanks of the Ul genes in
lower primates (chimpanzee and orangutan; lanes d and e,
respectively, of Fig. 6) apparently retain sufficient similarity
to the upstream flanks of human Ul genes to hybridize to the
pSP2 probe at high stringency, but insufficient homology to
preserve the human BglII and PstI maps. No 5' flanking
homology to human Ul genes has been found in mouse, frog,
chicken, or fruitfly genomes (31).

DISCUSSION
From studies in this paper and elsewhere (29), a clearer

picture of the genomic organization of human Ul genes and
class I Ul pseudogenes has emerged. By probing genomic
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blots with 5' and 3' sequences far from the Ul coding region
itself, we demonstrated that sequences flanking many of the
-30 true Ul genes are well conserved for at least 24 kb
upstream and 20 kb downstream from the coding region. By
restriction mapping and DNA sequence analysis of the
cosD8A locus, we presented additional evidence that the
class I Ul pseudogenes are more closely related to each
other than to the true Ul genes (also see reference 11). It is
shown elsewhere that true Ul genes appear to reside exclu-
sively at the subtelomeric band lp36 on the short arm of
human chromosome 1 (confirming earlier work in references
30 and 44), whereas the class I Ul pseudogenes appear to
reside exclusively in lql2-q22 near the heterochromatin on
the opposite side of the centromere. Admittedly, the details
of genomic evolution are difficult to reconstruct by exami-
nation of a contemporary genome; however, we believe that
the simplest interpretation of all of our data is that the human
Ul genes are organized as a large, somewhat polymorphic
tandem array and that the contemporary array was derived
from a more ancient tandem array of Ul genes (now class I
Ul pseudogenes) by gene amplification and transposition.
Are Ul genes organized in a tandem array? Our observa-

tions indicate that Ul genes belonging to the cosDl subfam-
ily share at least 44 kb of flanking DNA sequence homology.
All true Ul genes were previously known to share a core of
sequence homology extending about 2 kb on either side of
the Ul coding region (19, 35). In addition, all true Ul genes
are clustered in a single chromosomal band (44). From this
we conclude that human Ul genes must be organized in one
of two ways: either (i) the 44 kb of flanking homology
surrounding many true Ul genes extends for more than 24 kb
in the upstream direction and more than 20 kb in the
downstream direction until reaching the adjacent Ul genes
in a large and somewhat polymorphic tandem array, or (ii)
the flanking homology ultimately degenerates on either side
of each gene so that individual Ul genes exist as large islands
of conserved sequence clustered in a sea of unique DNA.
We argue below that the generation of a tandem array of Ul
genes with extensive flanking homology can be readily
accounted for by the experimentally documented character-
istics of spontaneous gene amplification in mammalian cells.
In addition, we show that the known characteristics of gene
amplification provide a simple and straightforward explana-
tion for the chromosomal mapping data for both true Ul
genes and class I Ul pseudogenes (29). In contrast, the
generation of a clustered but nontandem array of Ul genes
would require a mechanism for localized duplication and
transposition of a large unit of DNA exceeding 44 kb, an
unprecedented possibility which we regard as implausible.
Tandem arrays of small nuclear RNA genes have been

documented previously in humans as well as in other organ-
isms. Researchers in our laboratory (60) and others (64) have
demonstrated that the genes encoding human U2 RNA are
organized as a tandem array of 10 to 20 essentially identical
6-kb repeat units, each containing a single U2 gene. The
human U2 tandem array maps to a single site on chromo-
some 17 (28a). The vast majority of Ul genes in Xenopus
laevis are arranged in a tandem array of 1.8-kb repeat units
(32, 66), and the Xenopus U2 genes lie within a separate
tandem array with an 830-bp repeat unit (38). The genes
encoding the Ul and U2 RNAs of sea urchins also are
arranged in separate tandem arrays with repeat units of 1.4
and 1.1 kb, respectively (6, 7). Although the Ul and U2
genes of mice (37, 45) and rats (58, 62) and the Ul genes of
chickens (12) are not organized in a simple tandem array, at
least some of the genes in each of these multigene families

are clustered and share homologous flanking sequences.
Thus, these genes might be part of an extremely
polymorphic tandem array that has been severely scrambled
by genetic exchange, as would appear to be the case for the
human class I Ul pseudogenes on cosmid cosD8A (see
below).
The repeat units of a tandem array are often nearly

identical, as is the case for the Ul and U2 genes of sea
urchins (7) and the U2 genes of X. laevis (38) and humans
(60, 64). However, polymorphism between individual repeat
units in a tandem array is also common and has been
documented for the histone (17) and rRNA gene repeats
(reviewed in reference 9) of Drosophila; for the 5S RNA
genes (25), the rRNA genes (4), and both the major and
minor types of Ul gene tandem repeats (32, 66) of X. laevis;
and for the human rRNA genes (2, 27). Many tandemly
repeated satellite sequences such as the primate alphoid
families, and even simple sequence satellities, show poly-
morphism between repeat units (21, 53). Some polymorph-
isms leave the basic DNA sequence organization of the
individual repeat units intact; these include variable numbers
of an internally repetitious spacer sequence (4, 25) or muta-
tions such as single base changes and small insertions or
deletions (2, 27, 32). Other polymorphisms alter the basic
organization of the original repeat unit; these include larger
insertions or deletions (e.g., the Drosophila histone gene
repeat [17]) or homologous but unequal recombination be-
tween sequences that are present more than once within
each individual repeat unit (47, 48). In fact, polymorphisms
copsisting of variable numbers of a repetitious spacer se-
quence may arise from homologous but unequal recombina-
tion between fortuitous internal repeats within the basic
repeat unit (55).
The human Ul genes HSD1 and HSD4 have slightly

different restriction maps (19, 35); however, the presence of
an additional PstI site 2 kb downstream from the Ul se-
quence in HSD1 results from the insertion or deletion of only
a single base in one gene relative to the other (Fig. 4). Thus,
the restriction site polymorphisms found within the several
kb immediately flanking the human Ul genes reflect a very
minor level of DNA sequence heterogeneity between indi-
vidual Ul repeat units and is entirely consistent with the
existence of a tandem array of human Ul genes.
A model for the evolution of the Ul multigene family. How

might a large, polymorphic tandem array of Ul genes have
arisen? The idea that gene amplification could serve as a
means both to establish (5) and to maintain (13) a homoge-
neous gene family was proposed many years ago and has
been refined ever since (see reference 63 for a recent
review); we present only the basic arguments here. In a
multigene family, natural selection cannot act forcefully
upon any individual gene since the preponderance of func-
tional genes will partially protect the organism from the
effects of almost all mutations (both favorable and unfavor-
able) except for those few that are dominant. Thus, the 30
individual Ul genes that constitute the Ul multigene family
might have been expected to diverge from each other, but in
fact Ul RNA (like most structural RNA species) is found to
be homogeneous (10). One way to regenerate a uniform
array of genes from an array that has diverged is through
repeated cycles of DNA sequence amplification. Amplifica-
tion of a well-preserved gene from the divergent array could
effectively homogenize the gene family by overwhelming the
old array with a new set of identical, fully functional genes.
Freed from selection pressure, the old array might then
degenerate further or be deleted.
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SINGLE COPY GENE

step 1

FIRST GENERATION
TANDEM ARRAY

step 2
ACCUMULATION
OF MUTATIONS

AGING TANDEM ARRAY

step 3

SECOND GENERATION
TANDEM ARRAYS

NEUTRAL OR FAVORABLE MUTATION: ARRAY PERPETUATED DETRIMENTAL MUTATION: ARRAY DEGENERATES

FIG. 7. Model for the evolution and maintenance of tandemly repeated gene families by multiple cycles of gene amplification. A priinary
amplification event (step 1) results in the tandem duplication of a single-copy gene (thick arrow). As the first-generation tandem array begins
to age (step 2), individual genes accumulate favorable, unfavorable, and neutral mutations (represented by X's). In step 3, secondary
amplification of a gene containing a favorable mutation confers a selective advantage, thereby fixing the array in the genome, whereas
secondary amplification of a detrimentally mutated gene results in an array which might degenerate or be deleted.

Some of what is now understood about the process of gene
amplification is directly relevant to the model for the evolu-
tion of the human Ul family of genes and class I pseudo-
genes (presented in detail below). Johnston et al. (22) pro-
vided experimental evidence that spontaneous DNA
sequence amplifications occur at a remarkably high fre-
quency, approaching 10-3 events per cell per generation per
locus in cultured somatic cells. Moreover, Roberts and Axel
(47) and Roberts et al. (48) showed that DNA sequence
amplification in somatic cells occurs quickly and can pro-
duce as many as 50 copies of an amplified gene in just one
generation. Since the contemporary human Ul multigene
family consists of about 30 members, a single gene amplifi-
cation event could in principle have enabled a new Ul array
to be genetically dominant in the presence of an older
degenerating array of Ul genes. In addition, a variety of
studies have shown that the unit of amplified DNA in
somatic cells can be as small as 40 kb and as large as 2,000
kb (48). Apparently, very large tracts of flanking DNA can
be coamplified together with the selected gene without
harming the cell; this helps to rationalize the conservation of
at least 44 kb of DNA flanking the human Ul genes of the
cosDl subfamily. In fact, by taking into account the maxi-
mum resolution achievable by in situ chromosomal mapping
(approximately 5,000 to 10,000 kb [50]), and the estimate of
30 Ul genes per human genome (31), the maximum length of
the repeat unit for human Ul genes is about 300 kb.
Although gene amplification has been best studied in

cultured somatic cells, where it is the most common mech-
anism by which cells acquire resistance to treatment with
various cytotoxic drugs, gene amplification is not peculiar to
immortal cell lines. The dihydrofolate reductase gene, for
example, is amplified in tumor cells that survive chemother-
apy with methotrexate (52), and the c-myc oncogene is
amplified both in primary cultures and in cells taken directly
from a patient with the HL-60 promyelocytic leukemia (46),
and also in malignant neuroendocrine tumor cells from a

human colon carcinoma (1). Finally, because the model for
the evolution of the human Ul gene family requires that
DNA sequence amplifications be heritable, we emphasize
that there is no reason a priori why gene amplification in
germ line cells of the living organism (i.e., mitotically
dividing oogonia and spermatogonia, not primary oocytes
and spermatocytes undergoing meiosis) should differ signif-
icantly fromn that observed experimentally for somatic cells.

In light of the known characteristics of DNA sequence
amplification described above, we now present a detailed
model for the evolution of the human Ul family of genes and
class I pseudogenes (Fig. 7). Step 1 depicts the amplification
of a primordial Ul gene to create a first-generation tandem
array of identical Ul genes at lql2-q22, currently the home
of the class I Ul pseudogenes. As the array of functional Ul
genes undergoes genetic drift (step 2), each gene acquires
unique mutations. Some of the genes begin to degenerate
into nonfunctional class I pseudogenes, thus accounting for
the contemporary location of these pseudogenes at
lql2-q22.

In step 3, spontaneous secondary amplification events,
sometimes accompanied by translocation, create new tan-
dem arrays of Ul genes and class I pseudogenes. One of the
secondary arrays of Ul genes is transposed to band 1p36 on
the opposite side of the centromere; this array confers a
selective advantage on the organism and is preserved as the
contemporary family of Ul genes. Secondary arrays of
defective Ul genes which confer a selective disadvantage
would degenerate or be deleted; arrays of selectively neutral
sequences might be retained as class I pseudogenes. Sec-
ondary amplifications of the kind we invoked are known to
occur at even higher frequency than that of the primary
amplification event (22). In addition, although DNA se-
quence amplification can produce an array of genes at the
site of the resident chromosomal gene copy (52), the ampli-
fied DNA is often transposed to a completely new chromo-
somal site (57), perhaps using extrachromosomal amplified
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DNA or "double minute" chromosomes as intermediates (1,
52).

Clustering and recombination of class I Ul pseudogenes.
Class I Ul pseudogenes are far more divergent from each
other than are the true Ul genes and therefore appear to be
more ancient than the true Ul genes. In another paper (29),
these class I Ul pseudogenes are mapped to chromosome 1,
bands ql2-q22, and we propose that class I Ul pseudogenes
are the decaying ancestors of an older tandem array of
human Ul genes, one member of which was amplified and
transposed to lp36 in the course of evolution.
Comparison of the sequences flanking Ul genes and class

I pseudogenes (Fig. 2) supports the idea that separate arrays
of genes and pseudogenes were created by distinct events. In
both the 5' and 3' flanking regions, all pseudogenes appear
more closely related to each other than to the true Ul genes.
Some differences between true Ul genes and the class I
pseudogenes are common to all the pseudogenes that have
been sequenced (Fig. 2); these differences are mostly single
base changes (e.g., the G at position -16) and small dele-
tions (e.g., at positions -80 and -88). Thus, the class I Ul
pseudogenes appear to represent the descendants of a pri-
mordial Ul gene that was significantly different from the
gene that was amplified, at a later time in evolution, to create
the modern functional Ul gene family. Other differences
between true Ul genes and class I pseudogenes are found in
only a subset of the pseudogenes (e.g., the insertion of G
residues at position -75 and the deletion of 11 bp at position
-23). In particular, pseudogenes U1.15 and cosD8A-1 are
closely related, as are pseudogenes U1.1 and cosD8A-2. The
existence of polymorphisms that are shared by different
class I Ul pseudogenes indicates that these pseudogenes
have exchanged sequence information by gene conversion or
have been subject to more than one round of gene amplifi-
cation.

According to the gene amplification model (Fig. 7), class I
pseudogenes in the aging Ul tandem array should reside on
repeat units which are equal to or larger than the size of the
Ul gene repeat units in the second-generation tandem array
(unless the primordial gene was located at one end of the
original tandem array). Otherwise, more than one primordial
Ul gene would be found within the contemporary repeat
unit. In fact, with the exception of the cosD8A locus, we
observe that class I Ul pseudogenes are usually separated
from each other by a distance exceeding 35 kb. Although we
have not analyzed the genomic copy number of sequences
distantly flanking a class I pseudogene, eight class I Ul
pseudogenes isolated from the human genome in cosmid
vectors contain a single Ul sequence within approximately
35 kb of genomic DNA (T. Manser, unpublished data), and
the three class I Ul pseudogenes (U1.1, U1.4, and U1.15)
characterized previously from a human lambda vector li-
brary each contain a single Ul sequence within the 15-kb
insert (11). In contrast to these other characterized class I
Ul pseudogenes, only the cosD8A clone (Fig. 1) contains
two pseudogenes 9 kb apart, as well as a region of Ul 5'
flanking sequence homology (fragment I) located just 5 kb
downstream from one of the two pseudogenes. Thus, the
cosD8A locus does not appear to represent a majority of
class I Ul pseudogenes; moreover, the divergent orienta-
tions of the two cosD8A pseudogenes (Fig. 1) and the
presence of an orphaned 5' flanking sequence suggest that
the cosD8A locus has been subject to multiple recombina-
tion events.
Recombination between the true Ul genes. The ex-

traordianry conservation of flanking sequences in human Ul

genes of the cosDl subfamily (over 44 kb) and human U2
genes (an essentially perfect 6-kb repeat unit) strongly sug-
gests to us that these particular tandem arrays, once estab-
lished by gene amplification, have been perpetuated by
recombination events that can homogenize the array in situ
without significant DNA rearrangement. This view is di-
rectly supported by the observation that Ul genes can be
divided into groups which share certain DNA sequence
polymorphisms (Fig. 3; 35). Such groups must reflect partial
homogenization of the true Ul genes by gene conversion, by
homologous but unequal recombination, or by reamplifica-
tion of individual repeat units. Ul gene homogenization by
recombination is indirectly supported by the observation
that the class I Ul pseudogenes (which presumably repre-
sent an aging array of Ul genes) can also be divided into
groups based on shared polymorphisms in both the coding
and flanking regions (Fig. 2; see above). Finally, the human
rRNA genes provide evidence for extensive recombination
between the repeat units of another, unrelated tandem array
in the human genome (2, 27).
The human U2 genes are found in an essentially homoge-

neous tandem array, unlike the extended family of 30 Ul
genes and perhaps hundreds of class I pseudogenes; more-
over, only a few class I U2 pseudogenes exist (16, 60, 64).
Why is the human U2 family so much cleaner than the
human Ul family? One possible explanation is that the U2
genes are more efficiently homogenized in situ than are the
Ul genes and therefore may not require repeated cycles of
gene amplification to maintain homogeneity. For example,
both unequal sister chromatid exchange and gene conversion
require the alignment of nonequivalent genes within the
tandem array, and the frequency of such events might be
increased by the much shortei length of the U2 repeat unit (6
kb) in comparison to the Ul repeat (more than 44 kb).
Alternatively, the U2 repeat unit might contain a re-
combinogenic element that is functionally similar to the chi
octanucleotide sequence of E. coli (21, 55a) or to the HOT1
locus found within each repeat unit of the tandemly arrayed
rDNA in Saccharomyces cere'isiae (24). Perhaps the ab-
sence of such a recombinogenic element in the vicinity of the
cellular dihydrofolate reductase gene (or the presence of too
many such elements) could account for the recent observa-
tion of Federspiel et al. (14) that sequences flanking the
amplified dihydrofolate reductase gene in several methotrex-
ate-resistant mouse cell lines are subject to extensive and
ongoing DNA sequence rearrangement.
Because it is difficult to deduce the mechanisms of

genomic evolution by studying the biological record, we are
currently using the techniques of somatic cell genetics to
create cell lines with artificial arrays of tandemly repeated
Ul and U2 genes linked to selectable markers. This may
enable us to apply our theories to a direct experimental test.
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