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The intergenic spacer of the mouse ribosomal genes contains repetitive 140-base-pair (bp) elements which we
show are enhancers for RNA polymerase I transcription analogous to the 60/81-bp repetitive enhancers
(enhancers containing a 60-bp and an 81-bp element) previously characterized from Xenopus laevis. In rodent
cell transfection assays, the 140-bp repeats stimulated an adjacent mouse polymerase I promoter when located
in cis and competed with it when located in trans. Remarkably, in frog oocyte injection assays, the 140-bp
repeats enhanced a frog ribosomal gene promoter as strongly as did the homologous 60/81-bp repeats. Mouse
140-bp repeats also competed against frog promoters in trans. The 140-bp repeats bound UBF, a DNA-binding
protein we have purified from mouse extracts that is the mouse homolog of polymerase I transcription factors
previously isolated from frogs and humans. The DNA-binding properties of UBF are conserved from the mouse
to the frog. The same regulatory elements (terminators, gene and spacer promoters, and enhancers) have now
been identified in both a mammalian and an amphibian spacer, and they are found in the same relative order.
Therefore, this arrangement of elements probably is widespread in nature and has important functional

consequences.

The genes coding for the large rRNAs of most eucaryotes
are organized in a similar fashion. From yeast cells to
humans, these genes are arranged in multiple tandem copies
with precursor-coding regions separated from each other by
intergenic spacers (reviewed in references 42 and 54). Re-
cent work from a number of laboratories has suggested that,
at least among the multicellular eucaryotes, there is also a
broadly conserved arrangement of transcriptional regulatory
elements in the spacer (reviewed in reference 49a). The
ribosomal genes of the frog, Xenopus laevis, may be consid-
ered a paradigm for this type of organization since all of the
known regulatory elements have been identified in this
organism.

A typical intergenic spacer from an X. laevis ribosomal
gene is shown in the top line of Fig. 1, with the spacer from
a mouse ribosomal gene shown below for comparison. In X.
laevis, the intergenic spacer is bounded on the left by a site
for 3’-end formation of the precursor (31) and on the right by
the gene promoter that directs initiation of the precursor
transcript. Between these points are located one or more
spacer promoters (4, 41, 53) (the only other known promot-
ers that are recognized by polymerase I), and downstream of
the spacer promoters are repetitive 60- and 81-base-pair (bp)
elements (60/81-bp elements) that act as enhancers for poly-
merase I transcription and are additive in effect (11, 30, 44,
48). Between the enhancers and the gene promoter is a
termination site (31, 40). The 60/81-bp enhancers bind a
Xenopus transcription factor, xXUBF, which also binds to the
gene promoter (47) and is the frog homolog of human UBF
(hUBF; 2) and rat UBF (rUBF; 48a), factors which also
stimulate transcription from the gene promoters of these
species. The frog activity TFIS (15), which has similar
properties, almost certainly contains XUBF.

We particularly note the similarity in arrangement be-
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tween elements of the frog and mouse intergenic spacers,
despite the fact that these two spacers differ in length by
almost an order of magnitude and show no obvious sequence
homology. As does the frog spacer, the mouse spacer has
sites for termination of the precursor transcript (23), a spacer
promoter (29, 56), a promoter-proximal terminator (22, 25),
and a gene promoter. The only discordant note in the
frog-mouse comparison is that, until now, no elements that
function as do the frog enhancers have been identified in a
mammal. If we accept the frog model as a guide, we would
predict that such enhancer elements would exist in mouse
ribosomal genes between the spacer promoter and the gene
promoter and would consist of repeated elements. It has
been known for some time that there is a 140-bp repeated
sequence in the mouse spacer that is present in this partic-
ular location (28). In this paper, we show that these 140-bp
repeated elements are mouse ribosomal gene enhancers,
analogous in function to the 60/81-bp enhancer elements in
X. laevis, and that their action is highly conserved in
evolution.

MATERIALS AND METHODS

Plasmids. (i) Mouse rDNA constructs. p5’-230 contains the
mouse ribosomal DNA (rDNA) region from —230 to +292
(containing the complete gene promoter) inserted between
the EcoRI and Pvull sites of pBR322 (25). p5’-1800 contains
ribosomal sequences from ~—1800 to +292 between the
same vector sites (or, for the plasmid used for Fig. 2C,
between the Sall and Pvull sites of pBR322). pS'-1800
includes the rDNA sequences of p5’'-230 plus the adjoining
upstream Sall fragment containing 11 and 2/3 copies of the
~140-bp repeats. p140 contains 11 and 2/3 repeats of mouse
enhancer elements (from residue —1800 to —168) that have
been S1 blunted and inserted into the Smal site of pUC18.
The ends of the rDNA insert of p140 retain less than half of
the residues of a functional terminator sequence. pT36
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FIG. 1. Comparison of intergenic spacer regions of frog and mouse rDNAs. At the top is shown the intergenic spacer from a typical
repeating unit of X. laevis rDNA. The locations of various transcriptional regulatory elements are indicated. The small black boxes indicate
the 42-bp sequence element that is present in each enhancer as well as in each promoter. In X. laevis, the terminator-like element downstream
of the 28S coding region actually contains a natural point mutation that retains the ability to form 3’ ends but allows polymerase to read
through into the spacer (32). In the diagram of the mouse intergenic spacer, about 20 kilobases of sequence, of unknown function, has been
deleted between the slash marks. The small black boxes in this case represent the 140-bp repetitive enhancer elements. The parent clone of
the mouse spacer used in this study contains 11 and 2/3 copies of the 140-bp repeats between positions —1770 and —215. kb, Kilobase.

contains a 36-bp Hpall fragment that includes the functional
mouse polymerase I terminator which surrounds the Sall
site at position —168 of the ribosomal DNA. This fragment
was cloned in pUC18 (pT38; 56). The position of each of
these rDNA regions within the intact repeating unit is shown
in Fig. 1.

(ii) X. laevis rDNA constructs. The A gene plasmid contains
rDNA residues —245 to +13 upstream of a procaryotic tester
segment inserted between the Sall and HindIIl sites of
pUC18. The E plasmid contains a block of 10 X. laevis
60/81-bp enhancers (residues —965 to —245) in the Smal site
of pSP65. The X. laevis constructs used for Fig. 5 and 7 are
described in references 44 and 30, respectively. In addition,
a block of mouse 140-bp repeats (shown in Fig. 1) was
attached to an X. laevis promoter at position —245.

Transcription analysis in the mouse. S-100 extract was
prepared from mouse L1210 cells, and in vitro transcription
assays were performed as described elsewhere (26, 55), with
DNA amounts and incubation times as indicated in the figure
legends. Transfection assays were performed in CHO cells
by using the DEAE dextran-dimethyl sulfoxide shock pro-
tocol as described previously (25). The trans competition
experiment shown in Fig. 2C utilized ~5 X 10° cells, 2 ug of
template plasmid per ml, and 5 pg of the competitor plasmid
per ml per 60-mm dish; the cis stimulation assay shown in
Fig. 3 used ~10° cells and 3 pg of the 5'-1800 template per ml
(or an equimolar amount of the 5'-230 template, brought up
to 3 ug/ml by the addition of pUC8 DNA) per 60-mm dish.
Both the in vitro and in vivo transcripts (the latter were
isolated 24 h posttransfection) were analyzed by S1 nuclease

protection using a single-stranded probe, 5’ end labeled at
residue +155 or +292 as described in reference 25.

Transcription analysis in Xenopus oocytes. Plasmids were
injected into oocytes from X. laevis (Fig. 7A) or Xenopus
borealis (Fig. 6 and 7B) (52), both of which have been
traditionally utilized to assess Xenopus rDNA transcription,
and transcripts were analyzed by S1 nuclease protection
using single-stranded 5’-end-labeled probes. Current ver-
sions of these techniques are described fully in references 31
and 44. For the trans competitions shown in Fig. 6, the
oocytes were injected with a mixture of 0.75 ng of template
plasmid (the A gene) and 0.75 ng of competitor plasmid. For
the experiment of Fig. 7A, the oocytes were coinjected with
a 0.1 fmol of each of the indicated plasmids (making a total
of 0.5 ng of DNA in the injection of lane 1). For the cis
stimulations of Fig. 6B, oocytes were injected with 0.4 fmol
of the indicated template, the smaller plasmids being supple-
mented with pUC18 DNA to achieve a constant 1.5 ng of
total injected DNA.

Purification of mUBF. Mouse UBF (mUBF) was purified
by passage over DEAE Sephacel (0.12 to 0.26 M KCl
fraction), phosphocellulose (0.6 to 0.8 M KCIl fraction),
Mono Q (0.45 to 0.47 M KCl fraction, based on the fast
protein liquid chromatography theoretical line), and a frog
enhancer oligoaffinity column (0.35 to 1.0 M KClI fraction;
47). After the first step, activity was monitored by footprint-
ing. Renaturation of UBF was performed as described in
reference 47.

DNase I footprinting. DNase I footprinting was performed
on end-labeled probes essentially as described in reference
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19. Affinity-purified XUBF was prepared as described in
reference 47. Footprinting probes were for X. laevis pro-
moter, the Sall (—245)-to-BamHI (+49) fragment of pseudo
40 labeled at the BamHI site; for X. laevis enhancers, a
140-bp Pstl fragment of the enhancers subcloned into Blue-
script and labeled at the EcoRI site of the polylinker; for
mouse promoter, the Sall (—168)-to-Xmal (+155) fragment
labeled at the Xmal site; for mouse enhancers, the Stul
(—640)-to-Sall (—168) fragment labeled at the Stul site.

RESULTS

Mouse 140-bp repeats have both negative (trans) and posi-
tive (cis) effects on the mouse ribosomal gene promoter. A
number of different assays have been employed to demon-
strate that the 60/81-bp enhancer repeats of the X. laevis
intergenic spacer influence transcription. The most com-
monly used assay has been one in which two promoters are
coinjected into the nuclei of frog oocytes, with one promoter
bearing enhancers and the other not. In this competition
assay, the transcriptional balance shifts in favor of the
promoter bearing the enhancers in cis (10, 51). This result
incorporates two separable effects of the enhancers: stimu-
lation of a promoter in cis and competition against a pro-
moter in trans. The trans competition effect of the Xenopus
enhancers can be directly demonstrated by placing sub-
cloned enhancers in competition against a promoter on a
separate plasmid, either in microinjected oocytes (30) or in
vitro (44, 47). More recently, the enhancer elements have
been shown to stimulate a promoter in cis in singly injected
oocytes (an assay akin to the transient expression assays
normally used to detect enhancers of polymerase II promot-
ers) and in oocyte nuclear homogenates (44). However, the
60/81-bp repeats do not show cis stimulation in whole-cell,
S-100-type extracts in vitro (L. Pape, unpublished observa-
tions; B. McStay, unpublished observations). This lack of
cis stimulation in such in vitro extracts is also characteristic
of most polymerase II enhancers.

Because of their repetitive nature and their location within
the intergenic spacer, we suspected that the mouse 140-bp
repeats could be mammalian enhancers for polymerase I.
We therefore tested their activity in both the cis and the
trans assays mentioned above. In preliminary experiments
we found that mouse promoters attached to the 140-bp
repeats were transcribed no better than promoters lacking
the repeats when assayed in vitro in mouse S-100 transcrip-
tion extracts (data not shown). This absence of a cis effect in
vitro is consistent with results of similar experiments done in
S-100 extracts with the prototype Xenopus enhancer. The
140-bp repeats did, however, have a negative effect in vitro
when present in trans to a mouse promoter (Fig. 2). Prein-
cubation of the mouse extract with the subcloned 140-bp
repeats decreased transcription from a subsequently added
mouse promoter up to 10-fold, while an equal mass of
plasmid vector had no effect. The same inhibition was
observed whether or not the test promoter had 140-bp
repeats attached in cis (compare Fig. 2A with B). Such trans
competition was also seen if the 140-bp repeats were added
to the reaction at the same time as the promoter (data not
shown). These results suggest that the 140-bp repeats are
competing for the binding of a transcription factor which is
essential for the functioning of the gene promoter.

trans competition by the mouse 140-bp repeats could also
be observed in transient expression assays in which rodent
cells were cotransfected with separate plasmids. In the
experiment of Fig. 2C, cells were cotransfected with one
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FIG. 2. trans competition of mouse ribosomal gene promoter by
mouse 140-bp repeats. (A) Analysis in vitro. S-100 transcription
reactions were preincubated with no DNA (lane 1), with 150 ng of
pUC18 vector DNA (lane 2), or with 150 ng of pUC18 carrying the
block of 140-bp repeats (lane 3; fragment from —1800 to —168,
shown in Fig. 1). After 60 min, closed circular 5’-1800 template was
added (200 ng to lane 1 and 50 ng each to lanes 2 and 3). Five minutes
later, a 30-min transcription reaction was initiated by the addition of
ribonucleoside triphosphates. RNA was then extracted and ana-
lyzed by S1 nuclease protection. (B) Analysis in vitro. Same as in
panel A except that the template was 5’-230. (C) Analysis in vivo.
CHO cells were transiently transfected with 5'-1800 and a 2.5-fold
excess of the following plasmids: pUC18 (lane 1); T36 (lane 2; T36 is
a 36-bp mouse promoter-proximal terminator element subcloned in
pUCI18); the block of 140-bp repeats subcloned in pUC18 (lane 3).
Transcription was analyzed by S1 nuclease protection. Similar
results were obtained with the 5'-230 template (data not shown).

plasmid carrying a mouse promoter and a second plasmid
either lacking or carrying the subcloned block of 140-bp
elements (Fig. 2C, lanes 1 and 3). The observed trans
competition by the mouse 140-bp repeats was approximately
equally efficient in vivo and in vitro and was comparable to
that exerted by the Xenopus 60/81-bp enhancer repeats in
trans in frog oocyte assays.

One potential concern with the experiment of Fig. 2 is that
the end of the subcloned 140-bp repeat fragment contains a
truncated partial polymerase I terminator sequence (see
Materials and Methods), for -t is known that complete
terminator elements can influence the activity of a gene
promoter (11, 25, 26, 36). However, we have shown that
these partial sequences do not exhibit terminator activity
(25, 26; unpublished observations). Furthermore, a complete
subcloned mouse terminator did not compete against the
promoter in this assay (Fig. 2C, lane 2), and a subcloned
derivative of the 140-bp repeat fragment that completely
lacks these partial terminator sequences was also an efficient
competitor of a promoter in trans (data not shown). There-
fore, we conclude that the trans competition seen in Fig. 2 is
due to the 140-bp repeats themselves.

We next tested the ability of the 140-bp repeats to show cis
stimulation of a mouse ribosomal gene promoter in vivo (Fig.
3). When an rRNA gene promoter linked to the 140-bp
repeats (construct 5'-1800 [Fig. 1]) was singly introduced
into rodent cells by transient transfection, it directed con-
siderably higher levels of transcription than did an otherwise
identical plasmid that lacked the repeat elements (construct
5'-230 [Fig. 1]) tested in a parallel transfection. This result
has been reproducibly obtained in eight separate experi-
ments. In many of these experiments, the transfection solu-
tion also contained as an internal control a 5S gene (44)
which yielded virtually identical (+15%) amounts of tran-
script in the different cell cultures. Thus, the mouse 140-bp
repeats stimulate in vivo transcription when located in cis to
a mouse ribosomal gene promoter. This level of stimulation
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FIG. 3. cis stimulation of the mouse ribosomal gene promoter by
mouse 140-bp repeats. Equimolar amounts of plasmids 5'-230 (lane
1) and 5’-1800 (lane 2) were transfected into cultured CHO cells, and
transcripts were analyzed by S1 nuclease protection. For the
transfection shown in lane 1, the total DNA concentration was made
to equal that of lane 2 by the addition of pUC18 cloning vector.

by the mouse 140-bp repeats is similar to that observed for
the Xenopus 60/81-bp enhancer repeats in analogous assays
with Xenopus systems (44).

Purification of mUBF. The observation that the mouse
140-bp repeats compete against the mouse promoter (Fig. 2)
suggests that both the promoter and the repeat elements bind
one or more common transcription factors. In X. laevis, it
has been shown that a polymerase I transcription factor,
xUBF, binds to the 60/81-bp enhancer elements as well as to
the gene promoter and that its binding is intimately related to
the activity of the 60/81-bp elements (47). We thus hypoth-
esized that a similar UBF factor is present in the mouse and
acts on mouse 140-bp enhancerlike repeats.

DNase I footprinting using extracts from mouse cells
revealed an activity that specifically bound to the mouse
140-bp repeats (Fig. 4A) and caused distinctive footprints
which mimicked those of XUBF (Fig. 5). We purified this
mUBF to homogeneity, using its distinctive footprint on the
mouse 140-bp repeats as the assay. The purification involved
passage over DEAE-cellulose, phosphocellulose, Mono Q,
and oligonucleotide affinity resins (see Materials and Meth-
ods). Electrophoretic resolution of the resultant polypep-
tides revealed two closely spaced bands of 97- and 94-
kilodalton apparent molecular weights (Fig. 4B), the same
size as hUBF and rUBF polypeptides (2, 48a). By excising
the 97- and 94-kilodalton bands from a sodium dodecyl
sulfate-polyacrylamide gel and renaturing the protein, the
mouse footprinting activity was shown to coelectrophorese
with these two polypeptides (Fig. 4C). Since this mouse
component has the same polypeptide profile (Fig. 4B) and
the same footprinting properties (Fig. 5) as other mammalian
UBF preparations, we identify it as mUBF.

140-bp repeats bind UBF from both mouse and frog. The
footprinting characteristics of purified mUBF and xUBF are
shown in Fig. 5. As noted above, mUBF produced a
distinctive footprint on the mouse 140-bp repeats (Fig. 4A
and 5A). Strikingly, xUBF produced a virtually identical
footprint (Fig. SA). mUBF and xUBF also produced virtu-
ally identical footprints on the X. laevis 60/81-bp enhancers
(Fig. 5B). As is characteristic of XUBF on the Xenopus
enhancer (47), the UBF proteins of both species decreased
DNase I accessibility throughout the entire region of the
mouse enhancer except at a small number of positions at
which they caused increased cleavage (Fig. 4A). Further-
more, mUBF also produced footprints on the X. laevis
ribosomal gene promoter (Fig. 5C), the mouse ribosomal
gene promoter (Fig. SD), and the human ribosomal gene
promoter (not shown) that are extremely similar to those
produced by xUBF. It is noteworthy that UBF caused
footprints throughout the promoter domains in mice (this
work), humans (3, 34), and Xenopus species (47), which is
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consistent with the idea that UBF-binding domains are
important determinants of polymerase I promoter architec-
ture. Although on the mouse ribosomal gene promoter the
UBF footprints are reproducible and specific (Fig. 5D),
when less-purified UBF preparations are used the footprint
is not as pronounced as those on the enhancers or the
Xenopus promoter, perhaps explaining why footprints were
not detected on the mouse rDNA promoter in previous
attempts (34). From the DNA-binding studies we conclude
that UBF binds to the mouse 140-bp repeats, the X. laevis
enhancers, and the mouse and frog ribosomal gene promot-
ers. Because their DNA-binding properties are essentially
identical, we further conclude that mUBF and xUBF are
homologs, a conclusion which has also been reached by
comparison of XUBF with UBF purified from humans and
rats.

Since the frog enhancer- and promoter-binding factor
xUBF bound to the mouse 140-bp repeats (Fig. 5), we would
expect the 140-bp elements to compete in trans against a frog
promoter in a frog transcription system, as do the Xenopus
repeats which bind XUBF. Figure 6 shows that this predic-
tion was validated in Xenopus oocyte coinjection experi-
ments. Notably, the same extent of competition was seen
whether the Xenopus promoter was coinjected with the
mouse 140-bp repeats (Fig. 5, lane 3) or with the Xenopus
enhancer repeats (lane 2). Thus, the mouse 140-bp repeats
efficiently compete against a heterologous frog promoter in
trans, presumably by competing for the same factor as the
frog enhancers.

Mouse 140-bp repeats enhance heterologous frog promoters
in oocyte injection assays. So far we have shown that the
mouse 140-bp repeats mimicked the frog 60/81-bp enhancers
in three important aspects: (i) they competed against both
frog and mouse promoters in trans (Fig. 2 and 6); (ii) they
stimulated their homologous promoter in cis (Fig. 3); and (iii)
they bound mUBF and xUBF, factors which also bind to
frog and mouse promoters (Fig. 5). In Fig. 7, we show the
striking result that the mouse 140-bp repeats enhanced a
heterologous frog promoter when attached to that promoter
in cis. For these experiments the block of mouse 140-bp
repeats was ligated, in both orientations, onto a frog ribo-
somal gene promoter at position —245, approximately the
same position at which the endogenous frog enhancers are
normally attached. Each enhancer-bearing construct was
then injected into frog oocytes along with an equimolar
amount of a frog promoter lacking enhancer repeats, and the
RNA derived from these two differently marked constructs
is shown in the first and second tracks, respectively, of each
set of lanes in Fig. 7A. The presence of a block of mouse
140-bp repeats gave the attached frog promoter a transcrip-
tional advantage over a promoter lacking the repeats, for the
experimental promoter directed production of considerably
more RNA than did the coinjected control promoter (lanes 3
versus lanes 1). In different experiments this advantage
varied between 5- and 20-fold. In multiple injections we
observed a similar degree of stimulation regardless of the
orientation of the 140-bp repeats (for example, see Fig. 7A,
lanes 3 and 4). Twelve 140-bp repeats reproducibly have
about the same effect as 10 homologous 60/81-bp repeats
from the frog (compare lane 2 with lanes 3 and 4). This
suggests that the heterologous elements are approximately
as active as the homologous elements in stimulating tran-
scription in this assay.

Mouse 140-bp repeats also stimulated a frog promoter in
cis in the absence of a competing promoter (Fig. 7B). Again,
the positive effect was seen when the repeats were in either
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FIG. 4. Purification of mUBF. (A) Footprinting of mUBF on mouse 140-bp repeats. The footprint of affinity-purified mUBF on the 140-bp
element is shown (lane 3) aligned relative to the digestion pattern of the naked DNA (lane 2) and to a C track from a chemical sequence
analysis of the DNA (lane 1). The end-labeled DNA used for footprinting was the same as that used in Fig. SA. Each 140-bp element is
bounded by clusters of T residues. mUBF caused a cluster of three strong hypersensitive sites (indicated by arrows) approximately in the
middle of each repeat, with footprint protection (indicated by lines above the sequence) on each side of the hypersensitivite sites. The
footprint to the 5’ side of the hypersensitive site coincides with a sequence that is conserved in spacer repeats from mice, rats, and Chinese
hamsters (underlined sequence). A related element, GAGCCCGG, is present in the spacer of human ribosomal genes (14). (B) Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis of mUBF and xUBF. Extracts prepared from mouse cells were fractionated sequentially on
DEAE-cellulose, phosphocellulose, Mono Q and a DNA affinity column containing the frog enhancer sequences, as described in Materials
and Methods. Lane 1, mUBF after Mono Q chromatography; lane 2, mUBF after DNA affinity chromatography; lane 3, molecular size
markers of 97.4, 68, and 43 kilodaltons; lane 4, affinity-purified XUBF. The gel was silver stained. (C) Renaturation of mUBF from a sodium
dodecyl sulfate-polyacrylamide gel. Protein (~1 pg) from the Mono Q step (about 50% mUBF) was electrophoresed on sodium dodecyl
sulfate-polyacrylamide gel, and the gel was cut into five slices as indicated to the left of the gel in panel A. Protein was eluted from each slice,
renatured, and used for DNase I footprinting on the mouse 140-bp repeats (the same probe used in Fig. SA). Lanes 1 to 5, Footprints obtained
with the protein eluted from gel slices 1 through 5 (B), respectively, compared with the DNase digestion pattern of the naked probe or with
S ng of affinity-purified mUBF. This particular experiment shows a slight gel compression in the bands in the +40 region (outside of the region
that shows UBF footprinting).

orientation, and the degree of stimulation was similar to that DISCUSSION

seen with the homologous 60/81-bp elements. We conclude

that in all of the assays available to us, the mouse 140-bp Mouse 140-bp repeats are enhancers for polymerase I
repeats behaved as true cis stimulatory enhancers. Further- transcription analogous to the X. laevis 60/81-bp enhancers.

more, their ability to function in a heterologous system The ability of spacer sequences to affect polymerase I
indicates that this enhancer function is widely conserved in transcription was first demonstrated for X. laevis in experi-
evolution. ments involving the addition or deletion of large portions of
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FIG. 5. DNase I footprinting of mouse and frog UBFs. Each end-labeled footprinting probe was mixed with affinity-purified xXUBF or
mUBF and digested with DNase I, and the products were electrophoresed on a polyacrylamide gel. Note that in all cases the alterations in
DNase I digestion caused by xXUBF are closely matched by those caused by mUBF. (A) Mouse 140-bp repeats. Three repeats are shown, each
consisting of a 115-bp element plus a poly(T) cluster. (B) X. laevis 60/81-bp repeats. An 81- and a 60-bp element are shown. (C) X. laevis
promoter. Alterations in DNase I digestion are most visible over the upstream region of the promoter (including the region with homology
to the enhancers, residues —115 to —72) as well as around the initiation site (predominantly residues —20 to +15). (D) Mouse promoter. UBF
causes reproducible footprints over much of the promoter, including the upstream region from —150 to about —75 as well as the region

surrounding the initiation site (residues —20 to +9).

the spacer (5, 40, 51). Subsequent finer dissection showed
that a large part of the stimulatory activity resides in the
blocks of repetitive 60/81-bp enhancer elements (11, 30, 44,
48). A list of the distinguishing characteristics of the 60/81-bp
elements would include the following. (i) These elements
reside between a spacer promoter and the gene promoter. (ii)
They are present in multiple copies at a genetically unstable
number. (iii) They bind a factor in common with the gene
promoter (47) and compete against a gene promoter located
in trans. (iv) They stimulate a promoter in cis in the presence
(30) or absence (44) of a competitor template. (v) cis en-
hancement is observed in vivo but not with S-100-type in
vitro systems. However, trans competition is seen both in
vivo (30) and in vitro (44, 47). (vi) The cis-effect is relatively

orientation independent, occurs over significant distances
(30, 44), and can be observed even when a promoter-bearing
plasmid is concatenated with an enhancer-bearing plasmid
(16). (vii) Their effect is proportional to the number of copies
that are present (11, 44, 48). (viii) They affect only specific
transcription by RNA polymerase I (44; P. Labhart, unpub-
lished data).

The X. laevis 60/81-bp repeats have been called enhancers
by analogy with the RNA polymerase II regulatory elements
that are able to function in both orientations and over large
distances. The fact that the 60/81-bp enhancers have a 42-bp
core sequence which is a close copy of the central region of
the promoter (4, 53) was an early clue that the 60/81-bp
elements were involved in transcriptional regulation. Since
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FIG. 6. trans competition of X. laevis ribosomal gene transcrip-
tion by mouse 140-bp repeats. X. borealis oocytes were coinjected
with a plasmid carrying an X. laevis ribosomal gene promoter (the A
gene described in reference 44; a 5'-245 promoter) and an equal
amount of the following plasmids: pUC18 (lane 1); a subcloned
block of 10 X. laevis 60/81-bp enhancers (lane 2; the E plasmid of
reference 44); and a subcloned block of mouse 140-bp repeats (lane
3; the fragment from —1800 to —168 shown in Fig. 1). Six hours
later, RNA was extracted and analyzed by S1 nuclease protection.

the mouse 140-bp repeats (28) have no obvious sequence
similarity either to the mouse gene promoter (37) or to the
frog 60/81-bp repeats, their recognition as transcription
elements was delayed.

The present work is the first demonstration that repetitive,
Xenopus-type enhancers are present in the intergenic spacer
of a mammal, and the analogy fits in all respects. Both mouse
and frog enhancers can stimulate a promoter in cis, and they
function in vivo in either orientation and in the absence or
presence of a competitor template. The mouse enhancers
even have the striking ability to enhance in a completely
heterologous system, i.e., joined to a Xenopus promoter and
transcribed in a Xenopus cell. In addition, the enhancers of
both species compete with promoters in trans, bind UBF
from either species, and are located between the spacer
promoter and the gene promoter.

Probable widespread occurrence of Xenopus-type ribosomal
gene enhancers. Initially, X. laevis and, by analogy, X.
borealis (50) were the only organisms for which polymerase
I enhancers had been described. Thus one could have
questioned whether such enhancers were peculiar to am-
phibian ribosomal genes or whether they were an example of
a more general polymerase I regulatory mechanism. How-
ever, evidence for Xenopus-type enhancers in other species
has been accumulating.

The first two lines of evidence came from studies of
nucleolar dominance and of sequence organization. In Xen-
opus species, nucleolar dominance between closely related
species is evidently due to competition between ribosomal
genes bearing unequal numbers of enhancers (50). The fact
that nucleolar dominance is widespread among eucaryotes
(reviewed in reference 49) argues that enhancers of the
Xenopus type will also be widespread. In fact, many organ-
isms, including plants (see reference 1 and references there-
in), have genetically unstable repeated elements just up-
stream of the ribosomal gene promoter, and in wheat (35)
these elements have been implicated in causing nucleolar
dominance. In rats (8) and Chinese hamsters (14) these
repeats have substantial sequence homology to the mouse
enhancers. The analagous region of the human ribosomal
gene spacer, while not obviously repetitive, does contain
multiple copies of a core region of the rodent element, and
these copies are at approximately the same relative positions
and have about the same periodicity as the elements in the
rodent repeats (14). It is possible that these repeated ele-
ments will turn out to be polymerase I enhancers.

In Drosophila melanogaster, repetitive elements in the
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FIG. 7. Mouse 140-bp repeats enhance frog ribosomal gene
promoters. (A) X. laevis oocytes were injected with equimolar
amounts of a control promoter plasmid lacking enhancers (pseudo
52 [30]) plus one of the following plasmids: pseudo 40 (lane 1;
another control promoter lacking enhancers); pseudo 40 attached to
a block of 10 X. laevis enhancers (lane 2); pseudo 40 attached to a
block of mouse 140-bp repeats (lane 3); pseudo 40 attached to a
block of 140-bp repeats in the reverse orientation (lane 4). In lanes
1, each oocyte received a total of 500 pg of DNA; the other lanes
were equimolar with lanes 1. Following overnight incubation, RNA
was extracted and analyzed by S1 protection by using a probe
specific for the transcript from the experimental promoter in the first
track of each set of lanes and a probe specific for the transcript of the
enhancerless control promoter in the second track of each set of
lanes. (B) X. borealis oocytes were singly injected with equimolar
amounts of the same series of plasmids used in panel A in the
absence of pseudo 52 competitor: pseudo 40 (lane 1); pseudo 40
attached to the X. laevis enhancers (lane 2); pseudo 40 attached to
the mouse 140-bp repeats (lane 3); pseudo 40 attached to the 140-bp
repeats in the reverse orientation (lane 4). In lanes 3 and 4, each
oocyte received 1.5 ng of DNA. In all other lanes, the total DNA
amount was brought up to this level by the addition of pUC18 vector
DNA. After 6 h of incubation, RNA was isolated and analyzed by S1
nuclease protection.

intergenic spacer have been shown to stimulate a ribosomal
gene promoter in cis in proportion to the number of elements
(21), a situation analogous to that with Xenopus-type en-
hancers. However, the Drosophila elements, unlike the
Xenopus and mouse enhancers, stimulate transcription only
in the forward orientation and not in the reverse orientation,
and they are duplications of the polymerase I promoter.
Although it is not clear how these elements function and
whether they have an enhancer effect distinct from their
function as promoters, they could be Xenopus-type enhanc-
ers. The conserved arrangement of spacer regulatory ele-
ments in mammals, amphibians, and possibly plants and
insects implies that this arrangement has important func-
tional significance for ribosomal genes.
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In yeast cells, the ribosomal gene spacer contains an
element which has a strong stimulatory effect on a ribosomal
gene promoter located in cis. Although not obviously repet-
itive, this yeast element strongly resembles the Xenopus-
and mouse-type enhancers in that it functions in vivo, acts in
both orientations and over considerable distances (17), re-
sides within a polymerase I transcription unit, and binds a
protein factor which also binds near the gene promoter (39).
It would not be surprising if this yeast enhancer and Xeno-
pus-type enhancers turn out to operate by the same funda-
mental mechanism.

Comparison with reports of other mammalian polymerase I
enhancers. Initiation at the ribosomal gene promoter can be
stimulated by many different sequence elements operating
via several distinct mechanisms. Stimulation can result not
only from enhancers, but also from terminators (11, 25, 26,
36), spacer promoters (10), and high-mobility-group-like
protein binding sites (58). We would like to see the term
enhancer reserved for those in vivo stimulatory elements
which are analogous to the Xenopus and mouse enhancers
and which match the criteria listed at the beginning of this
discussion.

Two elements in the rat spacer have been previously
reported to be enhancers, but neither fits the above-men-
tioned criteria very well. One of these elements (12, 13, 20)
is 37 bp in length and not obviously repetitive, and it resides
upstream of both the known spacer promoter (7) and the rat
analog of the mouse 140-bp repeats. Since this element has
been reported to stimulate in S-100-type extracts in vitro (it
has not been tested in vivo), to stimulate polymerase II as
well as polymerase I promoters, and to stimulate nonspecific
initiation and specific initiation approximately equally, it
appears to be distinct from enhancer action as defined
above. The other reported rat enhancer is in a 735-bp region
of the spacer immediately upstream of the gene promoter (6)
and has been observed to stimulate in vitro rDNA transcrip-
tion by up to 17-fold in S-100 extracts (it also has not been
examined in vivo). This is a more complex situation, since
this 735-bp region contains three different kinds of elements:
(i) a binding site for a high-mobility-group-like protein which
clearly is responsible for at least part of the in vitro stimu-
lation (57), (ii) a spacer promoter (7), and (iii) three copies of
the genetically unstable repetitive element which is homol-
ogous to the mouse 140-bp enhancer repeats. However, it
seems unlikely that the 140-bp enhancer repeats contributed
to the in vitro stimulation, since the mouse and frog enhanc-
ers did not show cis stimulation in such in vitro extracts.

Isolation of a UBF homolog from mice. This article dem-
onstrates the existence of UBF in mouse cells (mUBF).
UBF homologs have now been purified from humans (UBF1
or hUBF; 2, 34), X. laevis (XUBF; 3, 47), rats (48a), and mice
(this work). All of the mammalian UBFs have the same
electrophoretic size, while frog UBF is about 10 kilodaltons
smaller. A factor TFIS isolated from frog (15) contains
xUBF since its two largest polypeptides coelectrophorese
with the xXUBF polypeptides (M. Dunaway and C. Pikaard,
unpublished data). Human, frog, and rat UBFs have been
shown to stimulate transcription by RNA polymerase I in
homologous transcription systems (2, 47; Pikaard et al.,
submitted). It seems a safe prediction that mUBF will also
have a transcriptional effect in mice, and recent experiments
indicate that this indeed is the case (K. Ryan, L. Pape, and
B. Sollner-Webb, unpublished data).

The most distinctive feature of UBF proteins is that,
regardless of their species of origin, they all exhibit virtually
identical DNA-binding properties, thus causing characteris-
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tic DNase I footprints, with extensive regions of reduced
cleavage punctuated by discrete sites of enhanced cleavage
(e.g., Fig. 5). The likelihood is that this common DNA
binding will turn out to be a distinguishing feature of all
vertebrate UBFs. This conservation of binding properties is
surprising, since both promoter and enhancer sequences
have diverged widely from amphibians to mammals. Evi-
dently, UBF can recognize different sequences which are
generally GC rich but do not show a simple conserved
sequence. On the basis of five UBF-binding regions, a weak
consensus sequence (C/T G G G C/G A/C G) was suggested
(47), but neither the mammalian core enhancer sequence (14;
underlined in Fig. 4A) nor even the entire 140-bp mouse
enhancer precisely matches this sequence. The relatively
relaxed sequence specificity of UBF is in accord with the
recent finding that the DNA-binding domains of hUBF are
related to those of the relatively abundant chromosomal
proteins HMG1 and HMG?2 (27). Until we better understand
what defines a UBF-binding site, it will not be possible to
locate potential enhancer or promoter sequences by com-
puter search alone.

The ability of UBFs from various species to generate
identical footprints leads to the conclusion that the well-
known species specificity of polymerase I transcription (9,
24) is not due to divergence in DNA recognition by UBF (3)
and that it thus must be caused at some other level(s). Three
different mechanisms for species specificity have experimen-
tal support. (i) Other polymerase I transcription factors can
exhibit species-specific interactions with promoter se-
quences, as has been shown for mouse factor D (38, 59). (ii)
Protein-protein interactions with other factors can diverge,
as observed for the human SL1-UBF interaction (3). (iii)
Critical changes in the spacing between promoter domains
can occur during speciation, as shown for X. laevis species
and mice, in which the relative orientations of the upstream
and core domains differ by half a helix turn (45). It is likely
that the above-described mechanisms for species specificity
are not mutually exclusive or even exhaustive.

Implications for mechanism of enhancer function. Although
mouse and frog promoters exhibit species specificity when
assayed in vivo, mouse enhancers function as well in a frog
oocyte when attached to a frog promoter as do the homolo-
gous frog enhancers (Fig. 6). This suggests that the promoter
has a more complicated task to perform than does the
enhancer. In addition to binding UBF, it must coordinate the
correct interaction with at least one other factor and it must
position the polymerase for accurate initiation. In contrast,
the primary role of an RNA polymerase I enhancer might be
only to bind UBF. This suggests that enhancer function,
along with UBF binding, may be widely conserved across
species even though promoter function is considerably more
species selective.

The ideas described above also lead to the hypothesis that
polymerase I enhancers initially arose as spontaneous tan-
dem duplications of promoter sequences (UBF-binding
sites). In some organisms, like D. melanogaster, the enhanc-
ers created by such duplication retained their ability to
function as promoters. In other cases, such as in frogs, only
a part of the promoter has been duplicated. In yet other
cases, as in mice, the derivation of the enhancer repeats is
not obvious, but the repeats are clearly UBF-binding sites.
Notably, in those instances in which only a part of the
promoter or other sequences has been duplicated, one or
more intact promoters (spacer promoters) are also present
upstream of the enhancers. This indicates that it is important
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to have the capability to transcribe through the enhancer
repeats.

It may be that the polymerase I enhancers represent a
prototypical enhancer which has as its only task the attrac-
tion of transcription factors that also bind the promoter,
thereby increasing their concentration in the vicinity of the
gene promoter. Polymerase II enhancers may have evolved
from a similar prototype, since many of them share binding
domains for essential transcription factors with their cognate
promoters (18, 33, 46). However, polymerase II enhancers
additionally respond to a wide variety of cell cycle, tissue-
specific, or other signals that the basic polymerase II pro-
moters do not respond to. This may account for the number
of other factor-binding sites that they often contain and that
may overlie the elementary enhancer.
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ADDENDUM IN PROOF

While this article was in press, mouse UBF was also
reported by S. Bell, H.-M. Jantzen, and R. Tjian (Genes
Dev. 4:943-954, 1990).
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