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ABSTRACT

A novel RNA polymerase | (RPI) driven reporter gene
has been used to investigate the  in vivo role of the
architectural ribosomal transcription factor UBF in
gene activation and species specificity. Itis shown that

the level of UBF overexpression in NIH3T3 cells leads
to a proportionate increase in the activities of both
reporter and endogenous ribosomal genes. Further,
co-expression of UBF antisense RNA suppresses
reporter gene expression. Thus, UBF is limiting for
ribosomal transcription in vivo and represents a
potential endogenous ribosomal gene regulator. In
contrastto some in vitro studies, in vivo ,the mammalian
and Xenopus forms of UBF1 show an equal ability to
activate amouse RPI promoter. This activity is severely
impaired in mutants compromised for either dimerization

or DNA binding. Similarly, the natural UBF2 splice
variant shows a severely impaired capacity to activate
RPI transcription. The data strongly suggest that UBF
predominantly regulates ribosomal transcription by
binding to and activating the ribosomal genes, but
does not eliminate a possible secondary role in
titrating ribosomal gene repressors such as Rb.
Consistent with the DNA folding ability and cellular
abundance of the UBF, we suggest that the protein may
regulate a structural transition between the potentially
active and active chromatin states.

INTRODUCTION

organized in simple tandem arrays. Although as early as the
1970s, regulation of the ribosomal genes had been shown to occur
at two distinct levels45): (i) the number of transcripts per gene
and (ii) the number of active genes, the mechanisms underlying
this regulation still remain a question. The initiation rate per
ribosomal gene is probably regulated at the level of RPIX
reviewed inl,2). Various experiments have identified the levels

of initiation competent RPI to be subject to regulation, and it has
been shown that this is probably due to changes in certain RPI
associated factors. However, the molecular nature of these factors
has to date remained unidentified. As for the mechanism which
determines active gene number, we are still lacking a good
candidate to mediate this level of regulation.

In vitro, RPI initiation requires the polymerase and a specific
TBP-complex, SL-11-3,10,11). Initiation is, however, strongly
enhanced by the HMG-box factor UBE2(13).

Indeedin vitro footprinting on the human rDNA promoter has
shown that UBF plays an essential role in facilitating the
interaction of SL-1 with the RPI promotefi4). In other
mammalian systems it has been shown that UBF is essential
vitro at low template concentration and that it allows the
activation of a histone bound templat&)( Thus, binding of UBF
to the ribosomal genes could represent a key step in gene
activationin viva. However, despite extensiirevitro studies of
the role of UBF in ribosomal transcription, almost nothing has
been done to date to relate these findings to the situatidvo.

RPI transcription is, to a great extent, species-specific. Rodent
SL-1 cannot replace human SL-1 fowitro transcription of the
corresponding ribosomal promoter$—%,12 and references
therein). UBF has also been demonstrated to contribute to the
species specificity of ribosomal transcription. While human and

The ribosomal genes encoding the 18S, 5.8S and 28S ribosommalent UBF are completely interchangealil@),(XenopudJBF

RNAs (rRNA) are exclusively transcribed by a dedicate¢an only to some degree replace the mammalian UBF in
polymerase, RNA polymerase | (RPI). These genes are typicalyammalianin vitro transcription assays, and mammalian UBF
responsible for 35% of total cellular RNA production while theiwas inactive in th&enopus in vitrdranscription systeni 6-18).
products constitute 80% of the total mass of cellular RNA. It i¥his species specificity has been ascribed to the absence in xXUBF
known that regulation of rRNA transcription is the key factor irof the mammalian HMG-box 4 DNA binding domair$¢21). In

regulating ribosome biogenesis (reviewed-ii). Thus, ribosomal

both mammals andenopusUBF has been found to be subject

transcription is a major factor in determining cell growth rate. Thio differential splicing. In mammals the UBF2 isoform is missing
ribosomal genes are typically present in animal genomes the HMG-box2 DNA binding domain. It has been suggested from
several hundreds of copies and, with certain exceptions, arevitro studies that this isoform is significantly compromised in
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its ability to bind DNA and activate transcriptio?2(23).  Construction of UBF expression constructs
However, the significance of these findings tathavosituation
are not known.

Here we have compared the capacities of various UBF isoforn%
including rodent UBEXenopusJBF and UBF mutants compro- r
mised for dimerization, to activate ribosomal transcription i
mouse cells. We demonstrate that overexpression of UBF1
sufficient to significantly increase accurate transcription fro
both a cotransfected rodent rDNA promoter construct and also

endogenous ribosomal genes in NIH3T3 cells. rUBF2 was orfe. .
third as active as rUBF1 in transactivating the same promoter.{imer as used for pCMV-TUBFL, however the [Gimers
ntained an additional 24 and 28 nucleotides coding for the

construct directing expression of antisense UBF inhibited bas . .
PSMECAT activity. Interestingly, overexpression Xénopus gﬁAG (IBI) or FLU (HA) epitopes, respectively. The tags were

UBF (XUBF) but not sxUBF, a deletion mutant of xUBF lackingi"Séred in frame, between the start ATG and second codon of

the dimerization domain, was just as efficient as rUBF iﬁJBFthDNA' Aftel_r PCR amplification, the products were cloned

stimulating rodent rDNA transcription. At the same time, dpt(.) the mammalian expression vector pPCDNA3 (Invitrogen).
his vector drives expression of UBF1 under the control of the

XenopusDNA promoter construct was inactive in NIH3T3 cells . . , .
and was not stimulated by the overexpression of either xUBF Gytomegalovirus (CMV) promoter. The orientations of the inserts

rUBF. These results argue thawivo the activity of UBF is not Were confirmed by sequencing and restriction endonuclease
species-specific and that the appropriate UBF cannot abrogate fRaPping. pGALA-rUBF1 and pGQI4-rUBF2 were cons’gructed bY
need for the homologous form of SL-1. Together these daf3Serting the DNA-binding domain of Gal4 (amino acids 1-92;

; i ; i in frame upstream, in place of the initiation codons of UBF1
suggest that (i) altering the cellular content of UBF is sufficie ) in ' S . X
to modulate rRNA synthesis and (ii) the observed increase d UBF2. PI_CMV'r/XL.#BFl enc%des a chimeric lrUBdF |n.v;/]h|%h
rDNA transcription following overexpression of UBF resultst1® mammalian-specific HMG-box 4 was replaced with the

from a direct action of UBF at the level of RPI transcription thafduivalent region from xUBF1. This plasmid was constructed
is dependent on its ability to dimerize. rom pCMV-FLAG-rUBF1 by precisely replacing the rUBF1

coding region for amino acids 363—479 with the equivalent, but
shorter, region from XUBF1. Silent mutations were first introduced

A number of full-length and mutant rat antenopusUBF

pression constructs were used in this study (BY.pCMV-

BF1 was generated by PCR from the rat UBF1 cDRA (

sing a primer containing BarrH| linker followed by the first
nucleotides of the' ®nd of the UBF1 coding region, and a

econd primer complementary to the last 19 nucleotides of the

tHBF1 cDNA followed by aEcaRlI linker. pPCMV-FLAG-rUBF1

and pCMV-FLU-rUBF1 were constructed using the sarhe 3

MATERIALS AND METHODS into the rUBF1 coding region to creaXéad and Hindlll sites
bracketing the region to be replaced. The intervening rUBF1
Cell culture fragment was then replaced by a PCR product amplified from the

XUBF1 cDNA 21,29) using primers SCTCGAGAATCTCCCA-
Monolayer cultures of NIH3T3 cells were maintained in Dulbecco'$SAAGAG-3' and 5GGGTCTCTGGAAGCTTAGCCCTC-3
modified Eagle’s medium (DMEM, Gibco BRL) supplementedpCMV-FLU-XUBF1 was constructed in a similar way starting
with 10% fetal bovine serum (FBS) at°®7 in a 5% CQ@  from the xXUBF1 cDNA21,29) incorporating an ATG followed by
atmosphere. For transfections, the cells were plated on 60 naxFLU (HA) epitope coding segment in place of the natural ATG
dishes at 0.3 1P cells/dish 24 h before transfection. (PCMV-XUBF1) or of the codon for arginine 97 (pCMV-sxUBF1).

. - Transfection and CAT/B-galactosidase assays
Construction of rDNA transcription reporter constructs B-g y

(Fig. 1A) NIH3T3 cells were cotransfected in the presence of OptiMEM
(Gibco BRL) with the indicated constructs, (0.5¢¢/60 mm

To construct pPSMECAT and pSMECAT-7, the murine ribosomatlish) and pSV4@Gal (0.5ug/60 mm dish) (Promega Corp.)

promoter fragmentd) containing nucleotides —152 to +60, relativeusing Lipofectamine (Gibco BRL). An appropriate amount of the

to the site of transcription initiation (+1), was subcloned by PCRasic vector, pPCDNA3, was included in the transfection media so

using the primers 'SSAATTCTGAGGTCCGGTTCTTTTCG-3  that all cells were exposed to the same total amount of DNA. Five

and 3-GAATTCCTTAAATCGAAAGGGTCTC-3. Amplification  hours after transfection, the culture media was replaced with fresh

of this subclone with the primers6AATTCTGAGGTCCGG-  DMEM/10% FBS. Twenty-four hours after transfection the cells

TTCTTTTCG-3 and 5-CCTTCCAGGTATTCTCTG-3resulted  were harvested, lysates prepared as descritieuid frozen at

in a 150 bp fragment containing a G to A mutation of base —7 withing(> C until assayed for either chloramphenicol acetyl transferase

the core promoter. The mutated fragment was used in combinati@@AT) or B-galactosidase activitBGal) (30). The results of the

with the primer 5GAATTCCTTAAATCGAAAGGGTCTC-3to  CAT assays were normalized by the results oBthalactosidase

generate a complete mutant promoter, i.e. —150 to +64. Both thesays to correct for variations in the efficiency of transfection.

mutant and the wild-type mouse promoters were then insert@§pical transfection efficiency, as assayed binasitu3-galacto-

into the EcaRlI site of pBSECAT %5), which contains the sidase assay (Promega Corp.), Wé8%.

encephalomyocarditis virus (EMCYV) internal ribosome entry site

(IRES) upstream of thEscherichia colchloramphenicol acetyl g4 analysis

transferase gene. pXMECAT and piXMECAT were similarly

constructed using the primersGAATTCTCCCGCGGAGGC- The transcript from pSMECAT was mapped using a double

CCCGAT-3 and 5-GGAATTCGAGGCGGGAAACGCCCCG- stranded probe extending from —150, the upstream boundary of

GTC-3 to amplify sequences —152 to +60 of Kenopus laevis the mouse RPI promoter, to +207, within the EMCV IRES

ribosomal promoter2). sequencedl). The probe was'52P-labeled at +207 using T4
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Western analysis

A .
ine : NIH3T3 cells were released from the plates by treatment with
S S —— PSMECAT 0.25% trypsin—EDTA. The cell pellets were washed once with
um--wj.m]-l;:es - PSMECAT-7 ice-cold PBS, resuspended in 1 ml of EBC buffer (50 mM
Tris—HCI, pH 8.0, 150 mM NaCl, 0.5% NP-40, 190ml
. . - aprotinin, 10QuM benzamidine, 1QM leupeptin), and incubated
e PXECAT oﬁ ice for Zommin. The cells weriel brokgn Ft)Jy \)/ortexing, clarified
::'mm - S DIXECAT] by centrifugation (10 00§for 15 min) and the supernatant stored
at —7@C. Protein and DNA determinations were performed as
described $2). Western blots with a polyclonal anti-UBF, a
B. p— B monoclonal anti-flag M2 antibody (cat no. IB13026/6D1311, IBI)
— S and a monoclonal anti-Flu antibody (Boehringer Mannheim) were
om— carried out as described previously-{13)
s cme [T R pSval-Gald-rUBF1
S—— e G Nuclear run-on transcription
v FLAG TBF1 POMVEFLAG-TUBF1
curiu [TE POMV-FLU-UBF 1 Transcription from the rDNA promoter in isolated nuclei was
o pUAG [ e POMV-FLAG-1ixUBF1 measured by the hybridization iof vitro synthesized32P-labeled
O T U PEMV-FLU-5xUBF 1 run-on transcripts to a 45S rDNA clone as described previ@Bly (

T2 | LU bt 3210677 pCMV-FLU-sxUBF1

C $ ’
0‘5“‘ F .
b

A :
¢ pCMV-FLAG-TUBF1

Coimmunoprecipitation

Coimmunoprecipitation was performed atC4 as described
previously 83). Whole cell extracts were pre-cleared by incubating
for 30 min with protein A-agarose beads (pre-washed with PBS).

anti-FLAG — The beads were removed by gentle centrifugation for 5 s, and the
pre-cleared extracts were incubated withu@ of anti-UBF
anti-UBF o e - antibody and tumbled for 2 h. Subsequently,uP®f washed

protein A agarose beads were added and the sample tumbled for
an additional 2 h. The beads were washed three times in PBS
containing 0.5% NP-40, resuspended in [H0of Laemmli
SDS-PAGE sample buffer and incubated &C3for 10 min. The

Figure 1. Reporter constructs for 45S rDNA transcription and CharaCte"izatiO”immunoprecipitated proteins were resolved on SDS—PAGE and
of UBF1 expression plasmidé\Y Schematic representation of the 45S rDNA . :

reporter constructs: pSMECAT, mouse rDNA promoter reporter construct;_trans’ferre(j to Im_mOb"on P for western blot anal.ySIS' For FLAG
pSMECAT-7; mouse pXECAT; and piXECAB) Schematic representation of 'mmun()pu".'f'cauon, W_h0|e cell extracts were incubated with
the UBF1 and UBF 2 expression constructs: pCMV-rUBF1, full-length rat 25 pl of anti-FLAG resin (IBI) and tumbled for 2 h. The beads
UBF1; pCMV-rUBF440-, nucleotides 1-440 of rat UBF1 in the antisense were washed three times in PBS containing 0.05% NP-40, 200 mM
orientation; pPCMV-FLAG-rUBFL1, full-length rat UBF1 tagged with the FLAG NaCl and resuspended in f PBS containing FLAG peptide
epitope; pCMV-FLU-TUBFL, fulllength rat UBFT tagged with the FLU = g gy Aﬁgrincubatigr?;or 10 minon icegthe sarrl13 Igs were
epitope; pSV40-GAL4-rUBF1, full-length rat UBF1 tagged with the GAL4 -~ 9 : ! p
DNA-binding domain; pSV40-GAL4-rUBF2, full-length rat UBF2 tagged centrifuged for 10 s and the supernatant removed and heated at
with the GAL4 DNA-binding domain; pCMV-FLAG-r/xUBF, rakenopus  95°C for 10 min with 10ul of 5x Laemmli SDS-PAGE sample
chimeric construct tagged with the FLAG epitope; pCMV-FLU-XUBF, hyffer, The immunoprecipitated proteins were resolved on SDS—

full-length XenopudJBF1 tagged with the FLU epitope; pCMV-FLU-sxUBF1, A ;
XenopudJBFL1 containing a deletion in the Mtterminal dimerization domain PAGE and transferred to Immobilon-P for westemn blot analysis.

tagged with the FLU epitope. The relevant segments of each of the vectors are

indicated and a complete description of each construct is given in Materials and)verlay assays

Methods. CMV, cytomegalovirus promoter. SV40, simian virus promoter. .

(C) Twelve hours after transfection with pCMV (lane g, pPCMV-rUBF1 Overlay assays were performed as previously describ@d (

(lane 2, 2ug) or pCMV-FLAG-rUBF1 (lanes 3-5: 0.5, 1 andug), nuclear  Partially purified full-length rat UBF1 protein (200 ng) expressed
proteins were isolated from NIH3T3 fibroblasts, fractlonqted by SDS—I_DAGE,in Sf9 cells was separated by SDS—PAGE and transferred to
and blotted to nylon membranes. Wild-type, recombinant authentic and _. .
recombinant FLAG-Tagged UBF was detected with the polyclonal anti-UBF mtrocellulosg membran_es' The pro'geln blots were then denatured
antibody (upper panel) and a monoclonal antibody to the FLAG epitope (lowern 6 M guanidine—HCI in renaturation buffer (20 mM HEPES,
panel) as described in Materials and Methods. pH 7.9, 60 mM KCI, 6 mM MgGJl 0.6 mM EDTA, 2 mM DTT
and 20% glycerol) for 30 min and renatured in 100 mM
guanidine—HCI in renaturation buffer supplemented with 0.02%
polyvinyl pyrolidine twice for 2 h at room temperature. The blots
kinase, denatured and hybridized &@& 80% formamide with  were then blocked with 3% skim milk in renaturation buffer for
32 g of total RNA isolated from control NIH3T3 cells or cells 1 h at room temperature. TReS-labeled rUBF1, xXUBF1 and
cotransfected with pPSMECAT and pCMV-rUBF1. The hybridsxtUBF1 were prepared with cDNA templates pCMV-FLAG-
was characterized on 8% denaturing acrylamide gels in 90 mNIBF1, pCMV-FLU-UBF1 and pCMV-FLU-sxUBF1, respectively,
Tris-borate, 2.5 mM EDTA, 8 M urea. The size of the protectedsing the Coupled T7 Rabbit Reticulocirteritro Transcription
fragment was determined by comparison with the mobility of th&ranslation Kit (Promega) supplemented witPSjmethionine.
Rsd restricted S1 probe and witlpall restricted pBR322. Equal amounts[{E0 pl) of the 3°S-labeledin vitro transcribed

1 2 3 4 5
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translated lysates were incubated in 2 ml of renaturation buffeotransfection of 3T3 cells with increasing levels of pCMV-
with the renatured protein blots containing baculovirus UBF, foFLAG-rUBF1 resulted in proportionately increasing levels of
16 h at room temperature with gentle shaking. The blots wef@AT activity (Fig.2A, lanes 5-8). Compilation of the results from
washed three times in renaturation buffer containing 200 mM series of such experiments (F&B) demonstrated that the
KCI for 10 min at room temperature, lightly blotted dry andoverexpression of UBF1 increased transcription from pSMECAT
analyzed on a Phosphorimager. by up to 6.5-fold.
The control experiments with pPSMECAT-7 provided considerable
assurance that pPSMECAT was in fact being transcribed by RPI

RESULTS and not by RPII. However, this question was further assessed by
determining the site of transcription initiation. RNA was isolated
Overexpression of rat UBF1 drives rDNA transcription from cells cotransfected with pPSMECAT and pCMV-FLAG-

rUBF1 and the transcription initiation site mapped. As shown in

PR R Figure2C, S1 nuclease analysis of the RNA obtained from the
Ti th rameters governing ri mal transcriipticn . o
0 study the parameters governing ribosomal transc a0 Atfansfected cells demonstrated that the site of transcription

reporter gene constructs. These contain either the mouse injfiation was that predicted for transcripts synthesized by RPI.
XenopusDNA promoters and as controls, either a transcriptionally

inactive mouse promoter (-7 G to A) or an inverxahopus . P TS i
promoter (Fig1 and Materials and Methods). UBF-dependent activation of transcription is specific to RPI

As a first step in investigating whether the overexpression f compination, the above experiments provided complementary
UBF would be sufficient to drive elevated levels of rDNA gyigence that pPSMECAT is transcribed specifically and predom-
transcription in an immortalized cell line, we examined whethepanty by RPI. However, we were interested to know if UBF
UBF itself could be overexpressed. Several constructs capablefignt also have the potential to activate RPII transcription. Cells
driving the expression of rUBF1, rUBF2 and xUBF1 wergyere cotransfected with the rDNA reporters and a reporter for
assembled (FidlB). Western blotting was carried out to ensurepp|| nhS\B-Gal and both CAT anfiGal levels determined. As
that the various forms of UBF were expressed equally. NIH3Tgnown in Tablel, transcription from pSMECAT, but not
fibroblasts were transfected with either pPCMV-TUBF1 (B§,  transcription from pSMECAT-7, was stimulated 6-fold when the
lane 2), or with increasing amounts of pCMV-FLAG-TUBF1 373 celis were cotransfected with pCMV-FLAG-TUBF1. However,
(Fig. 1C, lanes 3-5). After 24 h, whole cell lysates were preparggle apsoluteB-galactosidase levels measured in each of the
from the transfected cells, fractionated by SDS—PAGE, transferrggynsfections fell within 10% of one another, regardless of the
to Immobilon-P and probed with either an anti-FLAG antibodyeye| of expression of exogenous rUBF. UBF clearly activated
(upper panel) or an anti-UBF antibody (lower panel). Transfectiogpy transcription, but did not activate RPII transcription, at least
with pCMV-rUBF1 resulted in the overexpression of rUBF1 agrom the model late SV40 promoter. Thus, UBF appears to be an
demonstrated by western blotting with anti-UBF antibody (lane &p| gpecific transcription factan vivo and maintains this
lower panel). As the rUBF1 was not FLAG-tagged it did not reaecificity even when overexpressed. This is consistent with the
with the anti-FLAG antibody (lane 2, upper panel). TransfectioRyc|usive nucleolar localization of the UBES(39).
with pCMV-FLAG-rUBF1 resulted in the overexpression of
FLAG-tagged rUBF1, as demonstrated by blotting with both
anti-UBF or anti-FLAG antibodies. Similar levels of expressiorThe overexpression of UBF1 can drive an elevated level of
were detected when the other UBF expression vectors were testieghscription from the endogenous rRNA genes
(e.g. see FigrA).

As the level of expression of UBF1 was proportional to th&'he above experiments demonstrated that the overexpression of
amount of DNA used in the transfection, we then examinedBF can significantly activate transcription from a cotransfected
whether the level of rDNA transcription would correlate with theRPI reporter in NIH3T3 cells. As such, they are consistent with
altered cellular content of UBF. In these experiments we first usdige hypothesis that cells regulate rDNA transcription by modulating
PSMECAT, a reporter for rDNA transcription. pPSMECAT usesthe activity of UBF. However, it was possible that overexpression
the mouse rDNA promoter upstream of an IRES to drive thef UBF could affect transcription from the reporter but have no
expression of CAT. Previous efforts to use such reporters haeéfect on transcription from the endogenous genes.
met with varied degrees of success, as quite often the RPITo examine this question, nuclei isolated from cells cotransfected
promoters, or the constructs themselves, contain cryptic RRMlith the indicated amounts of pCMV-rUBF1 and [fBS@al
promoters $5-37). To control for this possibility, we constructed were used in nuclear run-on assays and the levels of rDNA
pPSMECAT-7 (Fig.1). This construct is identical to pPSMECAT transcription measured. As shown in Figirthe nuclear run-on
except that the G at —7 of the rDNA promoter, essential faissay demonstrated that transfection with pCMV-rUBF1 resulted
transcription by RPI1=3), is mutated to an A. Thus, pSME- in a 2-fold stimulation of endogenous rRNA gene transcription.
CAT-7 should not be transcribed by RPI, and serves as a contflparallel set of plates were stainiedsitu for 3-galactosidase
for fortuitous expression from cryptic RPIl or even RPIII sites. Asctivity. We found thaf40% of the cells were transfected. Thus,
shown in Figur@A, the level of CAT activity from pSMECAT-7 overexpression of UBF1 activated transcription from the endo-
was <10% of the level of CAT activity supported by thegenous genes kiyb-fold (2x 1/0.4). This was very similar to the
non-activated pPSMECAT (compare the levels of the acetylatesffect of overexpressing UBF on pSMECAT activity. Taken
chloramphenicol products in lanes 1 and 5). The residual level tifgether, the two sets of results strongly support the hypothesis
CAT activity from pSMECAT-7 was also completely unaffectedthat the rate of rDNA transcription is regulatedivoby the level
by the overexpression of UBF (FigA, lanes 2—4). In contrast, of UBF1 within the cell.
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Figure 2. Overexpression of UBF increases transcription from pSMECAT and is initiated A) NIH3T3 cells were transfected with the indicated constructs and

the control vector, pSV4Gal, using lipofectamine as described in Materials and Methods. After 24 h, cell lysates were prepared and assayed\ity @Ad acti
-galactosidase as described in Materials and MethBpi$he results from 5—7 separate experiments similar to those in Figure 2A were averaged and adjusted for
the efficiency of transfection. The results are presented as the average fold inc&@se (pSMECAT activity in cells cotransfected with increasing amounts of
rUBF expression vector as compared with cells transfected with pPSMECAT a@riatél RNAs from control NIH3T3 cells and NIH3T3 cells transfected with
PSMECAT (1pg) and pCMV-rUBF1 (31g), were used in S1 nuclease assays using an end-labeled probe (=150 to +207). After S1 nuclease digestion, the react
products from the control (lane 2) and pPSMECAT/UBF transfected cells (lane 3) were fractionated by denaturing gel eléstophdetsted by autoradiography.
Parallel lanes contained the the S1 probe digestedRaitticleavage between —1 and +1) and end-labeled fragments of pPBR322. The S1 protected fragment showec
an identical mobility with that of thesd cleaved probe, while both fragments showed an anomalous migration relativdpaltiEBR322 molecular weight marker.

Table 1.UBF activates transcription by RPI, but not by RPII

CAT B-Gal Ratio Average {{'\
% Conversion  mUnits  [(CAT/B-Gal)x100] &% ) %
3T3 Cells & W 25 T
pSMECAT-7 0.09 108.7 0.08 0.07 & QC}“ -
pSMECAT-7 0.07 111.6 0.06 SB 20
pSMECAT-7 + UBF 021 123.8 0.17 0.11 10 g e -gé i | i
pSMECAT-7 + UBF 0.08 120 0.06 ag "
pSMECAT 0.82 1142 072 0.68 pus.1 E/x| '@ 2% 1
pSMECAT 0.68 104.1 0.65 0.1 g < % '
pSMECAT + UBF 5.12 1159 447 442 52 05 .
PSMECAT + UBF 4.97 113.7 437 pBscrpt [ 104g i
] 2 ° ,_1:‘5 ‘é('\
The overexpression of UBF2 can result in elevated levels of ¢ _3,9
rDNA transcription Q«c}‘“

Two previousin vitro investigations have reported that the natural

splice variant UBF2 cannot activate rDNA transcriptid® 9). In

our investigation of this problem, we concluded that the low level

of activation by UBF2 seen in vitro transcription reactions was Figure 3. Overexpression of UBF1 stimulates transcription of the endogenous

robably due to cross contamination of the UBF2 with UBE) ribosomal genes in NIH3T3 cells. NIH3T3 cells were transfected with
P y ( MV-rUBF (1ug/60 mm dish) as described in Materials and Methods, nuclei

We mvestlgated this question using the reporter system describ re isolated, and ribosomal DNA transcription was measured as described in
above and vectors, pGAL4-rUBF1 and PGALA-TUBF2, that materials and Methods. Radiolabeled rRNA transcripts were purified from the
expressed full-length UBF1 and UBF2 tagged with the DNA-reaction mix, and hybridized to 45S rDNA (clone pU5.1E/X) or control pUC

binding domain of Gal4. As shown in Figutecotransfection of 19 DNA. After stringent washes, the hybrids were visualized by autoradiography
; ; ; _ (see autoradiogram). The radioactivity of 45S run-on transcripts obtained from
3T3 cells with PSMECAT and Increasing amounts of PGAL4 three separate experiments were quantified by laser densitometry and are

rUBF1 resulted in dose-depgndgnt activation of transqiption fronﬂresented as the average percentage incte&8ein rDNA transcription in
PSMECAT that was very similar in level to that seen with the othefesponse to contraction over the transcription observed in contraction-arrested
rUBF expression vectors. Interestingly, cotransfection with pSME-<ells. *, denotes significance from control cells (P < 0.01)
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Figure 4. UBF2 is only one third as active as UBF1 at transactivating the rDNA |
promoterin vivo. NIH3T3 cells were transfected with increasing amounts of |
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pSV40-rUBF1 or pSV40-rUBF2 (0.544/60 mm dish) and pSMECAT (1g/60 ool | Rk
mm dish). After 24 h, cell lysates were prepared and assayed for CAT activity and

B-galactosidase as described in Materials and Methods. The results from 3—4 PSMECAT (ug) 10 10 18
separate experiments were averaged and adjusted for the efficiency of transfection. pCMV-UBFA40-jugl - 05 1.0

The results are presented as the average fold incte8Bg in pPSMECAT activity
in cells cotransfected with increasing amounts of rUBF1 or rUBF2 expression

ith cell i ith pPSMECAT alone. ) . ) -
vector as compared with cells transfected with pPSMECAT alone Figure 5. Overexpression of antisense UBF inhibits rDNA transcription.

(A) NIH3T3 cells were transfected with increasing amounts of a construct that

CAT and increasing amounts of pSV40-GAL4-rUBF2 also resultecf*Presses antisense rUBF, pCMV-rUBFA440- and pSMECAT. After 24 h, cell
ysates were prepared and assayed for CAT activityBagalactosidase as

in _a dose-dependent ac“‘,’a“on of transcn_ptlo_n from, pSI\/IECA described in Materials and Methods (upper panB)).The results from 3—4
(Fig. 4). However, the maximum level of activation achieved usingseparate experiments similar to that presented in Figure 7A were averaged and
pGAL4-rUBF2 was only 30% of that observed using pGAL4- adjusted for the efficiency of transfection and presented graphically. The results
'UBF1 (compare the relaie CAT aciuty evele wren el e et s BH ) e v e conpared
cotransfected with pPSMECAT andu of either pGA!.4-I’UBF1 or . with cells trangsfected with F[;SMECAT alone. (* Fa)md ** denote statisticF;IIy
PGAL4-rUBF2). These results suggest that UBF2 is not as effectivggnificant differences from control values of P < 0.05 and P, 0.01, respectively.)
as UBF1 in activating rDNA transcription. Nonetheless, UBF2 does
exhibit some activation potential. This result in fact agrees with our
previousin vitro observation showing that UBF2 was 30% as activén Vitro (e.g.12). This species specificity has predominantly been
as UBF1 and suggests that the levehafitro activation observed ascribed to the TBP-containing rDNA transcription factor
in those experiments reflected the true activity of UBF2. referred to as SL-11Q). It has also been shown that the structural
differences between the mammalian and amphibian UBFs may
UBF anti-sense RNA inhibits transcription from pSMECAT represent a further level of species specificity. However, species-
specific UBF activity has been noted only under certain precise
The above studies demonstrated that artificially raising the cellulapnditions of protein and template concentraiiowitro. Under
content of UBF results in a stimulation of rDNA transcription. Weother conditions the mammalian aXénopusforms of UBF
were also interested in determining if a reduction in the cellulaappear equivalent.g,40).
content of UBF would result in a decrease in the level of basalWe investigated the role of UBF in species specificity iinan
rDNA transcription. To test this, a plasmid was constructed tgivo context. We first determined if xXUBF and rUBF could
express the antisense strand of the first 440 bp of rUBReterodimerize, and then determined the effect of XUBF on rDNA
pCMV5-rUBF440(-). Cotransfection of NIH3T3 cells with transcriptionin vivo. Vectors were constructed that would direct
PSMECAT (1pg) and increasing amounts of pCMV-rUBF440-the expression of FLU-tagged forms of either rUBF1 or xUBF1,
(0.5-2ug) resulted in decreasing levels of CAT activity (Fg. (pCMV-FLU-rUBF1 and pCMV-FLU-xUBF1). A third vector
upper panel). Compilation of the results from a series of sushas created to express a ¥enopudJBF chimera, r/XUBFL, in
experiments (Figp, lower panel) demonstrated that the antisensahich the sequences of rUBF1 HMG-box 4 had been replaced with
UBF construct (2pg) decreased basal transcription fromthe equivalent HMG-box-less region of xXUBF1. In addition, as a
PSMECAT by up to 75%. control for the expression of XUBF, a vector that would express a
mutant of XUBF lacking the Njtterminal dimerization domain was
constructed, pPCMV-FLU-sxUBF1. It has been reported that UBF
lacking the NH2-terminal domain is unable to dimerize and cannot
activate rDNA transcriptiom vitro (1,2,41,42).

As shown in FiguresA, overlay assays demonstrated that
Transcription of vertebrate ribosomal RNA genes is species-specifidBF1 and xUBF1 can both homo- and heterodimerize and
(1-3). One clear demonstration of this property is the inability ofonfirmed that sxUBF1 was unable to heterodimerize with
active extracts of human cells to transcribe the rat and mouse rDNA$BF1 (and by inference cannot therefore homodimerize). The

The overexpression oXenopusUBF1 results in elevated
levels of transcription from the mouse rDNA reporter in
murine cells
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ability of xUBF to heterodimerize with rUBF was also examined A
vivo (Fig.6B). NIH3T3 cells were transiently transfected with either : o S
the ‘empty’ expression vector pCDNA3 (lane 1), pCMV-Flu-xUBF & \99 &
(lane 2) or a combination of pPCMV-Flu-xUBF1 and pCMV-FLAG- &
rUBF (lane 3). Following transfection, whole cell lysates were oF & )
prepared and UBF complexes were immunoprecipitated usir A
anti-UBF antibodies or anti-FLAG antibodies. The immuno- gacqupri wr
precipitated proteins were resolved by SDS—-PAGE, transferred-
nylon membranes and blotted with either anti-FLU, anti-FLAG or
anti-UBF antibodies. Antibodies to rat UBF immunoprecipitated
both wild-type rUBF and also FLAG-tagged rUBF (F&B,
lanes 4 and 5). FLU-tagged xUBF was also immunoprecipitate
(lane 6). Control experiments demonstrated that our antibodies
rat UBF do not immunoprecipitatéenopusUBF. Thus, the 12 3
Flu-tagged xUBF can only have been coimmunoprecipitated if i.
was heterodimerized with rUBF. Similarly, anti-FLAG antibodies
immunoprecipitated both FLAG-tagged rUBF and Flu-tagged
XUBF. In this case, the FLU-tagged xUBF could only have been B
coprecipitated with the FLAG tagged rUBF if it was in the form of
a Flu-xUBF/'UBF-FLAG heterodimer. These studies demonstrate  PEPNAS * * *
Lo e 2 = pCMV-FLAG-TUBF1 + + 4
that xUBF and rUBF can heterodimerize biothitro andin vivo pCMV-FLU-xUBF1 .
and confirm that deletion of the NHerminal domain of xXUBF
prevents this dimerization. = TE ~~ anti-FLAG
We then compared the effects of overexpressing FLU-XUBF
and FLU-rUBF on transcription from pSMECAT. Western blots
of extracts from cells transfected with Qu§ of either pCMV- 1723 456 7889
FLU-TUBF1, pCMV-FLU-XUBF1 or pCMV-FLU-sxUBF1 —t - :
demonstrated that the three vectors supported approximately oAl wUBF  «FAG |
equal levels of expression of the three FLU-tagged proteins mmuncprecipitations
(Fig. 7A). Similar expression levels were also observed for the
mammallan-)(enopus_UBF chimera, r/XU_BFl (results not Figure 6. XenopusUBF1 dimerizes with rat UBFRn vitro and in vivo.
shown). Cotransfection of 3T3 cells with pSMECAT and (a) Full-length xUBF1 but not xUBF1 missing the Blterminal domain
pCMV-FLU-rUBF1 resulted in a maximum level of activation of dimerizes with rat UBF. Full-length rat UBF1 protein (500 ng) purified from
6310 (Fig78). Interestingly, when cells vere cotamslected o en oot s
with pSMECAT and pCMV-FLU-XUBF1, the maximum level of Z180c - 00 icenie, o ARer blocking with 3% skim mik in
activation of 6.1-fold was very similar. Furthermore, a very similargnatyration buffer for 1 h at room temperature, the membranes were incubated
level of activation was also seen when the r/XUBF chimera was over 2 ml or renaturation buffer containir@@5-labeledin vitro transcribed
expressed with pPSMECAT, (FigB). Transfection of NIH3T3 cells  translated rUBF1, xUBF1 or sxUBF1 for 16 h at room temperature with gentle
with PSVECAT and pCM\AFIL-SxUBFL resuted in a weak, but 8, e o5 et veshee s s ttr, s <ol
not statistically significant, activation (FI@B). These _reSUItS on a Phosphorimager. The experimgnts were ?ep(}a/ated threéytimes andytypical
demonstrate thatenopudJBF1 can activate transcription from images are showrBJ xUBF dimerizes with rUBfh viva. NIH3T3 cells were
a mouse rDNA promoter in a mouse cell line. Interestingly, whemansfected with either pCMV, pCMV-FLU xUBF1 or a combination of
the XenopusDNA reporter was used in the same experimentspCMV-FLU-XUBF and pCMV-FLAG-TUBF. After 24 h, cell lysates were
we did not observe transcription from tXenopuspromoter prepared and the UBF proteins immunoprecipitated with anti-rtUBF antibodies or
. . . anti-FLAG antibodies. The immunoprecipitated proteins were fractionated by
either in the absence or in the presence of exogenous rUBF1 ghs_pagE, transferred to Immobilon-P and blotted with the described antibodies.
XUBF1 (Fig. 7C). pXECAT has been shown to direct CAT
expression irX.laeviscells (data not presented). These results
argue thain vivo, the activity of UBF is not species-specific and
further that the appropriate UBF cannot abrogate the need for
homologous form of SL-1.

— —— — anti-FLU

ctivity of a novel CAT reporter construct, pPSMECAT, whose

Qpression is driven by the mouse RPI promoter, depends directly
on the cellular level of UBF. We demonstrate that overexpression
of UBF leads to a dose dependent activation, up to 6.5-fold, of the
DISCUSSION reporter gene and that cotransfection of an antisense UBF

construct suppresses reporter activity. This is the first observation

The transcription of the ribosomal RNA genes is a process the dependence of mammalian ribosomal transcription on a
essential for cell growth. Not only is it known to be regulated ifkknown transcription factan vivo. The observation is all the more
response to growth rate changes but it may also represent a mesagsificant since we also show that the endogenous ribosomal
of regulating long term growth. Despite this, little or nothing isgenes can be activated by increasing the cellular concentration of
known of the manner in which the ribosomal RNA genes ar&lBF. Thus, the reporter construct pSMECAT appears to provide
regulated. Here we present the first demonstration that tlae model system that closely reflects endogenous ribosomal
ribosomal transcription factor UBF is functionally limiting for transcription regulation. We further show that activation of
RPI transcription in NIH3T3 fibroblasts. We show that thetranscription by UBF is specific to RPI transcription. It is
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A P Q;Q’\ c_oncluded that the ceIIu_Iar_ level of_ UBF is a potenti_al regulator of
’ ,<§-’ +\§” 6& ribosomal gene transcription, a view consistent with the several
Q\}i‘r A observations of growth regulated UBF expression (reviewég).in
@;-‘t' \Ef" \!:;& Ribosomal transcription is species-specific, the human promoter
& ¢ & does not function in mouse and neither the human nor the mouse

promoters function iXenopug1-3). Though it is clear that this
specificity resides predominantly with the TBP-complex Sin-1,
proa ) vitro experiments have also suggested that some degree of specie:
=___ |anti-FLU specificity exists at the level of UBFAL). We clearly show,
however, thain vivothere exists no significant difference in the
capacity of rat oKenopudJBF to activate RPI transcription. On
the other hand, in confirmation iof vitro data, we show that the
1 2 3 XUBF cannot abrogate the need for the cognate SL-1, since the
XenopusDNA promoter remains silent in NIH3T3 cells even in
the presence of excess xUBF1. Furthermore, we show that the
activity of xXUBF depends on its ability to dimerize, strongly
suggesting that the predominant mode of activation by the UBFs
in vivo is mediated by their ability to bind DNAL$,41). In
support of this conclusion, we have more recently shown that
single point mutations that effect DNA binding by xUBF also
lead to a similar loss of activation (V.Stefanovsky and R.Hannan,
unpublished data). It is possible that a secondary role of UBF
| | could be to indirectly activate transcription by squelching
€L 05 10 05 repressors1i) of ribosomal transcription such as Ri,@5).
HUBF1 ixUBF 1 *UBF1 sxUBF1 Indeed, sxUBF does show a residual level of activation that could
(ng) (ng) {ng) (ng) be explained by such an effect and this conclusion is consistent
with the observed activity of rUBF2, discussed below.
C. Though natural splice variants of UBF occur in all systems
studied to date, no function for these variants has yet been
described. In mammals the second HMG-box DNA binding
domain is missing in the UBF2 splice varidntvitro studies have
BEAEEHNTRERITRGEORw suggested that UBF2 is non-functional in transcription activation
& and that its affinity for DNA is greatly reduced as compared with
PSMECAT-7 . I UBF1 (22,39). Using the RPI reporter we have testedrthgvo
pSMECAT ot o+ o+ o+ 4+ role of UBF2 in ribosomal transcription and find that in fact it
PIRECAT . does activate transcription, but oAl§0% as well as UBF1. This
Eé'r:-!%f:LAG-rUBH P B level of activation is in fact similar to the residual levels of
PCMV-FLAG-rixUBF1 . .4 activation seen with the Nierminal deletion mutant sxUBF
pPCMV-FLU-xUBF1 e | E | and point mutants of XUBF1, (data not shown), all of which are
also compromised in DNA binding. This suggests that part of the
function through which UBF acts may squelch the action of a
repressor such as Ri6(47) and that this is the only part of the
Figure 7. Overexpression oKenopusUBF1 results in elevated levels of ~mechanism through which UBF2 may act.
transcription from the mouse rDNA reporter in NIH3T3 cefl9. gCMV-Flu- How then might UBF function in regulating the ribosomal
rUBF1, pCMV-FLU-XUBF1 and pCMV-sxUBF1 are expressed at similar qenes? UBF is able to form an alternative chromatin based on the
levels in NIH3T3 cells. Twelve hours after transfection with pCMV-Flu-UBF1 =
(lane 1, 2ug), pCMV-FIu-xUBF1. (lane 2, fig) or pCMV-Flu-sxUBF1 (lane  "IP0Somal enhancesome. The enhancesome resembles a nucleosorr
3, 2ug), nuclear proteins were isolated, fractionated by SDS—PAGE and blottedN t€rms of total DNA and protein content, but differs in that a
to nylon membranes. Recombinant Flu-Tagged UBF was detected with alimer of UBF replaces the histones and the DNA component is
e s abes o LA oSS sowere Wound io & sinle nat nto & dauble loop 25 ¢ would be n he
transfected with the indicated amouﬁts of the drc)ascribed constructs ang3pCMV nUCIeO_Some48’49)' In vitro studies show tha.lt_ the interaction of
After 24 h, cell lysates were prepared and assayed for CAT activity andJBF With SL-1 and the rDNA promoter facilitates, but may not
B-galactosidase as described in Materials and Methods. The results from 3-Be necessary for, the formation of the RPI initiation complex
separate experiments were averaged and adjusted for the efficiency qf1250). Hencejn vivothe availability of UBF may regulate the

transfection and presented graphically. The results are the average-fold increa ; ; T ; ;
(+ SD) in pSMECAT activity in cells cotransfected with increasing amounts of fumber of genes aCtlver engaged In transcription via a direct

the indicated UBF expression constructs compared with cells transfected witd€Ne interaction. In any given cell the number of potentially

PSMECAT alone. €) Overexpression ofXenopusUBF1 does not drive  active ribosomal genes generally represents only a fraction of the
transcription form th&enopusDNA promoter in murine cells. NIH3T3 cellwere  total gene number. In yeast, this fraction is regulated in response
transfected with the indicated UBF expression constructs (1 and 2 mg/60 mm disrtb growth rate changes as demonstrated by psoralen crosslinking

and either pPSMECAT-7, pPSMECAT, pXECAT or piXECAT{#/60 mm dish) as . . . . .
described in Materials and Methods. Twenty-four hours following transfection (51)-  Interestingly, the fraction of potentially active/active

cell lysates were prepared and assayed for CAT activity as described ilﬁibosomf?“ genes (versus in.aCtiVe genes) does not appear to
Materials and Methods. change in a given mammalian cell as measured by the same

w
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technique %2). If the chromatin structure is not different betweenl5 Kuhn,A. and Grummt,l. (199Broc. Natl Acad. Sci. USRS, 7340-7344.
active and potentially active ribosomal genes, perhaps it is thé BellS.P. Pikaard,C.S., ReederR.H. and Tjian,R. (X958 59, 489-497.

association of UBF with a gene which determines that it may gi";f‘alrg’%ibfsrg'gs")” Reeder,R.H. and Rothblum,L. (180)Cell

active. Interesti.ngly,.the number of vis!ble nucl_eoli (i.e. theg McStay,B., Sullivan,G.J. and Cairns,C. (198F)BO J, 16, 396-405.
number of active ribosomal gene loci or active nucleolats Jantzen,H.M., Chow,A.M., King,D.S. and Tjian,R. (19G2nes Deys6,
organizers) has also long been recognized as a measure of tumor950-1963.

cell grovvth rate (9,953,54). 20 Bachvarov,D. and Moss,T. (199%cleic Acids Resl9, 2331-2335.

: : Bachvarov,D., Normandeau,M. and Moss,T. (1 S Lett 288 55-59.
_ Psoralen probes the chromatin state of the ribosomal gen%, Smith,S.D., O'Mahony,D.J., Kinsella,B.T. argdglf(:?hblug,L.lé(lg%)
inactive and active (or potentially active) loci showing significantly ~ Gene Exp 3, 229-236.
different accessibilities. This difference could represent a switcis Kuhn,A., \oit,R., Stefanovsky,V., Evers,R., Bianchi,M. and Grummt,l.
in chromatin structure between the repressed nucleosomal state(1994)EMBO J, 13 416-424.
and the enhancesome structure (UBF—DNA). Estimates of UB® Miller,K.G. and Sollner-Webb,B. (198Cell, 27, 165-174.
concentration are quite variable, but suggest that sufficient UBJ2 Roberts.L.O. and Belsham,G.J. (196ilogy, 227, 53-62.

. - 6 Moss,T., Boseley,P.G. and Birnstiel,M.L. (198Qicleic Acids Ress,
exists within the cell to engage not only the promoter but also’a ,g7_4gs. Y (1980 .

large segment of the intergenic spacer including the enhancer rDNA o'Mahony,D.J. and Rothblum,L.I. (19%joc. Natl Acad. Sci. US&S,
elements of the active ribosomal genes (recent measurements3180-3184.
demonstrate 200 000 copies/3T3 cel: L.Rothblum and8 CareyM, Kakidani,H., Leatherwood,J., Mostashari,F. and Ptashne,M.

A.H.Cavanaugh, unpublished observation). The observation thas (Glgﬁn?éi- dMA‘:'-a Eg’l'\'/ligg iﬁ;“;ﬁcleic Acids Res20, 33613366,

the DNA-bmdmg-me_d@ted aC_tIVIty Of_ U_BF IS I|r_n|t|ng_ for 30 Ausubel,F.R., Brent,R., Kingston,D., Moore,J., Seidman,J., Smith,J.A. and
ribosomal gene activity is consistent with its potential to induce  sruhi k. (1993)Current Protocols in Molecular Biologyviley
a structural change in ribosomal gene chromatin and hence its InterScience, USA.

ability to recruit genes to the active pool. 31 Berk,A.J. and Sharp,PA. (1973%ll, 12, 721-732.
32 Hannan,R.D., Luyken,J. and Rothblum,L.I. (19233iol. Chem 27Q
8290-8297.
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