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The retinoblastoma protein (RB) represses RNA polymerase III transcription effectively both in vivo and in
vitro. Here we demonstrate that the general transcription factors snRNA-activating protein complex (SNAPc)
and TATA binding protein (TBP) are important for RB repression of human U6 snRNA gene transcription by
RNA polymerase III. RB is associated with SNAPc as detected by both coimmunoprecipitation of endogenous
RB with SNAPc and cofractionation of RB and SNAPc during chromatographic purification. RB also interacts
with two SNAPc subunits, SNAP43 and SNAP50. TBP or a combination of TBP and SNAPc restores efficient
U6 transcription from RB-treated extracts, indicating that TBP is also involved in RB regulation. In contrast,
the TBP-containing complex TFIIIB restores adenovirus VAI but not human U6 transcription in RB-treated
extracts, suggesting that TFIIIB is important for RB regulation of tRNA-like genes. These results suggest that
different classes of RNA polymerase III-transcribed genes have distinct general transcription factor require-
ments for repression by RB.

Retinoblastoma protein (RB) is a tumor suppressor that
controls cell growth by influencing cell cycle progression (8, 12,
44), differentiation (5, 15, 44), and apoptosis (23, 68). Muta-
tions in the gene encoding RB are associated with diverse
human cancers (21, 22, 27, 45). RB function is also compro-
mised in other human malignancies through disruption of up-
stream control pathways or downstream targets of RB (re-
viewed in reference 58). The function of RB as a tumor
suppressor is linked to its ability to regulate gene expression.
Therefore, to fully understand the contribution of RB to cel-
lular proliferation observed during carcinogenesis, it is impor-
tant to determine the mechanisms that RB uses to regulate
gene activity.

An understanding of RB function in gene regulation was
revealed through its role as a modulator of E2F transcription
factor activity (16, 24, 25, 59). However, RB controls additional
cellular functions beyond regulating E2F activity. The intracel-
lular concentration of RB exceeds the concentration of E2F
(58), and interactions between RB and other transcription
factors have been described previously (10, 34, 51). Thus, fur-
ther activities performed by RB involve regulation of other
genes besides E2F-responsive genes. Interestingly, RB is not
limited to regulating mRNA production by RNA polymerase
II but also inhibits the synthesis of rRNAs by RNA polymerase
I (4) and of 5S rRNA, tRNA, and U6 snRNA by RNA poly-
merase III (63). It was proposed that loss of control of these
genes is an important step in tumor progression because the
products of genes transcribed by RNA polymerases I and III
are important determinants of biosynthetic capacity (reviewed
in reference 61). Repressed synthesis of nontranslated RNAs is
expected to inhibit cell proliferation, presenting a significant
hurdle to unregulated cell growth. Therefore, control of RNA

polymerase I and III transcriptional activity may represent an
essential component of growth regulation by RB.

How RB regulates RNA polymerase III activity in the cell is
not clear. RNA polymerase III transcriptional activity is under
cell cycle control, with higher levels observed in the late G1, S,
and G2 phases of the cell cycle than in G0 and early G1 (62).
The increase in RNA polymerase III activity correlates with an
increase in phosphorylated RB during the G1 phase of the cell
cycle. This increased activity is important because the function
of RB is controlled by phosphorylation (6, 38). Hypophosphor-
ylated RB can interact with potential target proteins to regu-
late their activities, whereas hyperphosphorylated RB cannot
interact and, therefore, is inactive (58). RNA polymerase III
activity is maximal during the cell cycle when RB is inactive.
This implies that hypophosphorylated RB may target factors
that function in RNA polymerase III transcription. The corre-
lation between RB levels and RNA polymerase III activity has
been further demonstrated in vivo by transient-transfection
assays of adenovirus (Ad) VAI gene transcription. Transcrip-
tion of this gene by RNA polymerase III is elevated in a human
osteosarcoma cell line (SAOS2) that is RB deficient compared
to the level of transcription in an osteosarcoma cell line
(U2OS) that contains functional RB. Overexpression of RB
in SAOS2 cells represses RNA polymerase III transcription,
whereas RNA polymerase II transcription from the human
immunodeficiency virus long terminal repeat is unaffected.
Furthermore, in nuclear runoff assays, RNA polymerase III-
specific transcription is diminished in nuclei isolated from wild-
type mouse embryonic fibroblasts compared to that in nuclei
isolated from mouse RB2/2 embryonic fibroblasts, whereas
wholesale RNA polymerase II activity is unchanged in RB1/1

and RB2/2 embryonic fibroblasts (63). These experiments sug-
gest that RNA polymerase III activity in vivo is regulated by
RB.

We have focused on understanding the contribution of RB
to repression of RNA polymerase III activity. Genes tran-
scribed by RNA polymerase III can be subdivided into four
classes. Class 1 and class 2 genes contain gene-internal pro-
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moter elements exemplified by the 5S rRNA and tRNA genes,
respectively. Class 3 genes contain gene-external promoter el-
ements exemplified by the human U6 snRNA genes. A fourth
class exemplified by the Vault RNA genes contain both exter-
nal and internal promoter elements (54). RNA polymerase
III-transcribed genes also have distinct general transcription
factor requirements, consistent with their different promoter
architectures. 5S rRNA genes require TFIIIA, TFIIIB, and
TFIIIC, whereas tRNA gene transcription requires only a sub-
set of these factors, TFIIIB and TFIIIC, for full activity (50, 52,
64). In contrast, human U6 gene transcription requires the
snRNA-activating protein complex (SNAPc) (48), which is also
known as PSE transcription factor (PTF) (42). While TFIIIC is
not required, the requirement for TFIIIB is controversial (39,
57). In addition to these general transcription factors, other
transcription activator proteins, including Oct-1 (3), Sp1 (30),
and Staf (43, 49), positively regulate U6 snRNA gene tran-
scription.

The mechanism that RB utilizes to repress RNA polymerase
III transcription is not known. However, potential targets for
regulating RNA polymerase III activity include TFIIIB and the
TFIIIC2 form of TFIIIC (7, 29). Human TFIIIB consists of the
TATA box binding protein (TBP) and a tightly associated
factor called TFIIB-related factor or BRF (39, 57). By analogy
with Saccharomyces cerevisiae TFIIIB (26), a loosely associated
factor referred to as B0 may also be a component of human
TFIIIB. BRF and TBP associate with RB during chromato-
graphic fractionation of cellular extracts and during coimmu-
noprecipitation experiments (29). TFIIIC2 is a multiprotein
complex containing five proteins (67). RB can also interact
with TFIIIC2 in glutathione S-transferase (GST)-pulldown
experiments from HeLa nuclear extracts (7). Together, these
data indicate that RB can interact with the RNA polymerase
III general transcription machinery, and this interaction may
be important for RB repression of RNA polymerase III-spe-
cific gene transcription.

It is not known whether RB targets similar factors to regu-
late all classes of RNA polymerase III-transcribed genes. In
contrast to the clear requirement of TFIIIB and TFIIIC2 for
RNA polymerase III transcription of genes containing gene-
internal promoter elements, neither TFIIIC (55) nor a TFIIIB
complex of BRF and TBP is required for human U6 snRNA
gene transcription in vitro (17, 39). Potentially, a different form
of TFIIIB may function both for U6 gene transcription and
regulation by RB. Other alternative spliced forms of BRF have
been identified, and one form referred to as human BRF2
functions for human U6 transcription in vitro (37). It is also
possible that RB targets other factors to regulate human U6
snRNA genes. One potential target is SNAPc. SNAPc is a mul-
tiprotein complex composed of at least five proteins: SNAP19
(19), SNAP43 (also called PTFg) (20, 66), SNAP45 (also called
PTFd) (47, 66), SNAP50 (also called PTFb) (1, 18), and
SNAP190 (also called PTFa) (65). In addition, SNAPc associ-
ates with TBP (20). SNAPc binds to the proximal sequence
element (PSE) contained in the core promoter regions of hu-
man U6 snRNA genes and interacts with TBP bound to the
TATA box. SNAPc and TBP act cooperatively to facilitate tran-
scription by RNA polymerase III (40). The binding of these
factors to the promoter is a crucial early step in pre-initiation
complex assembly at these genes, and therefore SNAPc and
TBP are attractive targets for regulating human snRNA gene
transcription.

Our results suggest that RB regulates different RNA poly-
merase III-transcribed genes by targeting different compo-
nents of the general transcription machinery. The general
transcription factor TFIIIB, composed of BRF and TBP,

functionally restores Ad VAI gene transcription but not hu-
man U6 snRNA gene transcription in RB-treated extracts. In
contrast, the general transcription factors SNAPc and TBP act
cooperatively to reconstitute U6 snRNA gene transcription
after RB treatment, indicating that these factors are also im-
portant for RB regulation of RNA polymerase III activity.
Depleting extracts with GST bound to amino acids 379 to 928
of RB [GST-RB (379–928)] resulted in a reduction in SNAP43
levels, consistent with the idea that RB targets SNAPc. In HeLa
cell nuclear extracts, a subpopulation of RB is associated with
SNAPc and this association may be direct because RB interacts
effectively with two components of SNAPc. These data indicate
that the general transcription factors SNAPc and TFIIIB pro-
vide an important targeting mechanism governing RB function
for different classes of RNA polymerase III-transcribed genes.

MATERIALS AND METHODS

Expression and purification of recombinant proteins. The region of RB cor-
responding to amino acids 379 to 928 was amplified by PCR and cloned into a
pET11c-based expression vector to generate pGST-RB (379–928). This plasmid
contains an N-terminal GST tag fused in frame with RB (379–928). Both
SNAP43 (1–368) and SNAP50 (1–411) were constructed in a similar manner to
generate pGST-SNAP43 (1–368) and pGST-SNAP50 (1–411), respectively. GST
fusion proteins were expressed in Escherichia coli BL21 DE3, and extracts were
prepared by sonication. Proteins were purified by binding to glutathione agarose
beads (Sigma) followed by extensive washing in HEMGT-150 buffer (20 mM
HEPES [pH 7.9], 0.5 mM EDTA, 10 mM MgCl2, 10% glycerol, 0.1% Tween 20)
containing protease inhibitors (0.1 mM phenylmethylsulfonyl fluoride, 1 mM
sodium bis-sulfate, 1 mM benzamidine, 1 mM pepstatin A) and 1 mM dithio-
threitol. Bound proteins were then used directly for GST pulldown assays. For in
vitro transcription experiments, GST-RB (379–928) and GST were eluted from
beads in HEMGT-150 buffer containing 50 mM glutathione for 1 h at 4°C.
Eluted proteins were dialyzed against Dignam buffer D (9) and concentrated by
centrifugation through YM10 centricon columns (Millipore) to give a final con-
centration of at least 200 ng/ml. Protein expression levels, efficiency of binding to
glutathione agarose beads, and protein concentrations were monitored by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stain-
ing with Coomassie blue.

In vitro transcription assays. In vitro transcription of the Ad VAI and human
U6 snRNA genes was performed essentially as described previously (31, 32, 48).
For the repression assays whose results are depicted in Fig. 1, HeLa cell nuclear
extracts were preincubated with purified recombinant proteins at 30°C for 30
min. The amounts of each protein used are indicated in the figure legend.
Transcription reactions (20-ml mixtures) were initiated by the addition of 0.25 mg
of DNA templates (pBSM131VAI, pU6/Hae/RA.2), nucleoside triphosphates,
and transcription buffer. Transcription reactions were performed for 1 h at 30°C.
Transcripts were separated by denaturing PAGE and visualized by autoradiog-
raphy or by PhosphorImager analysis (Molecular Dynamics).

RB affinity depletion assays. For human U6 snRNA gene repression assays
whose results are shown in Fig. 2A, 8 ml of HeLa cell nuclear extract (7.5 mg/ml)
was preincubated with 1, 2, or 3 ml of purified GST-RB (379–928) or GST (each
at 1 mg/ml) for 30 min at 30°C. GST-RB (379–928) and GST were removed by
affinity purification with glutathione-Sepharose beads (Pharmacia) added at a 1:1
ratio of beads to extract. Samples were then incubated at 4°C for 4 h and
centrifuged to remove associated proteins. One-half of each supernatant (4.5,
5.0, and 5.5 ml of the 1-, 2-, and 3-mg treated samples, respectively) was used for
in vitro transcription assays as described above. For the experiment shown in Fig.
2B, the affinity depletion reactions were scaled up to include 32 ml of nuclear
extract (7.5 mg/ml) plus 10 mg of GST-RB (379–928) (200 ng/ml). For the Ad VAI
gene repression assays whose results are shown in Fig. 2C, 24 ml of HeLa cell
nuclear extract (7.5 mg/ml) was preincubated with approximately 14 mg of puri-
fied GST-RB (379–928) (200 ng/ml). Similar preincubation reactions were per-
formed with either Dignam buffer D (mock depleted) or GST protein at the
same amounts as were used for GST-RB (379–928). After affinity depletion,
supernatants were used immediately in Ad VAI and human U6 transcription
reactions as described previously. Transcription reaction mixtures were also
supplemented with chromatographic fractions containing SNAPc (Mono-Q peak
fraction; approximately 0.3 mg of protein per ml [20]) or TFIIIB (PII-B; approx-
imately 0.6 mg/ml, [32]). For the experiment whose results are presented in Fig.
2B, 10 ng of recombinant human TBP (Promega) was also added as indicated.
For the experiment presented in Fig. 2D, 20 ml of HeLa nuclear extract was
treated with 6 mg of purified GST-RB (379–928) or GST as described above.
Each supernatant (15 ml) and proteins bound to the beads after extensive wash-
ing were separated by SDS–12.5% PAGE and tested by Western blot analysis
using rabbit anti-SNAP43 antiserum (CS48 [20]) or mouse monoclonal antibody
(SL2 [33]).
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RB-SNAPc coimmunoprecipitation. Approximately 300 ml of HeLa cell nu-
clear extract was incubated with 2 mg of mouse anti-RB (clone G3-245; Pharm-
ingen) or anti-hemagglutinin (HA) (12CA5) antibody overnight at 4°C. Samples
were diluted with 1 ml of HEMGT-150 containing protease inhibitors, and 20 ml
of protein G agarose beads (Gibco-BRL) was added to each reaction mixture.
Samples were further incubated at 4°C for 4 h. Antibody beads were washed
three times in HEMGT-150 containing protease inhibitors (1 ml), and bound
proteins were eluted by boiling in 13 Laemmli buffer prior to size fractionation
by SDS–12.5% PAGE. SNAP43 was detected by Western blot analysis using an
antibody specific to SNAP43 (CS48 [20]). To perform the reciprocal immuno-
precipitations, approximately 300 ml of HeLa cell nuclear extract was incubated
with 50 ml of protein A agarose beads (Boehringer Mannheim) precoupled with
either rabbit anti-SNAP43 antibody or preimmune-phase antibodies. Reaction
mixtures were incubated for 2 h at 4°C with mixing. Beads were washed exten-
sively in Dignam buffer D (100 mM KCl) containing protease inhibitors, and
bound proteins were then competitively eluted in 200 ml of Dignam buffer D
containing either a specific peptide (CSH375 [20]) or a nonspecific peptide, each
at 1 mg/ml. Eluted samples were precipitated with trichloroacetic acid (TCA).
Precipitates were redissolved in 13 Laemmli buffer and size fractionated by
SDS–12.5% PAGE. Full-length RB was detected by Western blot analysis using
mouse monoclonal antibodies directed against an epitope contained within
amino acids 300 to 380 (G3-245; Pharmingen).

Protein chromatography and EMSA analysis. Nuclear extracts were prepared
from HeLa cells by the method of Dignam et al. (9). SNAPc- and TFIIIB-
containing fractions were generated essentially as described previously (20, 32,
48). The SNAPc fractions used were from the Mono-Q step of purification. The
TFIIIB fractions used were from the P11-B step of purification. PSE-specific
DNA binding by SNAPc was assayed by electrophoretic mobility shift assay
(EMSA) as described previously (48).

GST pulldown assays. Individual SNAPc subunits and full-length RB were
individually expressed in vitro using rabbit reticulocyte lysates (TNT; Promega),
and proteins were labeled with [35S]methionine. GST pulldown reactions were
performed using 20 ml of glutathione agarose beads containing approximately 1
mg of GST-RB (379–928), GST-SNAP50 (1–411), GST-SNAP43 (1–368), or
GST or beads alone. These were individually incubated with 10 ml of 35S-labeled
proteins for 2 h at 4°C in 1 ml of HEMGT-150 containing protease inhibitors and

1 mM dithiothreitol. The specific combinations of proteins used are indicated in
the legend of Fig. 5. Beads were washed extensively in HEMGT-150, and bound
proteins were separated by SDS–17% PAGE. Proteins were stained with Coo-
massie blue to ensure equivalent loadings of GST-tagged proteins in the samples.
Associated radioactive proteins were detected by autoradiography.

RESULTS

RB represses RNA polymerase III transcription. RB is an
important regulator of cellular growth, and its ability to per-
form this function can partially be attributed to regulation of
RNA polymerase III activity. RB contains 928 amino acids and
can be divided into at least three regions: the N-terminal re-
gion from amino acids 1 to 378, the A/B region from amino
acids 393 to 772, and the C region from amino acids 768 to 869.
Most functions ascribed to RB, including tumor suppressor ac-
tivity and interactions with regulatory target proteins, require
the A/B and/or C regions (56, 60).

To determine the function of RB in regulating RNA poly-
merase III activity, recombinant RB containing the A/B and C
regions was tested for its ability to repress in vitro transcription
by RNA polymerase III. Specifically, in vitro transcription as-
says of the Ad VAI gene and a human U6 snRNA gene were
performed to compare levels of regulation of RNA polymerase
III transcription by RB for genes containing gene-internal
(class 2) and gene-external (class 3) promoter elements. Sche-
matic representation of the core promoters of the genes used
for this study are shown in Fig. 1A. The Ad VAI gene contains
gene-internal A and B box control elements that are also
characteristic of human tRNA genes. The core promoter re-

FIG. 1. RB represses in vitro transcription by RNA polymerase III. (A) Schematic representation of the Ad VAI and human U6 snRNA promoters. (B) Analysis
of GST-RB (379–928) and GST proteins used in transcription reactions. GST-RB (379–928) (lane 2) and GST (lane 3) were expressed in E. coli and purified by affinity
chromatography using glutathione agarose beads and competitive elution with glutathione. After dialysis against Dignam buffer D, proteins were separated by
SDS-PAGE and visualized by staining with Coomassie blue. Lane 1 contains a protein size standard. Molecular weights (in thousands) are noted at the left. (C) GST-RB
(379–928) represses Ad VAI transcription by RNA polymerase III. Approximately 2 ml of HeLa cell nuclear extract (approximately 7.5 mg/ml) was incubated with 200,
400, 800, and 1,200 ng of GST-RB (379–928) (lanes 2 to 5) or GST protein (lanes 6 to 9) at 30°C for 30 min. In vitro transcription of the Ad VAI gene (top gel) was
then initiated by addition of the template, cold nucleoside triphosphates, [a32P]CTP, and transcription buffer. Lane 1 shows the level of transcription with the untreated
extract. Sample handling was monitored by a nonspecific RNA handling control transcript (bottom). (D) GST-RB (379–928) represses human U6 snRNA gene
transcription by RNA polymerase III. Approximately 2 ml of HeLa cell nuclear extract was incubated with 100, 250, and 500 ng of GST-RB (379–928) (lanes 2 to 4)
or GST protein (lanes 5 to 7). Lane 1 shows the level of transcription with the untreated extract. Correctly initiated transcripts from the U6 promoter (labeled U6 59)
were detected by RNase T1 protection essentially as described previously (31).
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gions of human U6 snRNA genes contain a PSE and a TATA
box. In addition, the U6 gene contains a distal sequence ele-
ment (DSE) that recruits Oct-1 to activate U6 transcription.
The GST-RB (379–928) and GST proteins typically used for
these experiments are shown in Fig. 1B. GST-RB (379–928)
and GST were each expressed in E. coli and were purified to
homogeneity by affinity purification using glutathione agarose
beads. In each case, the full-length protein is the most preva-
lent species observed. To determine the effect of these proteins
on RNA polymerase III transcription, increasing amounts of
purified GST-RB (379–928) and GST were added to HeLa cell
nuclear extracts and these extracts were tested for the ability to
support Ad VAI transcription. As shown in Fig. 1C, GST-RB
(379–928) inhibited transcription of the Ad VAI gene (top gel,
lanes 2 to 5) compared to levels observed for the untreated
extract (lane 1). This repression appears to be specific because
addition of equivalent amounts of the GST control protein had
no significant effect on Ad VAI transcription (lanes 6 to 9).
The repression observed for RB is not limited to classical RNA
polymerase III-transcribed genes containing gene-internal pro-
moter elements. As shown in Fig. 1D, increasing amounts of
GST-RB (379–928) significantly reduced RNA polymerase III
transcription, which was correctly initiated from the human U6
promoter (lanes 2 to 4). Again, comparable levels of the GST
control protein had no significant effect in these assays (lanes
5 to 7). Therefore, RB effectively represses in vitro transcrip-
tion by RNA polymerase III.

The human U6 snRNA and Ad VAI promoters have distinct
factor requirements for transcriptional repression by RB. In
order to repress gene transcription by RNA polymerase III,
RB must target specific factors required for transcription of
these genes. To identify these factors, chromatographic frac-
tions previously demonstrated to reconstitute human U6 and
Ad VAI transcription were tested for their ability to restore
transcription in extracts that were treated with GST-RB (379–
928). Potentially, these chromatographic fractions also contain
the factor(s) that is targeted by RB, and these factors may act
as a dominant inhibitor of RB function. Both Ad VAI and
human U6 transcription can be reconstituted by using a com-
bination of fractions obtained from the purification of HeLa
cell extracts over a phosphocellulose P-11 column. These frac-
tions include the P11-B fraction (containing RNA polymerase
III as well as 0.38 M TFIIIB [32]) and the P11-C fraction
(containing RNA polymerase III, TFIIIC, and SNAPc). For
human U6 transcription, the P11-C fraction can be replaced
with a chromatographic fraction further enriched for SNAPc
(Mono-Q) and additional recombinant TBP (48). When re-
combinant TBP and chromatographic fractions containing
SNAPc were initially tested for their ability to directly restore
human U6 transcription in RB-treated extracts, none were
able to counter RB repression (data not shown), perhaps be-
cause these reaction mixtures contain an excess of RB (379–
928). Therefore, whether chromatographic fractions can re-
store transcription in RB-repressed extracts that have had
GST-RB (379–928) removed by affinity purification was tested.
First, the amounts of GST-RB (379–928) required for spe-
cific repression under these conditions were established. To
perform these experiments, GST-RB (379–928) or GST was
preincubated with HeLa cell nuclear extracts. Subsequently,
GST-RB (379–928) was removed by affinity purification with
glutathione agarose beads and extracts were then tested for the
ability to support U6 transcription. As shown in Fig. 2A, di-
minished U6 transcription was observed with extracts affinity
depleted with increasing amounts of GST-RB (379–928) (lanes
3 to 5) compared to that observed with extracts treated with
similar amounts of GST protein (lanes 6 to 8). Therefore,

GST-RB (379–928) can specifically repress human U6 tran-
scription under these conditions and transcription levels re-
main low after removal of GST-RB (379–928) by affinity de-
pletion.

To determine the identities of factors targeted by GST-RB
(379–928), the ability of chromatographic fractions to recon-
stitute human U6 gene transcription in GST-RB (379–928)
affinity-depleted extracts was then assessed. In the experiment
whose results are shown in Fig. 2B, the GST-RB (379–928)
depletion conditions were similar to those shown in lane 5 of
Fig. 2A; however, less extract was tested for transcription and
thus the starting level of transcription was reduced. Under
these conditions, U6 transcription was abolished by GST-RB
(379–928) affinity depletion (lane 2) compared to that in the
untreated extract (lane 1). Addition of recombinant TBP alone
restored significant activity to depleted extracts (lane 3). There-
fore, TBP or a TBP-containing complex required for U6
snRNA gene transcription is functionally limiting in these RB-
treated extracts. Neither fractions containing SNAPc (lanes 4
and 5) nor TFIIIB (lanes 7 and 8) restored transcription when
added alone, even though these fractions contained significant
levels of TBP. However, when chromatographic fractions con-
taining SNAPc were complemented with recombinant TBP,
enhanced activity was now observed (lane 6). This level is ap-
proximately threefold greater than that observed for TBP alone
(lane 3) and significantly greater than that observed for SNAPc
alone (lane 5). The cooperative effect observed for TBP with
SNAPc is specific because this effect was not observed with
TBP complemented with chromatographic fractions contain-
ing TFIIIB (lane 9). Therefore, alone, SNAPc cannot restore
transcription, but together, SNAPc and recombinant TBP act
cooperatively to restore U6 snRNA transcriptional activity to
fractions treated with GST-RB (379–928).

The above results suggest that RB may target TBP or alter-
natively target SNAPc to control TBP activity but that TFIIIB
may not be involved in RB repression of these genes. However,
TFIIIB was previously described as a target for RB repression
of RNA polymerase III activity (7, 29). To determine whether
RNA polymerase III-transcribed genes with intragenic promot-
er elements have similar factor requirements for relief from
RB repression, the ability of chromatographic fractions to re-
store Ad VAI transcription was also tested. As shown in Fig.
2C, the GST-RB (379–928)-treated extract was compromised
for Ad VAI transcriptional activity (lane 3) compared to that
of either mock-treated (lane 2) or untreated (lane 1) HeLa cell
nuclear extracts. Transcriptional activity was not restored by ad-
dition of chromatographic fractions containing SNAPc (lanes 4
and 5). This result was expected because SNAPc is not required
for transcription of these genes. However, Ad VAI transcrip-
tional activity is effectively reconstituted by addition of increas-
ing amounts of chromatographic fractions containing TFIIIB
(lanes 6 and 7). Transcription in these samples is comparable
to levels obtained with either the mock-treated (lane 2) or
GST-treated (lane 8) extracts. Therefore, fractions containing
TFIIIB effectively reconstitute Ad VAI transcription, and this
reconstitution is specific because restoration is not observed
with SNAPc-containing fractions. These data are consistent
with those previously described (7, 29) and support the hypoth-
esis that TFIIIB is one target for gene regulation by RB.

One explanation for the reduced U6 transcription following
affinity depletion with GST-RB (379–928) is that TBP or high-
er-order complexes containing TBP and SNAPc are removed.
Thus, affinity depletion of nuclear extracts using GST-RB
(379–928) should also result in a measurable reduction in the
levels of these factors. Therefore, a Western blot analysis was
performed using anti-SNAP43 antibody (CS48 [20]) and anti-
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TBP antibody (SL2 [33]) to determine whether treatment of
nuclear extracts with GST-RB (379–928) alters the level of
SNAPc or TBP. As shown in Fig. 2D (top blots), depleting
extracts with GST-RB (379–928) resulted in a significant de-
crease in SNAP43 levels (lane 6) compared to amounts present
in extracts depleted with the GST control protein (lane 7).
Comparison of SNAP43 in the GST-RB (379–928)-treated
sample and in decreasing amounts of HeLa cell nuclear extract
(lanes 1 to 5) indicated that at least 50% of endogenous
SNAP43 was removed by affinity depletion with GST-RB (379–
928). This same membrane was then reprobed using antibodies
directed against TBP, and the results are shown in Fig. 2D
(lower blots). In this case, no significant difference in TBP
levels was observed for the GST-RB (379–928)- and GST-
treated samples, suggesting that TBP is not effectively depleted
in these assays. This may mean that RB does not target TBP.
Alternatively, since TBP is present in numerous TBP-contain-
ing complexes and RB may target only some of these com-
plexes, the removal of a minor proportion of the total TBP may
not be detectable in these assays. Indeed, TBP was associated
with the GST-RB (379–928) agarose beads (lane 8) but not
with the GST-agarose beads (lane 9), suggesting that a minor
proportion of the total TBP can associate specifically with GST-
RB (379–928). Our results are also consistent with the notion
that GST-RB (379–928) targets SNAPc in a stable fashion.

Endogenous RB associates with SNAPc. The above-de-
scribed experiments suggest that high levels of GST-RB (379–
928) can target SNAPc to potentially control human U6 gene
transcription. However, it is important to determine whether
an association between endogenous RB and SNAPc is possible.
To determine whether endogenous RB and SNAPc can inter-
act, coimmunoprecipitation experiments were performed by
incubating HeLa cell nuclear extracts with either anti-HA or
anti-RB antibody. Proteins bound by these antibodies were
eluted by boiling in Laemmli buffer and separated by SDS-
PAGE for analysis by anti-SNAP43 antibody Western blotting.
As shown in Fig. 3A, significant levels of SNAP43 were de-
tected in the samples immunoprecipitated with the anti-RB
(lane 5) but not with the anti-HA (lane 4) antibody. To confirm
these results, the reciprocal experiment was performed by test-
ing the coimmunoprecipitation of RB through immunoprecipi-
tation of the SNAP43 subunit of SNAPc (Fig. 3B). In these
experiments the immunoprecipitation methodology was mod-
ified to reduce the high nonspecific background that was ob-
served due to cross-reaction of the secondary antibody with the
heavy chain from the anti-SNAP43 antibody. HeLa cell nuclear
extracts were incubated with agarose beads covalently cross-
linked with either rabbit anti-SNAP43 (CS48 [20]) or preim-
mune-phase antibody. Each sample was then divided in half.
Bound proteins were competitively eluted with either the spe-
cific peptide used to generate the anti-SNAP43 antibody (1
mg/ml, peptide CSH375 [20]) or a nonspecific peptide. These
elution conditions were chosen to minimize the disruption of

FIG. 2. Different factors reconstitute Ad VAI and human U6 snRNA gene
transcription in GST-RB (379–928)-treated extracts. (A) GST-RB (379–928)
affinity depletion specifically inhibits U6 transcription. HeLa cell nuclear extracts
(8 ml) were incubated with Dignam buffer D (mock lane 2) or 1, 2, or 3 mg of
purified GST-RB (379–928) (lanes 3 to 5) or GST (lanes 6 to 8) for 30 min at
30°C. The recombinant proteins and associated factors were then removed by
affinity purification with glutathione agarose. One-half of each treated extract
was then tested for the ability to support human U6 snRNA transcription. Lane
1 shows the transcription supported by 4 ml of the untreated extract. (B) SNAPc
but not TFIIIB acts cooperatively with TBP to reconstitute human U6 snRNA
gene transcription. HeLa cell extracts were incubated with GST-RB (379–928)
(lanes 2 to 9). After being treated with glutathione agarose beads, 5 ml of each
treated extract was tested for the ability to support U6 transcription in the
absence of chromatographic fractions (lane 2) or in the presence of chromato-
graphic fractions containing SNAPc (2.7, 8, and 8 ml, lanes 4 to 6, respectively)
or TFIIIB (2.7, 8, and 8 ml, lanes 7 to 9, respectively). Reactions shown in lanes
3, 6, and 9 were also complemented with 10 ng of recombinant TBP (Promega).
Lane 1 shows transcription supported by 2 ml of the untreated extract. I.D.,
identification. (C) TFIIIB but not SNAPc reconstitutes Ad VAI gene transcrip-
tion. HeLa cell nuclear extracts were incubated with Dignam buffer D (lane 2),
GST-RB (379–928) (lanes 3 to 7), or GST (lane 8) for 30 min at 30°C. GST-RB
(379–928) and GST were removed by incubating treated extracts with glutathi-
one agarose beads for 4 h at 4°C. Depleted extracts (8 ml) were then tested
for the ability to support VAI gene transcription in the absence of chromato-
graphic fractions (lanes 3 and 8) or in the presence of chromatographic fractions

containing SNAPc (2.7 and 8 ml, lanes 4 and 5, respectively) or TFIIIB (2.7 and
8 ml, lanes 6 and 7, respectively). Lane 1 shows transcription supported by 2 ml
of the untreated extract. (D) SNAPc levels are reduced in RB-treated extracts.
HeLa cell nuclear extract was treated with 6 mg of GST-RB (379–928) or GST
as described above. Depleted extracts and proteins (15 ml) associated with the
beads after extensive washing were separated by SDS–12.5% PAGE and tested
by Western blot analysis using rabbit anti-SNAP43 antisera (top blot). The
membrane was then stripped and reprobed using mouse anti-TBP antibodies
(bottom panel). Lanes 1 to 5 contain 12, 6, 3, 1.5, and 0.75 ml of HeLa cell
nuclear extract, respectively. The GST-RB (379–928)- and GST-treated extracts
are shown in lanes 6 and 7, respectively. Lanes 8 and 9 contain proteins associ-
ated with the GST-RB (379–928) and GST agarose beads, respectively.
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protein-protein interactions and reduce contamination of the
eluted proteins with the heavy chain from the SNAP43 anti-
bodies. Eluted proteins were then concentrated by precipita-
tion with TCA, size fractionated by SDS–12.5% PAGE, and
analyzed by Western blot analysis using antibodies directed
against RB. As shown in Fig. 3, a significant amount of endog-
enous RB is coimmunoprecipitated using anti-SNAP43 anti-
bodies and eluted with the specific peptide (lane 6). The co-
immunoprecipitation of RB with SNAPc is specific because it is
not nonspecifically eluted from the anti-SNAP43 antibodies
(lane 7) and it also is not observed under any immunoprecipi-
tation conditions using preimmune-phase antibodies (lanes 4
and 5). Therefore, a subpopulation of endogenous RB associ-
ates with endogenous SNAPc.

If the association between RB and SNAPc is stable, then it is
possible that a significant amount of endogenous RB will co-
fractionate with SNAPc during extensive chromatographic pu-
rification of SNAPc. Therefore, to further test the association
between endogenous RB and SNAPc, SNAPc was purified
from HeLa cell extracts and the copurification of RB was

monitored by Western blot analysis. The purification scheme
typically used to fractionate SNAPc is shown in Fig. 4A. This
scheme applies to the purification of SNAPc from both HeLa
cell nuclear and S-100 extracts. Briefly, HeLa cell extracts were
selectively precipitated by ammonium sulfate prior to fraction-
ation using a phosphocellulose P-11 column. Proteins bound to
this column were step eluted in buffers containing increasing
concentrations of KCl to generate the P11-A, -B, -C, and -D
fractions. The majority of SNAPc is present in the P11-C frac-
tion. The P11-C fraction was then directly passed over a Ciba-
cron blue (CB) affigel column, and bound proteins were eluted
with a linear gradient from 500 mM KCl (0% ethylene glycol)
to 2.5 M KCl (25% ethylene glycol). Fractions generated from
this column were dialyzed against Q100 buffer and then tested
for DNA binding activity as previously described (48). EMSA
of the CB fractions revealed that the majority of PSE binding
activity is present in CB fractions 29 to 59 (Fig. 4B). This peak
corresponds to fractions eluted at KCl concentrations between
1.8 and 2.5 M KCl and is indicative of SNAPc activity. These
fractions were then tested for the presence of RB by Western
blot analysis, and the results are shown in Fig. 4C. A significant
level of RB is present in the CB fractions, with a peak observed
in fractions 29 to 39, indicating that RB cofractionates with
SNAPc. However, RB is present only in a subset of the frac-
tions containing significant levels of SNAPc activity. For exam-
ple, CB fractions 39, 41, and 43 contain similar levels of DNA
binding activity and yet contain distinctly different levels of RB.
This finding suggests that RB is associated with a subpopula-
tion of SNAPc.

To further characterize the association of RB with SNAPc,
the peak of DNA binding activity from the CB column was
purified by anion-exchange chromatography using a Mono-Q
column (Pharmacia). The vast majority of SNAPc is eluted
from this column isocratically in buffer containing 250 mM
KCl. By this stage of purification, SNAPc has been purified
approximately 2,000-fold (data not shown). To test for the
presence of RB in these fractions, increasing amounts of the
Mono-Q peak (3, 10, and 30 ml, ca. 0.25 mg of protein per ml)
were analyzed for the presence of RB, and the results are
shown in Fig. 4D. Again, significant levels of RB are present in
these fractions containing highly purified SNAPc (lanes 1 to 3).
More RB is detected in these Mono-Q fractions than in HeLa
cell nuclear extracts (1, 3, and 10 ml, ca. 10 mg of protein per
ml) shown in lanes 4 to 6. These data indicate that RB is
approximately one- to threefold more concentrated in the
Mono-Q fractions than in HeLa cell nuclear extracts. Corre-
spondingly, this represents an estimated 30- to 100-fold puri-
fication of RB during the purification of SNAPc. Therefore, a
subpopulation of endogenous RB is associated with a subpopu-
lation of endogenous SNAPc.

RB can interact with SNAPc. RB associates with SNAPc as
detected both by coimmunoprecipitation from nuclear extracts
and by cofractionation during SNAPc purification. However, it
is not known whether this association is mediated by additional
factors or whether RB directly targets SNAPc. Therefore, to
determine whether direct interactions between RB and SNAPc
are possible, GST pulldown assays were performed with GST-
RB (379–928) and individual subunits of SNAPc. Each SNAPc
subunit was expressed separately in rabbit reticulocyte lysates,
and proteins were labeled with [35S]methionine. These labeled
proteins were then mixed with GST-RB (379–928) that had
been prebound to glutathione agarose beads. Proteins were
also tested for interactions with GST protein or beads alone
as negative controls. The results of these GST pulldown
assays are shown in Fig. 5A. Significant interactions were
observed between GST-RB (379–928) and two SNAPc sub-

FIG. 3. Endogenous RB is associated with SNAPc. (A) Endogenous SNAP43
is coimmunoprecipitated with RB. Approximately 300 ml of HeLa cell nuclear
extract was incubated with mouse anti-RB (G3-245; Pharmingen) (lane 5) or
anti-HA (12CA5) (lane 4) antibodies (aRB and aHA, respectively) overnight.
Protein-antibody complexes were removed by affinity purification using protein
G agarose beads (Gibco-BRL). The beads were washed extensively, and bound
proteins were resolved by SDS–12.5% PAGE. SNAP43 association was detected
by Western blot analysis using antibodies specific to SNAP43 (CS48 [20]). Lanes
1 to 3 show the amount of SNAP43 present in 10, 3, and 1 ml of nuclear extract.
(B) Endogenous RB coimmunoprecipitated with SNAPc. HeLa cell nuclear
extracts were incubated with antibodies directed against the SNAP43 subunit of
SNAPc (lanes 6 and 7) or rabbit preimmune-phase antibodies (lanes 4 and 5)
covalently coupled to protein A agarose beads (Boehringer Mannheim). After
protein binding and extensive washing, each reaction mixture was divided in half.
Bound proteins were competitively eluted in buffer containing either a specific
peptide (CSH375 [20]) (lanes 4 and 6) or an irrelevant peptide (CSH374) (lanes
5 and 7). Eluted proteins were precipitated with TCA and size fractionated by
SDS–12.5% PAGE, and the levels of RB were detected by Western blot analysis.
Lanes 1 to 3 show the levels of RB detected in 10, 3, and 1 ml of HeLa cell
nuclear extract after precipitation with TCA. Pre. IP, preimmune-phase antibody
immunoprecipitation; a43 IP, anti-SNAP43 antibody immunoprecipitation;
Non-Spec., nonspecific.
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units: SNAP43 and SNAP50. These interactions are specific,
as no interaction was detected between these proteins and
either the GST samples or the control samples with beads
alone. In contrast, no significant interactions were observed
between GST-RB (379–928) and any other SNAPc subunits.
As an additional control, the reciprocal experiment was per-
formed (Fig. 5B). Full-length RB (1–928) was expressed in
vitro and labeled with [35S]methionine and was then tested for
interactions with GST-SNAP43 and GST-SNAP50. Again, full-
length RB interacted with both SNAP43 and SNAP50, and this
interaction was specific because little cross-reaction with the
samples with GST alone or beads alone was observed. There-
fore, the association of RB with SNAPc previously observed
may involve direct protein-protein interactions between RB
and SNAPc.

DISCUSSION

RB is an important tumor suppressor protein that acts to
regulate cell growth in part by controlling progression through
the cell cycle. Typically, RB is thought to act by regulating
expression of genes that are important for executing specific
cell cycle functions. The discovery that RB represses transcrip-

tion by RNA polymerases I (4) and III (63) reveals that RB
also acts to regulate expression of highly transcribed genes
encoding nontranslated RNAs.

The ability of RB to regulate gene expression is determined
by targeting RB to specific gene promoters. Control of RNA
polymerase II transcription typically involves recruiting RB to
gene promoters by direct protein-protein interactions with the
transcriptional regulatory protein E2F (11). Interactions be-
tween RB and other regulatory proteins are also important for
RB function. Nonetheless, RB does not directly regulate tran-
scription of most genes by RNA polymerase II. In contrast, RB
appears to generally repress RNA polymerase III activity (63).
This suggests that RB interacts with the general transcriptional
machinery required for RNA polymerase III transcription
to effect repression. Indeed, the general transcription factor
TFIIIB, composed of TBP and BRF, is important for expres-
sion of 5S rRNA and tRNA genes and also appears important
for regulation of these genes by RB. In our experiments, ad-
dition of chromatographic fractions containing TFIIIB re-
stored Ad VAI transcription to extracts that were affinity de-
pleted with GST-RB (379–928). This result suggests that
TFIIIB is limiting for Ad VAI transcription in extracts affinity
depleted with GST-RB (379–928) and is consistent with the

FIG. 4. Endogenous RB cofractionates with SNAPc during chromatographic purification. (A) Schematic representation of the chromatographic purification used
to purify SNAPc. (B) Characterization of chromatographic fractions for PSE binding activity. Approximately 10-ml aliquots of the P11-C fraction (load, ca. 0.5 mg of
protein per ml) and fractions obtained from the CB step of purification were tested for DNA binding activity by EMSA using radioactive probes containing a
high-affinity mouse U6 PSE and the TATA box. The positions of the unbound probe (free probe) and SNAPc bound to DNA (SNAPc) are labeled. The peak of SNAPc
is contained in fractions 27 to 59 and corresponds to fractions eluted in buffer containing between 1.8 and 2.5 M KCl. (C) Anti-RB antibody Western blot analysis of
SNAPc-containing fractions shown in panel B. Approximately 10-ml aliquots of each fraction were tested for the presence of RB using mouse anti-RB monoclonal
antibodies that recognize an epitope between amino acids 300 and 380 of human RB (antibody G3-245; Pharmingen). Significant levels of RB are detected in CB
fractions 29 to 39. (D) Anti-RB antibody Western blot analysis of highly purified SNAPc fractions. The peak fractions of SNAPc activity from the CB column (CB
fractions 29 to 59) were pooled and further purified by anion-exchange column chromatography using a Mono-Q HR 5/5 column (Pharmacia). The peak of SNAPc
elutes from this column as a single peak in buffer containing 250 mM KCl. Increasing amounts of the Mono-Q peak fractions (lanes 1 to 3, approximately 0.8, 2.4, and
7.5 mg of total protein, respectively) and nuclear extract starting material (lanes 4 to 6, approximately 10, 30, and 100 mg of total protein, respectively) were analyzed
by SDS–12.5% PAGE and Western blotting using antibodies directed against RB.
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previously suggested hypothesis that RB targets TFIIIB for
repression of these genes (7, 29).

The human U6 gene family has distinctly different promoter
elements contained entirely in the 59 regions flanking these
genes. In vitro, RB also effectively represses transcription of
these genes and in our assays repression of U6 gene transcrip-
tion is observed at moderately lower concentrations of RB
than that required for repression of Ad VAI gene transcription
(Fig. 1 and data not shown). Many explanations might explain
the differential regulation of these two genes by RB, but one
explanation that we favor is that RB specifically interacts with
different factors specialized for transcription of these genes
and that these interactions are important for repression. Tran-
scription of human U6 snRNA genes by RNA polymerase III
requires the general transcription factors SNAPc, BRF2, and
TBP (37, 48), whereas TFIIIB, consisting of BRF and TBP,
appears not to be required (39). Fractions containing TFIIIB
were unable to restore U6 snRNA gene transcription in ex-
tracts that were affinity depleted with GST-RB (379–928).
Therefore, TFIIIB appears to be important for RB repression
of Ad VAI but not human U6 snRNA gene transcription.

In order to test whether the general transcription factor
SNAPc has a role in mediating RB regulation, chromato-
graphic fractions containing SNAPc were added to GST-RB
(379–928)-treated extracts. In these experiments, SNAPc frac-

tions did not restore U6 snRNA gene transcription, which
suggests that SNAPc is not involved in RB repression. One
possibility is that RB, also present in these fractions, represses
SNAPc activity. We consider this possibility unlikely because
SNAPc fractions obtained by biochemical fractionation effi-
ciently restore U6 transcription in extracts immunodepleted of
endogenous SNAPc (data not shown), suggesting that the lev-
els of RB present are not inhibitory for SNAPc function. A
second possibility is that other factors not contained in the
SNAPc fractions are targeted and removed from extracts by
affinity depletion with GST-RB (379–928). Indeed, recombi-
nant TBP alone restored transcription from the U6 promoter
when it was added to GST-RB (379–928)-affinity-depleted ex-
tracts. This result suggests that TBP or higher-order complexes
containing TBP are important for RB regulation of human U6
snRNA genes.

Although recombinant TBP alone restored U6 transcription,
the levels of transcription observed were increased by the
addition of fractions containing SNAPc, but not TFIIIB, to
reaction mixtures containing recombinant TBP. This result
suggests that SNAPc is also involved in the pathway for RB
regulation of human U6 genes. Consistent with these observa-
tions, the levels of endogenous SNAPc were reduced in nuclear
extracts affinity depleted with an excess of GST-RB (379–928).
One function of SNAPc is to recruit TBP to the TATA box
contained in human U6 snRNA gene promoters (40). How-
ever, high levels of recombinant TBP can overcome the re-
quirement for SNAPc for U6 transcription (data not shown).
The ability of TBP to function alone in these assays, therefore,
may be because high levels of TBP can bypass the requirement
for SNAPc. Thus, RB may control SNAPc to affect TBP activity
at these promoters. If RB targets SNAPc to repress human U6
transcription, then it was expected that there should be a mea-
surable association between endogenous RB and SNAPc. In-
deed, a fraction of the total endogenous RB associates with
SNAPc. First, a modest level of RB was observed to coimmu-
noprecipitate with SNAPc. Furthermore, copurification of RB
with SNAPc was observed during the biochemical fractionation
of SNAPc. In support of these results, RB can interact with the
SNAP43 and SNAP50 subunits of SNAPc, which suggests that
direct interactions between RB and SNAPc may be important
for regulating U6 gene expression. These results, however, do
not rule out the possibility that additional factors may also
contribute to the function of RB at these promoters. It remains
to be determined whether the recently described alternatively
spliced forms of human BRF (37) also participate in RB re-
pression of human U6 gene transcription.

For RNA polymerase II transcription, two models have been
proposed to explain the mechanism for gene repression by RB.
In one model, RB binds E2F at the promoter to abrogate
the potential of E2F to activate transcription. E2F recruits
the general transcription factor TFIID to the promoter in a
TFIIA-dependent manner, and this promoter is sensitive to the
presence of RB. After TFIID-TFIIA complex formation, gene
expression becomes resistant to repression by RB (46). In a
second model, RB represses transcription of some cell cycle-
responsive genes that contain E2F binding sites via recruitment
of a histone deactylase (HDAC) (2, 35, 36). Thus, transcrip-
tional repression by RB may involve modification of chromatin
structure. HDACs remove acetyl groups from histones and
consequently reconfigure the chromatin structure to a nonper-
missive state for transcription. The recruitment of HDACs by
RB may be direct (13, 36) or require a tethering protein (28).
However, not all promoters are sensitive to recruitment of
HDACs, and thus it appears that these two models for RB
repression are promoter selective (35).

FIG. 5. RB interacts with two components of SNAPc. (A) GST pulldown
experiment performed to test interactions between individual SNAPc subunits
and GST-RB (379–928). Each SNAPc subunit was expressed in vitro using rabbit
reticulocyte lysates, and proteins were labeled with [35S]methionine. Lane 1
contains 10% of the 35S-labeled proteins used as inputs. These were tested for
interactions with GST-RB (379–928) (lane 2), GST (lane 3), or glutathione
agarose beads alone (lane 4). Proteins were size fractionated by SDS–12.5%
PAGE and visualized by autoradiography. The identity of each SNAPc subunit is
indicated. (B) Full-length RB was expressed in vitro and labeled with [35S]me-
thionine. Lane 1 contains 10% of 35S-labeled RB used as input, which was tested
for interaction with GST-SNAP43 (lane 2), GST-SNAP50 (lane 3), GST (lane 4),
and beads alone (lane 5) as described above.
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How does RB regulate U6 snRNA gene transcription by
RNA polymerase III? Potentially, histone deacetylation is an
attractive model to explain regulation of U6 snRNA gene
transcription in vivo. In chromatin reconstitution experiments,
the human U6 snRNA gene contains a positioned nucleosome
located between the DSE and the PSE (53). Transcription of
the U6 wild-type gene is enhanced after chromatin assembly,
and thus, modification of histones may potentially repress gene
activity. However, in our in vitro system we observed repres-
sion of RNA polymerase III transcription using naked DNA
templates. Thus, it appears that chromatin modification is not
essential for repression of RNA polymerase III in vitro. In an
alternative model, RB acts to inhibit preinitiation complex
assembly at human U6 promoters. For example, RB could
disrupt the interaction between the transcriptional activator
Oct-1 and SNAPc (Fig. 6). Direct contacts between the Oct-1
POU domain and the SNAP190 subunit of SNAPc facilitate
SNAPc binding to the PSE (14, 41). Interactions between
RB and SNAPc may prevent interactions between Oct-1 and
SNAPc and therefore prevent recruitment of SNAPc to human
U6 gene promoters. This model is reminiscent of the role of
RB in repressing RNA polymerase II transcription by modu-
lating E2F-mediated pre-initiation complex assembly with
TFIID and TFIIA (46). RB may also interfere with pre-initi-
ation complex assembly by preventing DNA binding by SNAPc
or TBP. By binding to SNAPc, RB may directly prevent this
core promoter complex from binding to the PSE in the pro-
moter of human U6 snRNA genes. Another interesting possi-
bility is that RB disrupts communication between SNAPc and
TBP. The binding of SNAPc to the PSE and of recombinant
TBP to the TATA box is cooperative, and this is important for
transcription of the U6 snRNA gene (40). Therefore, RB may
disrupt TBP recruitment by interfering with the function of
SNAPc for TBP recruitment. Interestingly, SNAPc interacts
well with TBP, and this interaction may involve the SNAP43
subunit (20), which also binds RB in our assays. Thus, potential
interactions between SNAP43 and RB may modulate simulta-
neous interactions between SNAP43 and TBP.

RB plays an important role in coordinating RNA polymer-
ase III activity, and our data indicate that RB does this by

targeting TFIIIB and SNAPc or TBP. Clearly, regulating TBP
is important and RB appears to target core-promoter com-
plexes that are important for TBP function. TFIIIB and SNAPc
play crucial early roles in pre-initiation complex assembly at
RNA polymerase III gene promoters, and therefore, these are
attractive targets for regulating RNA polymerase III activity.
By understanding the mechanisms by which expression of non-
translated RNAs is controlled, we can define the contribution
of these RNAs to the regulation of normal cell growth. Impor-
tantly, the availability of essential nontranslated RNAs may act
to limit cell growth and RB repression of genes encoding these
RNAs likely has to be overcome prior to tumor progression.
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