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ABSTRACT

TRANSCRIPTIONAL REGULATION OF THE HUMAN SMALL NUCLEAR RNA
GENE FAMILY

By

Gauri W. Jawdekar

Human RNA polymerase III synthesizes small, non-translated RNAs including 5S rRNA,
tRNA, and U6 snRNA that control numerous critical steps during the flow of genetic
information in biological systems. U6 snRNA genes and other related family members
are unusual because they are transcribed by either RNA polymerase II or III depending
on the arrangement of core promoter elements. Thus human snRNA genes in general
provide a good model to study polymerase preference and activity during normal and
deregulated growth.

One characteristic feature of all snRNA genes is the presence of an essential
proximal sequence element (PSE) in the core promoter region that is recognized by the
multi-subunit general transcription factor called SNAPc. DNA binding by SNAPc is a
crucial early event during preinitiation complex assembly, and is a target for regulatory
intervention. The mechanism of DNA binding by SNAP¢ was investigated in this study.
The SNAPS50 subunit of SNAP¢ plays an important role in preinitiation complex
assembly for RNA polymerase II and III transcription in a process involving an
unorthodox but highly conserved zinc finger domain. This zinc finger domain functions

directly in DNA binding and is essential for cooperative promoter recognition by SNAPc.



The Retinoblastoma (RB) tumor suppressor protein represses U6 snRNA
transcription by RNA polymerase III and interestingly can interact with the SNAPS50
subunit of SNAP¢ suggesting that RB could impair DNA binding by SNAP( to repress
transcription. However, studies from our lab suggest that RB does not affect DNA
binding by SNAP( during repression. Therefore, to further understand the mechanism of
RB repression of U6 snRNA transcription, I examined the role of RB co-factors such as
histone deacetylases (HDACs) and components of the ATP-dependent SWI/SNF
chromatin remodeling complex in RB repression. In this study I show that endogenous
RB co-occupies the U6 snRNA promoter with HDACs and stimulates association of
HDAC2 and Brgl with the U6 promoter during repression. Interestingly, HDAC
enzymatic activity is required for RB repression of chromatin template but not naked
DNA template, suggesting that RB repression and HDAC activity are biochemically
separable.

In a search for additional factors that associate with SNAPc and potentially
regulate human snRNA transcription, a protein called HEXIM1 was identified. In this
study, I show that HEXIM1 co-purifies with SNAP¢ and stimulates DNA binding by
SNAPc and TBP. HEXIMI1 positively regulates 7SK transcription by potentially
enhancing preinitiation complex assembly by these factors. Interestingly, HEXIM1 and
7SK RNA are part of a complex that inhibits the activity of P-TEFb, which is required for
transcription of HIV-1 and cellular genes by RNA polymerase II. Our observation that
HEXIMI1 stimulates transcription of its co-repressor partner suggests a mechanism by
which P-TEFb activity and hence global RNA polymerase II transcription may be

regulated.
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CHAPTER 1
INTRODUCTION

RNA polymerase 111 transcription

In most eukaryotes three major related nuclear RNA polymerases are responsible
for catalyzing the synthesis of RNA from DNA. RNA polymerase I is dedicated to
transcribing only one set of genes, the tandemly repeated ribosomal RNA (rRNA) genes.
RNA polymerase II transcribes protein coding messenger-RNA (mRNA) genes, micro
RNA (miRNA), and some non-translated small nuclear RNA (snRNA) genes. In contrast,
RNA polymerase III transcribes the well-studied SS ribosomal RNA (rRNA) and transfer
RNA (tRNA) genes, and a diverse collection of small nuclear RNA (snRNA) genes. One
common feature shared by these RNA polymerase III transcribed genes is that they

encode non-translated RNAs that are almost always shorter than ~400 base pairs (111).

1. Diverse cellular functions of genes transcribed by RNA polymerase II1

The products of RNA polymerase III transcription such as U6 snRNA, 5S rRNA
and tRNA have been best studied for their function in mRNA splicing and protein
synthesis, respectively. However, recent evidence suggests that RNA polymerase III
transcripts function for most, if not all, crucial steps during the flow of information in
biological systems and for maintaining cellular homeostasis. Table 1 describes the

various RNAs molecules transcribed by RNA polymerase III and their known functions.



Table 1-1. Diverse cellular functions of some non-translated RNAs transcribed by
RNA polymerase I1I and II.

RNA polymerase III transcribes non-translated RNAs that are characteristically less than
400 base pairs long. These gene products play an important role in diverse cellular
processes indicated in the table.
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1.1. RNA polymerase III and information flow in biological systems

The central dogma is described as the sequential transfer of genetic information
from DNA to RNA by the process of transcription and from RNA to protein by the
process of translation. Recent observations show that snRNA gene products transcribed
by RNA polymerase III influence each step in these processes. For example, B2 RNA
represses RNA polymerase II-driven transcription. When mouse cells are exposed to heat
shock, RNA polymerase II transcription of genes including actin, histone H1 and
hexokinase II is repressed, while transcription of heat shock genes including hsp70
increases. In response to heat shock, B2 RNA binds to core RNA polymerase II and
forms transcriptionally inactive preinitiation complexes at specific gene promoters to
inhibit mRNA synthesis by an unknown mechanism (21). Like B2 RNA, 7SK snRNA
also inhibits RNA polymerase II transcription through its membership in the
7SK/HEXIMI ribonucleoprotein complex that interacts with and inhibits the positive
elongation factor b (P-TEFb) (94, 137, 138). P-TEFb, which is composed of cyclin T1
and cdk9, phosphorylates the carboxy terminal domain (CTD) of the largest subunit of
RNA polymerase II to stimulate transcription elongation of cellular genes as well as HIV-
1 transcription and replication from the HIV long terminal repeat (LTR) (83, 84, 147). A
cellular function for 7SK snRNA that might be independent of P-TEFb has been recently
described. si-RNA mediated depletion of endogenous 7SK caused a marked decrease in
cellular growth that was accompanied with increasing apoptosis by 72 hrs post-
transfection in HeLa cells (36).

Newly synthesized pre-mRNA products of RNA polymerase II transcription are

almost always spliced before they can be translated into proteins. Splicing is carried out



by the uridine rich snRNAs that are members of the snRNA gene family. Interestingly,
some snRNA genes like U6 are transcribed by RNA polymerase III, whereas other
snRNA genes such as U1, U2, U4, and US are transcribed by RNA polymerase II. Both
types of snRNA function in mRNA splicing as a part of the small nuclear
ribonucleoprotein particles (snRNPs) (48). Once the mRNA is appropriately processed by
the snRNPs, it is ready for protein translation in a process involving the RNA polymerase
III-transcribed 5S rRNA and tRNA gene products. 5S rRNA and tRNA are themselves
processed before becoming active. For example, U3 snRNA is involved in rRNA
processing (23, 33), while H1 snRNA is part of the catalytic subunit of RNase P that
functions in tRNA maturation (3). Finally 7SL RNA as a component of the signal
recognition particle (SRP) directs integral membrane and secretory proteins to the
endoplasmic reticulum during translation (19, 131). Thus numerous products of RNA
polymerase III transcription perform critical functions during transmission of information
from DNA to RNA to protein.

In addition, a role for the MRP RNA in DNA replication was described. MRP
RNA, transcribed by RNA polymerase III, was originally identified as an essential
component of a ribonucleoprotein particle with endoribonuclease activity (RNase MRP).
RNase MRP in mouse cells was shown to be involved in cleavage of mitochondrial RNA,
which functions as a primer for mitochondrial DNA replication (8). Subsequent studies
have identified a role for MRP RNA in pre 5.8S rRNA processing in the nucleolus (14,
45, 110). Interestingly, mutations in the gene encoding MRP RNA in the yeasts
Saccharomyces cerevisiae and Schizosaccharomyces pombe lead to a delay in exit from

mitosis. This delay was caused by MRP RNA mediated destabilization of the CLB2



mRNA, which encodes the major mitotic B-cyclin (28). While the regulation of B-cyclin
by RNA is a novel result in yeast, the mechanism for reduction in B-cyclin by the MRP
RNA is yet to be elucidated. Nevertheless, this result is interesting given the fact that the

RNA and protein components of the RNase MRP are highly conserved in all eukaryotes.

1.2. RNA polymerase III transcripts and cellular homeostasis

Products of RNA polymerase III transcription have been suggested to play a role
in maintaining cellular homeostasis. Although the mechanisms for understanding DNA,
mRNA, and protein quality control have been fairly well studied, not much is known
about the cellular response to misfolded, abnormal non-coding RNAs. A role for Y RNAs
that are transcribed by RNA polymerase III has been proposed in this process. Y RNA is
associated with the Ro autoantigen (74), which was originally discovered in patients
suffering from lupus erythematosis. Ro was subsequently shown to recognize misfolded
5S rRNA in Xenopus oocytes (115) and human U2 snRNA in response to UV irradiation
(11). The Ro orthologue in the eubacteria Deinococcus radiodurans binds to several
small RNAs, including one that resembles human Y RNA and contributes to resistance to
UV irradiation thus allowing cell survival (10). Y RNA is speculated to sequester Ro in
an inactive state by causing a steric hindrance in the misfolded RNA binding site. While
the trigger for Y RNA disassociation from Ro remains to be identified, the Y RNA is
replaced by misfolded RNA that is ultimately degraded by an unknown mechanism (81,
116).

Vault RNA (VRNA), a small non-translated RNA transcribed by RNA polymerase

III, binds to certain chemotherapeutic compounds (31, 65, 66). VRNA is part of a large



cytoplasmic ribonucleoprotein complex called Vault. Vault particles appear to be
localized in both the nucleus as well as the cytoplasm, and hence have been implicated in
intracellular and nucleocytoplasmic transfer. Furthermore, Vault particles have been
postulated to play an important role in intracellular detoxification, thus contributing to the
multidrug resistance of cancer cells (92). For example, the interaction of VRNA with
certain chemotherapeutic compounds has been suggested to play an important role in

Vault function by participating in the detoxification process (31, 65, 66).

2. Regulation of RNA polymerase Il transcription

For a long time the transcription of RNA polymerase III genes was believed to be
constitutive and not subject to regulation. However, recent data have clearly shown that
transcription of RNA polymerase III is controlled via several regulatory pathways in the

cell during both normal as well as disease conditions.

2.1. Transcriptional regulation during cellular proliferation and differentiation

RNA polymerase III synthesizes structural and catalytic RNAs that are essential
components of the RNA processing and protein synthesis machinery. The demand for
these RNAs fluctuates depending on the metabolic state of the cell, and therefore RNA
polymerase III transcription is regulated during cell growth and cell cycle progression
(97). The oncogene c-Myc plays an important role in positively influencing cellular
growth (109). Recent findings that Myc is a direct activator of 5S rRNA and tRNA (29)
suggest that increasing products of RNA polymerase III transcription might be a way by

which c-Myc can increase the biosynthetic capacity of a cell and therefore increase cell



growth. Once cells exit the cell cycle they either arrest in the GO phase or differentiate
terminally. Recent studies show that RNA polymerase III transcription is regulated in
terminally differentiated mammalian cardiomyocytes. When serum starved
cardiomyocytes were stimulated to differentiate in response to hypertrophic signals such
as fetal calf serum (FCS), levels of RNA polymerase IlI-transcribed 5SS rRNA, tRNA, and
U6 snRNA were elevated. Additionally, whole cell extracts from FCS treated
cardiomyocytes stimulated RNA polymerase III-transcribed templates more actively as
compared to extracts from un-stimulated cells. Consistent with a positive role of c-Myc in
terminally differentiated cells, the authors of this study show that the increase in RNA
polymerase III transcripts is mediated by c-Myc (30). Interestingly, RNA polymerase III
transcription is most active during the S and G2 phase of the cell cycle and is repressed
during the M and G0/early G1 phases (22, 32, 73, 132). The oncoprotein protein kinase
CK2 represses RNA polymerase III transcription in the M phase, but stimulates
transcription in the S phase (58, 62). Thus, CK2 can both positively and negatively
influence RNA polymerase III transcription. What then is the mechanism for repression
of RNA polymerase III transcription during the GO/early G1 phase of the cell cycle? One
obvious possibility is that the Retinoblastoma (RB) tumor suppressor protein contributes
to the silencing of RNA polymerase III transcription at the G0/early G1 stage of the cell
cycle. This link is made because hypo-phosphorylated RB is active in the early G1 phase,
and is switched off by increased phosphorylation as cells progress through middle and
late G1 into the S phase. That RB activity correlates with an increase in RNA polymerase
I1I transcription from the early G1 to S phase suggests a role for RB in regulating these

genes (114, 132). Indeed, RB represses global RNA polymerase III transcription (131).



2.2. RNA polymerase IlI transcription and disease

Products of RNA polymerase III transcription contribute to the cellular growth
and are elevated in many cancers. The observation that RNA polymerase III transcription
is regulated by two cardinal tumor suppressor proteins, p5S3 and RB, strongly suggests
that deregulation of transcription due to inactivating mutations in p53 and RB, that are a
common feature of almost all human cancers, might contribute to cancer initiation and/or
progression. Indeed, elevated levels of RNA polymerase III transcripts were observed in
primary fibroblasts cells from Li-Fraumeni patients. Li-Fraumeni syndrome is
characterized by a predisposition to cancer due to inherited mutations in p53 (117). This
result suggests that endogenous p53 regulates RNA polymerase III transcription.
Moreover, RNA polymerase III activity is elevated in p53-/- and RB -/- tumor cells,
further supporting the idea that deregulation of RNA polymerase III transcription may be
an important component of the growth control function by these proteins (7, 12, 34, 52,
131, 133). While it has not yet been established that pS3 and RB repress RNA
polymerase III transcription to limit growth, it is widely accepted that the rate of RNA
polymerase III is linked to cell growth. Thus it was proposed that this arm of the p53 and
RB pathways functions to contribute to tumor suppression by restricting the biosynthetic
capacity of the cell (130, 133).

Levels of the general transcription factors required for RNA polymerase III
transcription are elevated in tumors. For example, RT-PCR analysis showed increased
levels of mRNAs encoding all five subunits of TFIIIC2 in ovarian tumors analyzed
compared to normal control mRNAs. The penta-protein TFIIIC2 complex is required for

5S rRNA and tRNA transcription. This was the first example showing overexpression of



RNA polymerase III transcription factors in cancer (134). Furthermore, increased RNA
polymerase III transcription during simian virus 40 (SV40) induced transformation of
mouse cells was ascribed to an increase in the level of the Bdpl component of TFIIIB
(24). Also, the SNAP43 and SNAP45 subunits of the snRNA specific SNAPc are
overexpressed in certain tumors, indicating that snRNA genes with a requirement for
SNAP: might also be deregulated in these cancers (102).

Elevated levels of RNA polymerase III transcripts have recently been associated
with the perinucleolar compartment (PNC). The PNC is usually enriched in a subset of
RNA polymerase III transcribed genes such as the 7SL RNA, H1, MRP, and Y RNA (27,
71, 85, 128) but not tRNA, 5S rRNA, or U6 snRNA (85). Although the exact function of
the PNC is not clear, it is possible that the PNC functions in trafficking of a subset of
newly synthesized RNA. Moreover, continuous transcription of these RNA polymerase
III products is necessary for maintaining the structural integrity of the PNC. Interestingly,
an increase in the number of PNCs was observed in transformed cells with metastatic
advantage (64). As an increase in RNA polymerase III transcription is observed during
transformation (131), it is possible to use these transcripts and PNCs as a prognostic
marker to assess the stage of the cancer.

Several reports link the function of RNA polymerase III transcribed genes to
many disease conditions. For example, mutations in the MRP RNA gene have been
implicated as the cause of human cartilage-hair hypoplasia (CHH). CHH is a recessively
inherited disorder that is characterized by disproportionate short stature, defective cellular
immunity, and a predisposition to several cancers (104). The MRP RNA normally

functions in 5.8S rRNA processing and in yeast also controls exit from mitosis. Real-time

10



PCR analysis showed a reduction in the expression of MRP RNA in CHH patients, in
some cases due to mutations located in the promoter region. Other mutations located in
the transcribed region might cause decreased RNA stability. Nonetheless, the ratio of
unprocessed 5.8S rRNA compared to processed 5.8S rRNA was altered when MRP
mutations mimicking those found in CHH patients were introduced into the yeast
orthologue of MRP. Moreover, micro-array analysis of leukocytes obtained from CHH
patients showed an increase in the levels of several cytokines and cell cycle regulatory
genes (46). Thus, these results suggest that CHH symptoms might be caused by a

compromise in MRP RNA function.

3. Mechanisms of regulation of RNA polymerase 111 transcription- Promoter structure
Because the products of RNA polymerase III transcribed genes function in
numerous cellular processes, RNA polymerase III regulation is critical to maintain
cellular homeostasis. The first level of regulation is dependent upon the unique promoter
structures of RNA polymerase III transcribed genes. As illustrated in Figure 1-1, these
genes are grouped into four different classes. 5S rRNA genes (class 1) as well as tRNA
and the Adenovirus (Ad) VAI genes (class 2) use intragenic promoter elements. 5SS rRNA
promoters contain an A box, an intermediate element (IE), and a C box that is conserved
in the 5S promoters across species. Together, these sequence elements constitute the
internal control region (ICR) that is required for transcription (48, 98, 111). tRNA

promoters consists of an A and B box (26, 48, 111).
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Figure 1-1. Schematic representation of the promoter elements of genes transcribed
by RNA polymerase I1I and II.

RNA polymerase III transcribed genes can be grouped into four classes. Class 1 and class
2 genes such as 5S rRNA and tRNA, respectively contain intragenic promoter elements.
Class 1 genes contain the A and C boxes that are separated by an internal element (IE).
Together these three elements constitute the internal control element (ICR). Class 2 genes
contain an A box and a B box. Class 3 genes exemplified by U6 and 7SK snRNA
contain extragenic promoter elements including the distal sequence element (DSE), a
proximal sequence element (PSE) and a TATA box. The promoter architecture of these
genes is similar to other snRNA genes that are transcribed by RNA polymerase II such as
Ul, and U2 although these genes lack a TATA box, unlike the prototypical mRNA genes
also transcribed by RNA polymerase II. The class 4 genes exemplified by Vault RNA
contain both intragenic as well as extragenic promoter elements.
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In contrast to the class 1 and 2 gene promoters, the class 3 promoters contain
extragenic promoter elements. Examples of class 3 genes include U6 and 7SK snRNA
genes. These genes are grouped into a family of genes called the snRNA gene family.
Interestingly, some human snRNA genes such as U6 are transcribed by RNA polymerase
IIT while other human snRNA genes such as U1 are transcribed by RNA polymerase II,
although both function in the same spliceosomal complex. snRNA gene promoters
contain a distal sequence element (DSE) and a proximal sequence element (PSE),
regardless of RNA polymerase specificity. The DSE contains an octamer motif, which
activates transcription from the core promoter, and is located in the regulatory region
around -220 bp upstream of the transcription start site. An adjacent Sph/ postoctamer
homology (SPH) motif also stimulates snRNA transcription (68). The essential PSE is
located within the core promoter region at approximately -45 bp upstream of the
transcription start site. Those snRNA genes transcribed by RNA polymerase III also
contain a TATA box at position -25 bp (49, 69, 77). Interestingly, in vertebrate snRNA
promoters, the TATA box is a crucial element for determining RNA polymerase 111
specificity (77). Thus, due to their similar promoter elements the snRNA gene family is a
good model system to compare and contrast the mechanisms of RNA polymerase
preference and activity during normal and deregulated growth.

RNA polymerase III transcribes yet another category of genes with hybrid
promoter elements. These class 4 genes contain intragenic as well as extragenic promoter
elements. In the case of vault RNA, selenocysteine tRNA, and the Epstein-Barr viral
product EBER2 the promoter contains gene-external PSEs as well as gene-internal

control elements (56, 57, 65, 96, 124, 126). Additionally, the U6 snRNA-like H1 RNA
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gene promoter contains an internal A-box but not B-box homology region (1). Like H1
RNA, the promoters for the MRP, Y1 and Y3 genes also contain DSE, PSE, and a
TATA-box elements, in addition to gene-internal A box. However, mutational studies
indicate that the upstream sequences of the gene encoding MRP RNA are required for

transcription in HeLa cell extracts, whereas internal sequences are not (123, 142).

4. Mechanisms of regulation of RNA polymerase III transcription- General
transcription machinery

The different classes of RNA polymerase III gene promoters recruit distinct sets
of well characterized basal transcription factors as illustrated in Figure 1-2. These factors
specialize in nucleating unique preinitiation complexes that ultimately converge on RNA
polymerase III recruitment.

In class 1 promoters (5S rRNA), the ICR is recognized by TFIIIA, which is a
founding member of the C2H2 zinc finger family of DNA binding proteins (88, 122). The
binding of TFIIIA is followed by recruitment of TFIIIC (48, 111). In contrast to class 1
promoters, the A and B boxes of class 2 genes (tRNA) are directly recognized by TFIIIC
without prior binding by TFIIIA (48, 111). Thus, TFIIIA acts as a specificity factor that
influences promoter recognition function of TFIIIC, and directs TFIIIC to the 5S
promoter. In both class 1 and class 2 promoters, TFIIIC binding is followed by
recruitment of the TBP containing Brfl-TFIIIB complex, which in addition to TBP,
consists of Brfl and Bdpl (111). Thus, TFIIIA and TFIIIC can be considered as
recruitment factors that function to engage TFIIIB to promoters of different structures

allowing the subsequent recruitment of RNA polymerase III.
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Figure 1-2. The general transcription machinery required for RNA polymerase II1
transcription.

RNA polymerase III transcribed Class 1 and 2 genes both require TFIIIC and TFIIIB.
The TFIIIB used by these genes is composed of Brfl, Bdpl, and the TATA-box binding
protein (TBP). In addition, Class 1 genes additionally require TFIIIA. For Class 3 genes,
the transcriptional activator protein, Oct-1, binds the DSE. The PSE is recognized by
SNAPc, which consists of at least SNAP19, SNAP43, SNAP45, SNAPS0 and SNAP190.
The TATA-box is recognized by TFIIIB, which is composed of Brf2, Bdpl, and TBP.
The snRNA genes transcribed by RNA polymerase II, also require Oct-1 and SNAPc.
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The PSE of class 3 RNA polymerase III transcribed as well as RNA polymerase II
transcribed snRNA genes is recognized by the small nuclear activating protein complex
(SNAPc) (108), also known as the PSE transcription factor (PTF) (93). SNAPc is
composed of at least five subunits, SNAP19 (43), SNAP43 (44, 140), SNAP45 (107,
140), SNAP50 (2, 42), and SNAP190 (135). SNAP190 interacts with all the other SNAP¢
subunits and acts as a central scaffold for the complex (79). Promoter recognition by
SNAPc is a crucial early event during preinitiation complex assembly and therefore it
might be a target for regulatory proteins. Several studies have focused on understanding
the mechanism of DNA binding by SNAPc. The SNAP190 subunit of SNAPc was
initially shown to be in close contact with DNA in UV cross-linking experiments (139).
Indeed, subsequent experiments showed that SNAP190 mediates specific DNA binding
by SNAPc via a Myb- like DNA binding domain within its N-terminal region (135). A
minimal SNAP¢ (mini-SNAP¢) consisting of SNAP190 (1-505) that includes its DNA
binding domain, along with SNAPS50, and SNAP43 has been shown to be sufficient for
specific DNA binding (90) and transcription by RNA polymerase III and II in vitro (37).
However, DNA binding by mini-SNAPc requires all three subunits (37, 51), suggesting
that the SNAP190 DNA binding domain is required, but not sufficient. Consistent with
the requirement of other subunits for DNA binding, SNAP50 was shown to be close to
DNA in UV cross-linking experiments, indicating that SNAP50 most likely provides
additional DNA contacts (42). Further evidence supporting a role for SNAP50 in DNA
binding by SNAPC is discussed in Chapter 3. Interestingly, unlike the mini-SNAP( that
binds DNA efficiently, the endogenous SNAP¢ binds poorly to DNA on its own. On a

TATA-box containing U6 promoter, SNAP is efficiently recruited to the DNA via at
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least two cooperative binding interactions; one with Oct-1 and the other with TBP, such
that each factor binds to its cognate promoter element [reviewed in (111)]. SNAP¢ aids
recruitment of the TBP containing Brf2-TFIIIB complex, which in addition to TBP
consists of Brf2 and Bdpl, thus nucleating RNA polymerase III- specific preinitiation
complex assembly (108, 112). In contrast, on TATA-less snRNA promoters (Ul
snRNA), SNAPc participates in RNA polymerase II-specific preinitiation complex
assembly with TBP and other general transcription factors including TFIIA, TFIIB,
TFIIE, and TFIIF (67). Thus, in contrast to most promoter recognition complexes that
function in transcription by a single class of RNA polymerase, SNAP¢ is the most

functionally versatile due to its role in both RNA polymerase III and II systems.

5. Mechanisms of regulation of RNA polymerase IlI transcription- Regulatory factors
While the general transcription factors required for RNA polymerase III
transcription are well characterized much less is known about the factors that modulate
RNA polymerase III transcription. This section describes some of the transcription
factors, kinases, and tumor suppressor proteins that have been shown to regulate RNA

polymerase III transcription.

5.1. Factors that positively regulate transcription

Oct-1 & STAF- As mentioned earlier, all human snRNA genes contain a DSE,
which is recognized by the transcriptional activator protein Oct-1 (47, 48, 111).
Invariably the DSE contains a SPH element, which is recognized by a C2H2 type zinc

finger containing transcription factor called STAF (also known as the SPH binding factor
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or SBF) (111). Chromatin immunoprecipitation (ChIP) experiments provide evidence that
STAF binds to the DSE elements of both RNA polymerase II and III transcribed snRNA
genes (80). Several experiments have established a role for Oct-1 as an activator of
snRNA gene transcription. Oct-1 has been localized to snRNA promoter sequences in
vivo by ChIP (145). The C-terminal region of SNAP190 inhibits SNAPc DNA binding
whereas the Oct-1 POU domain relives this auto-inhibition through direct protein-protein
interactions with SNAP190. This interaction allows the cooperative binding of Oct-1 and
SNAP to the DSE and PSE, respectively during activated transcription of human snRNA
genes by both RNA polymerase III and II (25, 55, 89, 90). Interestingly, mapping of
DNase I and micrococcal nuclease cleavage sites in chromatin suggested that the natural
U6 and Ul promoters harbor a positioned nucleosome between the DSE and the PSE.
Positioning of the nucleosome at this location was further confirmed using an in vitro
chromatin assembly assay (4, 119, 145). The correct positioning of the nucleosome is
suggested to place these two promoter elements into proximity such that Oct-1 and
SNAPc can cooperatively bind to the DSE and PSE, respectively, to facilitate
transcriptional activation (145). Thus, this is an example where a nucleosome is a
functional component of the transcriptional activation process instead of causing

repression.

Myc- The Myc oncoprotein is a transcription factor that is upregulated in many
types of cancers. Among other functions, Myc regulates cell growth and division (17,
18). Endogenous Myc occupies 5S rRNA, tRNA™", and tRNA'“" genes, and stimulates

RNA polymerase III transcription of these genes. These genes lack the E-box that is
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characteristically recognized by Myc in its RNA polymerase I- and II-transcribed target
genes, and thus it is thought that Myc is recruited instead via direct protein-protein
interactions with Brfl-TFIIIB. It is postulated that the Myc-TFIIIB interaction recruits
coactivators and chromatin-modifying activities, or abrogates the effects of negative
regulators of RNA polymerase III transcription to stimulate transcription (29). In
subsequent experiments the same group of researchers used an inducible Myc construct
to show that a Myc/TFIIIB complex, that also contained the HAT GCNS and the cofactor
TRRAP, is recruited rapidly to the tRNA promoter. Concurrently, they observed
hyperacetylation of promoter-proximal histone H3, but not H4, followed by RNA
polymerase III recruitment. This observation is in contrast to the c-Myc aétivation of
RNA polymerase II transcription, during which histone H4 acetylation is predominant
(Robert J. White, personal communication). It should be noted that the U6 snRNA gene
transcribed by RNA polymerase III does contain an E-box sequence upstream of the
DSE; however, the role of the E-box sequence or Myc for U6 snRNA transcription is not

yet known.

HEXIM1- Hexamethylene bis-acetamide inducible 1 protein (HEXIM1) was
recently shown to interact with the RNA polymerase III transcribed 7SK snRNA in
transient transfection experiments. 7SK RNA containing various deletions was expressed
in human cells and the bound protein was identified by co-immunoprecipita<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>