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ABSTRACT OF THE DISSERTATION

Stress-Induced Non-coding RNAs Allosterically
Regulate TLS, A HAT-inhibitory RNA Binding Protein,
to Mediate Transcriptional Repression

by

Xiangting Wang
Doctor of Philosophy in Molecular Pathology
University of California, San Diego, 2007

Professor Michael G. Rosenfeld, Chair

A large number of coactivators and corepressors are required for regulating programs
of gene expression in a transcription factor- and gene-specific manner, suggesting that
they serve as both sensors and integrators of signaling information to coordinate complex
homeostatic responses[1, 2]. A central emerging goal in gene regulation is to fully
understand the roles of previously unrecognized non-coding RNAs in regulated gene
transcription programs. Here, we report that the RNA-binding protein, TLS, serves as a
key transcriptional regulatory sensor of DNA damage signals by specifically binding to

and allosterically inhibiting CBP/p300 HAT activities on repressed gene targets.

Xvi



Recruitment of TLS to the CCNDI promoter and gene-specific repression are directed by
non-coding RNA transcripts from the 5° regulatory regions of CCNDI, acting as
molecular beacons that are themselves induced in response to DNA damage signals.
These data suggest that non-coding RNAs induced in regulatory regions of transcription
units may act as selective ligands, recruiting and modulating the activities of distinct
classes of RNA binding co-regulators in response to specific signaling programs,

providing an unexpected RNA-based strategy to integrate transcriptional programs.
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Chapter 1. INTRODUCTION

1.1 TLS is a multifunctional RNA/DNA binding protein.
TLS (translocated in liposarcoma), also called FUS (fusion), has been suggested as a
multifunctional RNA/DNA-binding protein involved in transcription[3-6], RNA

processing[7-13], and DNA damage/repair[14-17].

The human TLS gene consists of 15 exons located within 11kb of genomic DNA[18].
The TLS protein has an N-terminal SYQGQS-rich region[19] and C-terminal RNA
binding domain. The RNA binding domain of TLS consists of one RNA recognition

motif (RRM), three RGG rich regions, and a RanBP2-type Cys2/Cys2 ZnF motif (Fig. 1).

1.1.1 TLS fusions are frequently found in human cancers.

Chromosomal translocation is the most conspicuous reason to raise cancer cells. TLS
was first identified and is frequently found as part of the fusion protein in human cancer
cells. For example, TLS fuses to CHOP in human liposarcoma[20-22], to ETS-like
protein ERG as a result of the translocation t(16;21)(p11;922) in AML and Ewing’s
sarcoma[23, 24], to ATF-1 in AFH, and to CREB3L2/BBF2H7 in LGFMS. The common
feature of TLS fusions is that the promoter and 5’ coding region of TLS link to the

transcription factors.
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TLS-CHOP fusion protein was the first to be identified as a result of the translocation
t(12;16)(ql3;pl1), the most common translocation in liposarcoma. CHOP is a
transcription repressor[25-29]. Its expression is strictly regulated and usually repressed
under normal conditions[30-33]. In contrast, TLS promoter is constitutively activated. In
TLS-CHOP fusion protein, multiple RNA binding motifs in TLS C-terminus are replaced
by the DNA-binding and basic leucine zipper domain of CHOP[20]. Therefore, CHOP
gene is under the control of TLS promoter and constitutively expressed in TLS-CHOP
fusion. CHOP regulated genes are misexpressed as a result, which can be pro-oncogenic.
TLS N-terminus binds to RNA polymerase II, and possesses transformation activity[19,
34]. Injection of CHOP-carrying cells into nude mice produces only small tumors with
longer latency than that of TLS-CHOP-carrying cells, suggesting that the presence of TLS

N-terminal sequence in the fusion protein is necessary for full oncogenic potential[35-37].

EWS and TAFII68/TAF15[38, 39] are two homologues to TLS. The three genes are
called TET (TLS, ESW, TAFII68) family[6, 34]. In addition to RNA binding motifs at
their C-termini, mammalian TLS, EWS and TAII68 share glutamine rich N-termini
consisting of a series of degenerate repeats[19]. EWS-transcriptional factor fusion
proteins are found in human cancers[34, 40-42] and share the common feather as that of
TLS fusions, such as EWS-FLI1 and EWS-ERG in Ewing’s sarcoma, EWS-CHOP in
myxoid liposarcoma, EWS-ATF-1 in malignant melanoma of soft parts/soft tissue clear
cell sarcoma. EWS-FLI1 fusion protein shows no apparent in vitro DNA binding activity
and retained some transformation potency[41], suggesting that EWS or TLS fusions
promotes oncogenesis more than simply changing the affinity to their specific target

genes.



1.1.2 TLS functions in transcription.

SARFH/Cabezza, a Drosophila homologue of TLS, is colocalized with the active
chromatin revealed by phosphorylated RNA polymerase II[5]. TLS has been shown to
associate with a subpopulation of the TFIID complex in cells. Inhibition of RNA
polymerase II results in subcellular translocation of TLS from the nucleus to the
cytoplasm[37]. EWS and TAFII68 have been shown to be complexed with both the
TFIID and RNA polymerase II fractions in nuclear cell extracts[6, 39]. The association
with RNA polymerase II appears to involve the N-terminus of EWS. It is hypothesized
that TET family proteins act as adapters between transcription and mRNA processing by
interacting with components of the transcription apparatus and splicing factors[6].
However, it makes TET family proteins as non-classical transcription factors, as they

contain RNA binding motifs, and bind to both RNA and DNA[6].

TLS directly interacts with p65 of NFkB in a TNFa dependent manner[4, 43]. Such
interaction is thought to be mediated through the RNA binding motifs located at TLS C-
terminus, though weak interaction by TLS N-terminus was observed as well. NFxB-
mediated transactivation is enhanced on model reporters by TLS under treatments of
TNFa, IL1B and overexpression of NFkB inducing kinase NIK. These data suggest that
TLS is a coactivator of NFkB and plays a pivotal role in the NFxB-mediated

transactivation.

TLS also interacts with YB-1[7], a transcriptional regulator in response to DNA
damage. Such interaction augments a further 2-fold activation of YB-1-mediated

transcription activation on MMP-1.
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TLS was coimmunoprecipitaed with B-catenin in human colorectal cancer cell line
DLD1[44]. In DLDI, B-catenin is accumulated in the nucleus and cell membrane. TLS
was found exclusively in the nucleus and colocalized with nuclear B-catenin. Modulating
TLS level regulates p-catenin-mediated gene transactivation on TCF/LEF luciferase in
human colorectal cancer cells in a way of repression. Moreover, overexpression of TLS

markedly suppressed the colony formation in human colorectal cancer cell HCT116 cells.

TLS also interacts with steroid, thyroid hormone and retinoid receptors[45]. The

physiologic significance of these wide ranging associations is unexplored.

1.1.3 TLS functions in RNA process.

TLS binds to RNA both in vitro and in vivo[9]. Multiple domains, including RRM,
ZnF and RGG domains of TLS, are required for RNA binding. By using a sythesised
RNA oligonucleotide pool, TLS is found mainly binding to GGUG-containing
oligoribonucleotides in vitro[46]. The GGUG-containing RNAs have higher affinity than
other RNAs for the ZnF of TLS[47]. In contrast, screening of TLS-binding RNAs in adult
mouse brain reveals that TLS associates with mRNA without GGUG-motif as well,
among them an actin-stabilizing protein Nd1-L[48]. Though some other TLS-binding

RNAs have been reported, the overall picture of TLS-binding RNAs is not dissolved.

The role of TLS in splicing is suggested by identification of TLS as hnRNP P2[49],
and by its interacting proteins. TLS interacts with hnRNP A1, hnRNP C1/C2 in RNA
maturation, and many RNA splicing (co)factors such as SF1, SC35, TASRI1, TASR2,

PTB (hnRNP I), and SRm160[10-12]. In vitro splicing experiments show that
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immunodepletion of TLS results in an inhibition of the splicing reaction of 3-globin pre-
mRNA, which can be partially restored by giving recombinant TLS[8]. In the case of a
plant rubisco activase pre-mRNA, depletion of TLS results in not only an inhibition of
regular splicing, but also an appearance of alternative splicing. These data suggest a role

of TLS in regular and alternative splicing events in opposite directions.

Since the C-terminal domain of TLS is the domain missing in TLS fusion proteins
and required for interaction with splicing factors such as SC35, TASR1 and TASR2[10],

a dysfunction of TLS in splicing profile could be oncogenic.

Evidences suggest that TLS participates in nucleo-cytoplasmic shuttling and RNA
translocation as well. TLS is specifically localized in the mature neuronal dendrites and
recruited in the spines upon mGluRS5 activation[13]. In adult mouse brain, TLS binds to
NdI-L, an actin-stabilizer[48]. Nd1-L mRNA level is reduced and Nd1-L mRNA fails to
translocate to the corresponding spines in TLS-null neurons. Considering the critical role
of actin cytoskeleton in spine architecture maintenance, such observations may explain

the abnormal spine morphology in TLS-null neurons.

ZFM1 is a transcriptional repressor and identical to presplicing factor SF1[50, 51].
ZFM1 is activated in the process of pS3-induced apoptosis[52]. ZFM1 has been shown to
bind to TET family proteins and repress the transcriptional activity of EWS[53]. It has
been shown that EWS-FLII fusion protein binds U1C, a member of the small nuclear
ribonucleoprotein family and that such interaction inhibits EWS-FLII transactivation on

model reporter[54].
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The N-terminal regions of TLS and EWS are distinct from those of other RRM-
carrying proteins, suggesting that TET family may be a new family of RNA-binding

proteins.

1.1.4 TLS promotes DNA damage/repair.

DNA damage, due to environment or normal metabolic processes inside the cells
occurs every day and needs to be repaired[55]. Double-strand breaks (DSBs) are
particularly hazardous because they can lead to genome rearrangements[56]. Two
mechanisms exist to repair DSBs: non-homologous end joining (NHEJ) and homologues
recombination (HR) repair. NHEJ is especially important before the cell has replicated its
DNA and also required for V(D)J recombination, the process that generates diversity in
B-cell and T-cell receptors in the vertebrate immune system. The faithful HR repair use a
sister chromatid or a homologous chromosome as template. Unrepaired DNA lesions can

be oncogenic or induces apoptosis.

Surprising phenotypes of TLS knocked out were reported by two independent groups.
Inbred TLS -/- mice have high neonatal death rate, and are defected on lymphocyte
development, B-cell activation and spermatogenesis[15]. Outbred TLS null mice live into
adulthood but exhibit enhanced radiation sensitivity and male sterility due to
chromosome pairing defects during meiosis in addition to the genomic instability[14].
These suggest pathways related to DNA repair are defect in TLS knock outs. Indeed, TLS
was found identical to POMp75[16, 17], a protein promotes Mg”" dependent/ATP-
independent DNA pairing in HR repair. TLS binds to both ssDNA and dsDNA, with a 2-

fold higher affinity for ssDNA. TLS-CHOP fusion protein does not promote DNA



7

pairing, suggesting a function of TLS C-terminal RNA binding motifs in DNA
damage/repair. Moreover, some Phenotypes of TLS knock outs are reminiscent of studies
involving Atm-/-[57], Abl-/-[58, 59], or H2ax-/-[60] mice, suggesting that TLS may act
in the Atm/Abl/yH2ax signal transduction pathway during DNA damage/repair. So far,
the knowledge is limited to that binding activity of TLS to DNA requires a functional

BCR/ABL tyrosine kinase necessary to induce PKCBII[61, 62].

It is still far beyond clear how TLS functions in transcription, splicing and damage
repair, though the TLS has been extensively investigated in the clinical research. It will be
very helpful to understand the development of human liposarcomas and leukemias if the

mechanisms of TLS involved can be clarified.

1.2 CBP and p300.

CBP and p300 are transcriptional coactivators with intrinsic histone acetyltransferase
(HAT) activities[1, 2, 63-67]. CBP and p300 HAT activities are essential for normal
development and homeostasis[68-70]. Recently, CBP and p300 are found as new
ubiquitin ligases mediating polyubiquitination for protein degradation[71-73]. A diagram

of CBP protein structure is illustrated in Fig. 1[74].

1.2.1 CBP and p300 are essential coactivators for sequence-specific

transcription factors.
CBP and p300 play essential roles as coactivators of multiple classes of signal-
dependent transcription factors by mediating protein-protein interactions and by

acetylating histones and other protein substrates[75-77]. Previous studies demonstrated
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that the histone acetyltransferase (HAT) activity of CBP/p300 is required for
transcriptional activity of CREB on model promoters, but not for transcriptional activity
of retinoic acid receptor (RAR), suggesting that modulation of CBP/p300 HAT function
might provide a strategy for differential control of CBP/p300 HAT-dependent and

CBP/p300 HAT-independent transcription units[66].

CBP and p300 interact with the kinase-inducible domain (KID) of CREB through
signal-induced phosphorylation of CREB at Ser-133[78]. Interaction between CBP/p300
and CREB enhances transcription elongation and reinitiation of CREB-mediated
transcription. Biochemical studies suggest that CBP serves as a coactivator of CREB in
part by recruitment of RNA polymerase II (pol II) complexes through the C/H3 region of
CBP. Disassociation of CBP:CREB complex by phosphorylation of CREB is also
reported. In this case, the phosphorylation of CREB at Ser-121 instead is mediated by
ATM upon DNA damage[79]. Forskolin is a strong inducer of CREB-mediated
transcription by provoking phosphorylation of CREB and CBP:CREB interaction. T cell
receptor-mediated PKC activation provokes phosphorylation of CREB without inducing
the CBP:CREB interaction in nucleus, suggesting mechanisms other than CREB
phosphorylation regulate CBP:CREB interaction. Indeed, the transcription factor C/EBP-
B may attract CBP:CREB interaction in a serine-133-independent manner, to create a

stronger CREB:C/EBP-B:CBP transcription complex.

The protein-protein interaction is mediated by distinct structural domains of
CBP/p300, such as KIX, C/H1, C/H3, and bromodomain domains. Such interactions

display partial specificity, having both distinct and overlapping binding partner profiles. It
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is suggested that the recruitment of CBP/p300 to the steroid receptors is achieved via the
p160 proteins. The pl160-interacting domain of CBP is located within amino acids 2058-

2163[77].

CBP/p300 HAT activities can be modulated by their associating factors, most of
which are viral proteins. E1A enhances histone acetylation in vivo, whereas it inhibits
HAT activity of CBP and P/CAF in biochemical assays at high levels[74, 80]. During the
preparation of this work, HOX proteins have been shown to bind to CBP or p300.
Surprisingly, interaction between CBP/p300 and HOX blocks the DNA binding activity
of HOX proteins and inhibits the HAT activity of CBP/p300[81]. In quiescent cells CBP

forms an enzymatic inactive complex with unphophorylated Rsk-2[82].

CBP and p300 acetylate non-histone proteins as well, such as p53. Activation of p53-
mediated transcription is a critical cellular response to DNA damage. Activation of p53 is
modulated by post-translational modifications including acetylation. CBP/p300 acetylates
p53 at multiple lysine residues in the carboxy-terminal region. In contrast, another HAT
protein, the p300/CBP associated factor (P/CAF) acetylates p53 in the nuclear
localization signal. Acetylation prevents p53 from degradation and enhances sequence-
specific DNA binding of p53. In addition, acetylation of p53 is important for efficient
recruitment of CBP and P/CAF complexes to promoter regions and for activation of p53-

targeted gene expression.
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1.2.2 CBP/p300 and human disease.

Mutations in CBP and p300, together with a microdeletion at chromosome 16p13.3,
occur in ~55% of Rubenstein-Taybi syndrome (RTS) patients. Abolishing the CBP HAT
activity by a point mutation is sufficient to cause RTS in mouse model[68]. This data
suggests that haploinsufficiency of CBP is the basis for RTS. Expansion of a
polygultamine repeat in the huntingtin protein enables it to inhibit the HAT activities of
CBP, p300 and p/CAF[83, 84]. Histone deacetylase inhibitors inhibit neurodegeneration
induced by Drosophila huntingtin protein, suggesting that disruption of the balance
between HAT and HDAC activity contributes to the pathogenesis of Huntington’s
disease[84]. Translocations of CBP-MOZ and MLL-CBP have been linked to AML[69].
Fusion of both the bromodomain and HAT domain of CBP to MLL is required for full

transformation in vitro and is sufficient to induce the leukemic phenotype in vivo[69].

1.2.3 CBP and p300 are E4 ubiquitin ligases.

Recently, CBP and p300 were found to exhibit intrinsic ubiquitin ligase activity as
well[71]. CBP and p300 have no clear homology to known E3 ubiquitin ligase motifs,
such as RING, PHD, HECT, and U-box domains. p300 provokes polyubiquitination of
p53 dependent on the monoubiquitination of p53 mediated by the ring finger E3 ligase
MDM2/HDM2. Therefore, CBP and p300 are classified as new E4 ubiquitin ligases.
TIP60 (Tat-interacting protein, 60 kDa) possesses intrinsic HAT activity and is required
for DNA repair[85]. Tat provokes CBP/p300-mediated polyubiquitination on TIP60, thus

resulting in a dramatic impairment of the TIP60-dependent apoptosis upon DNA
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damage[72]. More recently, P/CAF was identified as an ubiquitin ligase for HDM2[73].

In each case, the ubiquitin activity is HAT-independent.

1.3 Non-coding RNA and gene regulation.

Non-coding RNA (ncRNA) is a class of transcripts whose end products are RNA
rather than proteins[86-96]. The significance of ncRNAs is suggested from the results of
analyses of the protein-encoding capacity of sequenced genomes, which indicates that
ncRNAs make up a larger population of transcription output in higher eukaryotes[97-
103]. In fact, recent studies of the transcriptome suggest that at least half of the human
genome is transcribed. A majority of these previously unrecognized transcripts are

putative ncRNAs.

NcRNAs are key regulators in many cellular processes (Table 1). Transfer RNAs
(tRNAs) and ribosomal RNAs (rRNAs) are well-known ncRNAs for their function in
making proteins[ 104]. They are abundant and have no variety in size. In contrast, the non-
rRNA/non-tRNA ncRNAs are non-abundant and complex. Small nuclear RNAs
(snRNAs) have roles in mRNA splicing through interaction with RNP complexes[105,
106]. Small nucleolar RNAs (snoRNAs) are ~ 70-250 nt and use base complementarity to

guide catalytic modification on rRNA[107-109].

Other ncRNAs have been involved in monoallelic gene expression[110-114], nuclear

receptor regulation, and recently gene transcription[115-120].
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1.3.1 NcRNAs in monoallelic gene expression.

NcRNAs are crucial in monoallelic gene expression. The large human Xist (16.5 kb)
is the best characterized ncRNA in X-inactivation. Xist itself is under the control of an
antisense ncRNA, Tsix. Though the mechanism by which Xist and Tsix accomplish
silencing remains unclear, they are clearly capable of establishing epigenetic marks on the
X chromosome, such as histone acetylation/methylation and DNA methylation. There are
~70 imprinted genes in mammals. Most imprinted clusters have ncRNAs, which seem to
be especially rich in cis-antisense ncRNAs and usually large, such as Igf2r/Air.
Inappropriate expressions of ncRNAs have been linked to human diseases[121].
Mutations in SCAS, a cis-antisense RNA in human, are found in spinocerebellar ataxia
patients[122]. Other human disease associated antisense ncRNAs include DGCRS in
DiGeorge syndrome[123], Kvigtas/Litl in Beckwith-Wiedeman syndrome[124], CMPD

associated RNA in Campomelic dysplasia.

1.3.2 SRA is a transcriptional coactivator for nuclear receptor.

SRA, steroid receptor RNA activator, is the only known transcriptional coactivator for
nuclear receptor as a RNA[125-128]. Though evidence shows that an alternative splice
variant of SRA encodes protein[129, 130], it is conclusively clear that SRA can function
as a RNA. SRA plays an important role in mediating estrogen receptor action, and its
expression level is aberrant in human breast tumors[131]. Recently, protein partners of
SRA have been found, including p72, SHARP (SMRT/HDACI1 associated repressor
protein)[132], and SLIRP (SRA stem-loop interacting RNA binding protein)[133].

SHARP has three RNA binding motifs — RRMs, and SLIRP is composed almost entirely
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of a RRM region. Intact RRM domains are required for their association with SRA, and
for their function as SRA corepressors. Recruitment of SLIRP to the target promoter is

SRA dependent.

1.3.3 Evf-1 and Evf-2 ncRNAs and DIx5/6.

The vertebrate homeodomain protein family DIx genes are important for neuronal
differentiation and migration[134-139]. They are expressed in bi-gene clusters and
conserved intergenic enhancers were found for the DIx-5/6 and DIx-1/2 loci[140, 141].
Evf-1 was isolated from a genetic screen as one out of eight novel Shh targets in rat
telencephalon at embryonic day 12[142]. Evf-1 is a 2.7 kb, polyadenylated, spliced
ncRNA. Its 3.8 kb alternative splicing form, Evf-2, was identified recently[115]. Both are
located at the ultraconserved sequences region of DIx-5/6 loci. It has been reported that
transcriptional activation of DIx5/6 occurs by the direct action of DIx2 proteins on this
ultraconserved region. Therefore, it is possible that DIx2 action is achieved through Evf-1
and Evf-2 ncRNAs. Indeed, Evf-1 and Evf-2 are developmentally regulated, and their
expression overlaps to those of DIx2/5/6 genes. During ventral telencephalic
differentiation, Evf-/ is expressed by immature neurons upon migration out of the
ventricular zone into the subventricular zone. The ectopic expression of both Evf-1/2 and
DIx-2/5/6 were observed in the same region of the brain after injection of a virus based
Shh expressing vector. Evf-2 associated with DIx-2 protein in rat embryonic brain nuclear
extracts by RNA-immunoprecipitation, which was further proved by combination of in
situ hybridization and immunostaining. Evf-2 activates DIx-5/6 enhancer activity in a

DIx-2 dependent mechanism. However, Evf-2 does not cooperate with DIx-2 on a known
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DIx-2 target, Wnt-1[143] enhancer, suggesting that Evf-2/DIx-2 cooperation is target
specific. Despite a potentially encoded 19 aa peptide from Evf-2, it is strongly supported
that Evf~2 RNA is functional. In addition, the active form of Evf-2 is the sense strand.
These data provide a new mechanism that Shh activates DIx genes through ncRNAs

during mouse development.

1.3.4 Bxd ncRNAs and Ubx.

Many spliced long ncRNAs have been found from the intergenic regions of the
Drosophila Hox genes as well[144-146]. Several ncRNAs are transcribed from the
maintenance elements (MEs) in the bithoraxoid (bxd) regulatory region[147-149]. PcG
and trxG are two genes maintaining the state of Hox genes as repression or activation,
respectively[ 150-152]. The acts of PcG and trxG are partially overlapped on MEs[153].
The observation that bxd ncRNAs precede activation of Hox gene Ubx suggests a positive
role of bxd ncRNAs on Ubx. Genetic studies suggest that transcription of bxd ncRNAs
interferes with PcG-mediated silencing[154]. Indeed, Sanchez-elsner et.al. show that bxd
ncRNAs recruit trxG proteins to MEs[120]. More recently, Petruk et.al.[119] report that
Ubx and several tested bxd ncRNAs are expressed in nonoverlapping patterns in both
embryos and imaginal discs. Ectopic expression of the GFP reporter gene is observed in
the Ubx transgene which lacks several promoters driving bxd ncRNAs. These data
suggest that bxd ncRNAs repress the Ubx gene instead. Since the bxd ncRNAs extend
into the region of upstream of Ubx initiation site, the bxd ncRNAs may mediate
transcriptional repression by disrupting protein-DNA interactions required for Ubx

initiation, or by promoter competition.
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1.3.5 DHFR ncRNA and DHFR.

Human DHFR gene contains two promoters, with 99% of the DHFR transcript
generated from the major promoter[155, 156]. The minor promoter is located upstream of
the major promoter and terminated within intron 2 of DHFR. It does not encode protein,
thus referred as DHFR ncRNA[117]. DHFR ncRNA is accumulated when the DHFR
gene is repressed in quiescent cells. Reporter assays show that DHFR ncRNA negatively
regulates the DHFR major transcript, which is further supported by knocking-down
experiment using specific siRNA against DHFR ncRNA. Both in cis and in trans
mechanisms might be involved. Though the repression does not required the entire DHFR
ncRNA, evidence shows that the sequence corresponding to very 5’ of the major
promoter is essential. General transcription factors, TBP and TFIIB, are recruited to
DHFR major promoter when the gene is activated. Introduction of DHFR ncRNA greatly
reduces the binding of TBP and TFIIB on the DHFR major promoter. DHFR major
promoter is GC-rich and contains several G-track sequences[157-159]. Such sequences
have been shown to form stable purine-purine-pyrimidine triplex structure (H form)
between DNA and RNA, thus inhibiting the transcription. A stable H form is observed
between the DHFR promoter DNA and a synthetic oligonucleotide corresponding to the

major promoter region of the DHFR ncRNA.

New ncRNAs continue to appear, and a full understanding of ncRNA in gene
transcription is needed. In this work, I will provide evidence suggesting that new ncRNAs
generated from the 5’ regulatory region of CCNDI gene can negatively regulate CCND].

Through base complementarity, CCNDI ncRNAs recruit the RNA/DNA binding protein
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— TLS to the CCNDI promoter. CCNDI is an endogenous CREB target gene and its
activation requires CBP/p300 HAT activity. TLS is a specific CBP/p300 HAT inhibitor.
Therefore, the recruitment of TLS on the CCNDI promoter by CCNDI ncRNAs results in

transcriptional gene silencing of CCND].



1 170 288 366 426 449 526
TLS| SYGQQS | RGG1 | RRM |RGG2|znF| RGG3 |

1 301 585 666 1680 2058 2163 2441
CBP/| |CH1[KIX | |BRO| HAT | c/H3 |p160] |

Figure 1. Diagrams of TLS and CBP.

Figure 1. Diagrams of TLS and CBP.
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Table 1. Function of ncRNA.
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Chapter 2. MATERIALS AND METHODS

2.1  GST fusion protein expression

The plasmid expressing GST or GST fusion protein was transformed into E. coli cells.
A single colony was inoculated into 5 ml of LB/Ampcilin medium at 37°C for overnight.
The next day, the culture was 1:100 diluted into fresh LB/Ampcilin medium to 500 ml
and kept growing around 4 hr until the A600 reached to 0.6-0.8. Then a final
concentration of 0.1 mM of IPTG was added to induce the protein expression for 2 hr.
Cell cultures were centrifuged at 3,000 g, 4°C for 10 min. The pellets were re-suspended
in 10 ml of PBS containing proteinase inhibitors (PBS/PI) and aliquoted into 1 ml each
for sonication (10 sec, 3 times). The sonicated products were added Triton X-100 at a
final concentration of 1%, mixed gently, and rotated at 4°C for 30 min. The cell debris
was discarded after centrifugation at 12,000 g, 4°C for 10 min. The supernatant were
pooled into a fresh tube and incubated with Glutathoin Sepharose 4B beads (1 ml of 50%
slurry of beads for each 500 ml of culture) at 4°C on a rotator for overnight. Collected the
beads by centrifugation at 300 g for 5 min, and washed the beads with PBS/PI for 3 times.
The proteins were eluted from the beads by incubating with 100 ul of 10 mM reduced
glutathione/50 mM Tris-HCI (pH 8.0) buffer on a rotator at room temperature for 30 min.
The supernatant was collected and stored at -80°C for future use. An aliquote, together

with different amount of BSA, was performed for SDS-PAGE electrophoresis to test the
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expression and concentration of the interesting protein. Repeat elution steps 2 to 3 times

if needed.

If the purified proteins were subjected to microinjection assay, the normal bacterial
lysis buffer with 50 mg/ml of lysozyme instead of detergent was used. The same amount
of buffer was added, and the buffer/lysozyme/cells were incubated on ice for 1 hr prior to

sonication.

2.2 GST pull-down Assay

GST fusion proteins were produced as described in “GST fusion protein
expression”. TLS protein was translated in vitro using *°S-labeled methionine and TnT-
coupled reticulocyte lysate system (Promega). CBP, p300, TIP60, P/CAF, EWS, and
TAF15 were tagged with flag sequence, and synthesized in a baculovirus expression

system (Invitrogen).

2.3  Cell culture

RAW 264.7 cells (ATCC) and HeLa (ATCC) cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal calf

serum (Gemini), 100 U/ml penicillin and 100 mg/ml streptomycin.

2.4 siRNAs and RNA oligonucleotides Transfection

All  siRNA duplex and RNA oligonucleotides were transfected with
Lipofectamine2000 (Invitrogen). Dependent on the cell lines, different amount of

Lipofectamine2000 and siRNA duplex or RNA oligonucleotides were used as shown in
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Table 2. Briefly, cells were plated the day before transfection. At the day of transfection,
Lipofectamine2000 or tested RNA was diluted in Opti-MEM in two separate RNase-free
tubes. After 5 min incubation at room temperature, the diluted Lipofectamie2000 was
combined with the diluted duplex and further incubated for 20 min at room temperature.
During the 20 min incubation, cells were changed into fresh no-antibiotics medium. 4-6
hr after adding the Lipofectamine2000 mix, cells were changed into fresh growing
medium and incubated for further treatment or harvest 48 hr after the first transfection.
For RAW cells, a second transfection was performed as described above the next day

after first transfection.

Table 2. Amount of Lipofectamin2000 and tested RNA for transfection

RAW RAW Hela

(6-well) | (100mm) (6-well)

siRNA/RNA oligonucleotide (20 uM) 20 ul 120 ul 2ul
Opti-MEM 250 ul 1.5ml 100 ul
Lipofectamine2000 10 ul 60 ul 2ul
Medium on plate 500 ul 3 ml 2000 ul
Final concentration of siRNA 400 nM 400 nM 20 nM

Final dilution of Lipofectamine2000 1:100 1:100 1:1000
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2.5 Invivo ubiquitination assay
The day before transfection, 10° of Hela cells were plated in 15 ml of growth medium
without antibiotics. Lipofectamin2000 (Invitrogen) was used to transfect cells with 4 ug
of pHis6-Ubi and desired plasmid at a 1:3 ratio, following the manufacturer’s instruction.
Transfected cells were cultured for a further 48 hr. To enhance the accumulation of the
ubiquitinated proteins, MG132 (Calbiochem) was added into the medium 4 hr prior to
harvest. The cells were then washed twice with ice-cold PBS. 1/10 volume of amount was
saved as inputs and lysed in NP40 buffer (50 mM HEPES pH 8, 250 mM NacCl, 1% NP40)
to determine the total amount of the protein of interest by Western Blotting. Remaining
cells were re-suspended in 7 ml of Guanidine lysis buffer (100 mM Na,HPO4/NaH,PO,
pH 8, 10 mM Tris-HCI pH 8, 6 M guanidine-HCI, 10 mM 2-Mecaptoethanol, and 5 mM
imidazole fresh added), and 100 ul of Ni-NTA Agarose beads (Qiagen) was added to
allow binding of the His-ubiquitinated proteins. After incubation at room temperature on
a rotator, the beads were precipitated by centrifugation at 5,000 g for 5 min. Then the
beads were consecutively washed for 10 min each in 750 ul of Guanidine lysis buffer
without imidazole, Urea buffer (100 mM Na,HPO,/NaH,PO4 pH 8, 10 mM Tris-HCI pH
8 8 M wurea, 10 mM 2-Mecaptoethanol fresh added), Buffer A (100 mM
Na,HPO4/NaH,PO4 pH 6.3, 10 mM Tris-HCI pH 6.3, 8 M urea, 10 mM 2-
Mecaptoethanol fresh added), and Buffer A with 0.1% Triton X-100. Finally His-
ubiquitinated proteins were eluted from the beads by incubating in 100 ul elution buffer
(150 mM Tris-HCI1 pH 6.8, 200 mM imidazole, 5% SDS, 30% glycerol, 0.72 M 2-
Mecaptoethanol) for 40 min at room temperature. Supernatants containing ubiquitinated

proteins, together with the inputs, were then subjected to Western blotting analysis.
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Table 3. Preparation of 1M Sodium Phosphate Buffer at room temperature

pH | IM Na,HPO4 (ml) | 1M NaH,PO4 (ml)

6.2 17.8 82.2
6.8 35.2 64.8
8.0 93.2 6.8

2.6  Very low-copy plasmid purification using QIAGEN-tip 100

This protocol is suitable for QIAGEN-tip 100, and use centrifugation to clear lysates,
due to the large culture volumes. After alkaline lysis, there is an additional isopropanol
precipitation step to decrease the amount of lysate before DNA is bound to the QIAGEN-
tip 100. The expected yields are 20-100 pg. It may be beneficial to increase the lysis
buffer volumes in order to increase the efficiency of alkaline lysis, and thereby the DNA

yield.

Grow a culture of 500 ml at 37°C for overnight with vigorous shaking. Harvest the
bacterial cells by centrifugation at 4,000 rpm for 15 min at 4°C. Resuspend the bacterial
pellet in 20-60 ml Buffer P1/RNase A. Add 1 x volume of Buffer P2, mix well and
incubate at room temperature for 5 min. Add 1 x volume of pre-chilled Buffer P3, mix
well and incubate on ice for 30 min. Transfer the sample to polypropylene tube, and
centrifuge at 12,000 rpm for 30 min at 4°C. Collect the supernatant to a fresh tube, and
filter the supernatant over a prewetted, folded filter. Add 0.7 x volumes of room-

temperature isopropanol to the lysate and precipitate the DNA by centrifugation at 10,000
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rpm for 30 min at 4°C. Carefully decant the supernatant thoroughly, and redissolve the
DNA pellet in 500 pl TE buffer, pH 8.0. Add Buffer QBT to obtain a final volume of 5
ml. At the same time, equilibrate a QTAGEN-tip 100 by applying 4 ml Buffer QBT. Then

apply the 5 ml DNA/QBT solution to the QIAGEN-tip. Wash the QIAGEN-tip with 2 x

10 ml Buffer QC, followed by elution with 5 ml Buffer QF. For constructs larger than 45-
60 kb, prewarming the elution buffer to 50°C may help to increase yield. Precipitate DNA

by adding 0.7 x volumes of room-temperate isopropanol and centrifugation at 9,000

rpm for 30 min at 4°C. Wash DNA pellet with 2 ml room-temperature 70% ethanol, and
centrifuge at 9,000 rpm for 10 min. Air-dry the pellet for 5-10 min, and redissolve the

DNA in 20-50 pl of desired buffer.

2.7 HAT assays

Solution HAT assays were performed by incubating HeLa extracts, histones (Sigma),
and ['*C] acetyl-CoA with baculovirus-expressed CBP as previously described. Pull
down HAT assays were performed by capturing baculovirus-expressed, flag-tagged CBP
on anti-flag agarose beads. Beads were incubated with the indicated HeLa extracts for 1
hr and washed three times with HAT assay buffer to remove unbound proteins. Anti-flag
agarose beads with CBP-protein complexes were then incubated with histones and ['*C]
acetyl-CoA. CBP and histones were subsequently resolved by SDS-PAGE and acetylation

was detected by autoradiography.
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2.8 Biochemistry purification
The nuclear extracts (0.3 M NaCl, 20 mM HEPES, pH 7.9, 25% Glycerol, 1.5 mM
MgCl,, 0.2 mM EDTA, and 0.5 mM DTT; 10 L culture of HeLa cells) with the protease
inhibitor mix (10 pg/ml Aprotinin, 10 pg/ml leupeptin, 0.4 mM bezamidine, and 0.2 mM
PMSF) were dialyzed against 0.1 M NaCl containing dialysis buffer (20 mM HEPES, pH
7.9, 0.2 mM EDTA, 0.5 mM DTT). After the dialysis, the sample was applied onto the
500 ml column (ID, 2.5 cm x Length, 100 cm; volume, 491 ml) of Sephacryl S-300
equilibrated with the dialysis buffer and fractionated into 40 fractions. The fractions were
analyzed with HAT assay to detect inhibitory activity. Two peaks of the inhibitory
activity were incubated with baculovirus-expressed flag-tagged CBP bound flag antibody
agarose beads. After extensive washing beads with buffer H (20 mM HEPES pH 7.9, 50
mM KCI, 20% Glycerol, 0.5% NP40), the sample was extracted with the 0.3 M NaCl
extraction buffer and separated on SDS-PAGE gel. The protein bands stained were

analyzed by mass spectrometry.

2.9 Protein Identification

Gel-resolved proteins were digested with trypsin, batch purified on a reversed-phase
micro-tip, and resulting peptide pools individually analyzed by matrix-assisted laser
desorption/ionization reflectron time-of-flight (MALDI-reTOF) mass spectrometry (MS)
(UltraFlex TOF/TOF; BRUKER; Bremen, Germany) for peptide mass fingerprinting
(PMF), as described before[160, 161]. Selected peptide ions (m/z) were taken to search a
“non-redundant” human protein database (NR; 134,604 entries on 26 July 2005; National

Center for Biotechnology Information; Bethesda, MD) utilizing the PeptideSearch
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algorithm (Matthias Mann, Max-Planck Institute for Biochemistry, Martinsried,
Germany; an updated version of this program is currently available as ‘PepSea’ from
Applied Biosystems/MDS Sciex; Foster City, CA). A molecular mass range up to twice
the apparent molecular weight (as estimated from electrophoretic relative mobility) was
covered, with a mass accuracy restriction of less than 35 ppm, and maximum one missed
cleavage site allowed per peptide. To confirm PMF results with scores <40, mass
spectrometric sequencing of selected peptides was done by MALDI-TOF/TOF (MS/MS)
analysis on the same prepared samples, using the UltraFlex instrument in ‘LIFT’ mode.
Fragment ion spectra were taken to search NR using the MASCOT MS/MS lon Search
program, version 2.0.04 for Windows (Matrix Science Ltd., London, UK). Any
tentative confirmation (Mascot score > 30) of a PMF result thus obtained was verified by
comparing the computer-generated fragment ion series of the predicted tryptic peptide

with the experimental MS/MS data.

2.10 Nucleosome preparation

Poly-nucleosomes were prepared from HeLa cell nuclei[162, 163] as previously
described. The quality of the nucleosome assembly was monitored by micrococcal
nuclease digestion and mass of core histones, with 15% SDS-PAGE and 1.2% agarose
gel. Mononucleosomes (5 mg core histones) y['*C] acetyl-CoA (50 mCi/mmol), 1 ng of
each CBP protein (flag-CBP incubated with GST or GST-TLS) in 50 mM Tris-HCI] pH

8.0, 10% glycerol, ] mM DTT, 1 mM PMSF, 10 mM sodium butylate.
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2.11 RNase treatment
The cell nuclear extracts were treated with RNase A at a final concentration of 50

ng/ul at room temperature for 30 min, followed by immunoprecipitaion or HAT assay.

2.12 Dephosphorylating proteins with CIP

For every 50 ul of protein sample, 1 ul of CIP was added for incubation at 37°C, 30

min. If the source was proteins dissolved in H,O, NEBuffer 3 was used as reaction buffer.

2.13 RNA binding assay

RNA oligo nucleotides were labeled with y[*’P]-ATP using 4 units of T4
polynucleotide kinase (Toyobo) at 25°C for 30 min. The RNA oligo was separated on
Sephadex pl0 column (1 ml) from free y [*P]. The reactions containing baculovirus
expressed CBP, 10 mM Tris-HCI pH 7.5 buffer with 5% glycerol, 10 mM EDTA, 1 mM
DTT, and 50 pg of yeast tRNA, plus 0.2 pg of [**P] RNA oligo nucleotides were
incubated at 25°C for 15 min. The samples were analyzed on 6% PAGE gel with 0.3 x
TBE buffer at 150 volts for 1.5 hr. The gel was dried and analyzed with autoradiography

overnight.

2.14 Rapid Amplification of cDNA Ends (RACE)

RACE was performed using SMART RACE c¢cDNA Amplification Kit (clontech)
based on user manual with some modification. Briefly, 1 ug of Trizol-extracted total
RNA (less than 3 pl) was used for first-strand synthesis. Gene specific primers (GSP)

were used. The first-strand reaction product was diluted 2 times with TE buffer, and 3 pl
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of diluted product was used as template for PCR using the GSP and 5’-RACE TFR

primer. Two rounds of PCR were performed followed by sequencing.

2.15 Labeling the living cells with biotin

The assays were performed as previously described with some modification. Briefly,
permeabilize cells with lysolecithin and biotinyl-11-deoxyuridine triphosphate (Bio-UTP)
(200 uM final concentration) added to cell media for 1 h, maximum incorporation of Bio-

UTP lysolecithin concentration (80-100 pg/ml).

2.16 Single cell nuclear microinjection assay

The single cell nuclear microinjection assays were performed as previously described.
Each experiment was performed on three independent coverslips with >300 injected cells
per point, and rhodamine-conjugated dextran was used as a negative control in each

experiment. Before injection, cells were rendered quiescent by incubation in serum-free

medium for 24-36 hr.

2.17 Reporter assay
RAW 264.7 or Hela cells were transfected with CCND1 promoter-driven luciferase
reporter gene, together with tested plasmids or RNA samples. A B-Gal reporter plasmid

was also co-transfected as an internal control (Promega).

2.18 Chromatin immunoprecipitation (ChIP) assay

Monolayer grown cells were washed twice with PBS and fixed with 1% formaldehyde

at room temperature for 10 min, followed by twice of quick rinse with PBS. Then 0.25 M
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Glycine/PBS solution was added on the plate to stop the cross-link for 10 min at room
temperature, followed by a quick wash with ice-cold PBS. The cells were collected into a
fresh tube and sequentially washed in ice-cold buffer I (0.25% Triton X-100, 10 mM
EDTA, 0.5 mM EGTA, 10 mM HEPES pH 6.5) and buffer II (200 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, 10 mM HEPES pH 6.5). Cell pellets were re-suspended in 0.3 ml
of lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI pH 8.1, 1 x protease inhibitor
cocktail) and sonicated three times for 10 sec each at the setting of 3.5 (Fisher Sonic
Dismembrator, Model 300). The samples were kept on ice during the sonication. The
efficiency of sonication was checked by running 10 ul of the sample on a 2% agarose gel
after boiling at 100°C for 10 min. The supernatant (soluble chromatin) was transferred to
a new tube after centrifugation at 16,000 g for 10 min at 4°C. The soluble chromatin was
then 1:10 diluted in dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20
mM Tril-HCI pHS8.1, 1 x protease inhibitor cocktail). 45 ul of protein A/G-sepharose
beads (50% slurry in TE buffer) were added and incubated for 1 hr at 4°C on a rotator.
The beads were discarded after quick spin and specific antibody (2-4 ug) was added to the
supernatant and incubated at 4°C overnight on a rotator. At the next day, 45 ul of
protein A/G-sepharose beads (50% slurry in TE buffer) were added for a further 2-3 hr
incubation at 4°C. Beads were harvested by centrifugation and washed sequentially for 10
min each at 4°C in TSE I buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM
Tris-HCI1 pH 8.1, 150 mM NaCl), TSE II buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI pH 8.1, 500 mM NacCl), and buffer III (0.25 M LiCl, 1% NP-40,
1 mM EDTA, 10 mM Tris-HCI pH 8.1). Beads were then quickly washed with TE buffer

twice and incubated with 300 ul of 1% SDS, 0.1 M NaHCO; at 65°C overnight to elute
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DNA and reverse the formaldehyde cross-link. Supernatant containing the DNA
fragments were collected after centrifugation at 12,000 g, room temperature for 10 min.
DNA fragments were then purified with a QIAquick Spin Kit (Qiagen) and eluted in 50 ul
of H,O. 2 ul of DNA was used for real-time PCR. The binding characteristics of

immunoglobulins to proteinA/G-sepharose beads is shown in Table 4.

Table 4. Binding Characteristics of Immunoglobulins to ProteinA/G-sepharose beads

Immunoglobulin Protein A | Protein G
Rabbit IgGl +++ ++
Mouse IgG1 + ++

IgG2a +++ +++
1gG2b ++ ++
IgG3 + et
IgM - -
IgA - -
IgE - -
guinea pig IgG +++ -
Rat IgGl + +
IgG2a - +++
1gG2b - ++
1gG2c + ++
Human IgG1 +++ +++
1gG2 +++ +++
IgG3 - +++
1gG4 +++ +++
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2.19 RNA immunoprecipitation (RIP) assay
RIP assay was performed according to the method described before[164] with some
modifications. Cultured cells were harvested and treated with formaldehyde and
Glycine/PBS as described in “Chromatin immunoprecipitation (ChIP) assay”. The cells
were then re-suspended in 300 ul of RIPA buffer (50 mM Tris-HCI pH 7.5, 1% NP40,
0.05% SDS, 1 mM EDTA, 150 mM NaCl) containing protease inhibitors, and lysed by
sonication as described in “Chromatin immunoprecipitation (ChIP) assay. After
centrifugation, an aliquot of solubilized cell lysate (25 ul, 10%) was saved as input.
Protein A/G-Sepharose beads (30 ul of 50% slurry) were coated with the specific
antibody (2 ug) of interest for 2 h at 4°C followed by extensive washing with RIPA buffer
containing protease inhibitors. Before immunoprecipitation, the coated beads were
incubated for 10 min with 0.5 ul of RNasein (40 U/ul). The lysate (250 ul) was diluted
with same volume of RIPA buffer (250 ul), mixed with antibody-coated beads, and
incubated with rotaion at 4°C overnight. The beads were washed six times in high
stringency RIPA buffer (50 mM Tris-HCI pH 7.5, 1% NP40, 0.1% SDS, 1 mM EDTA,
0.5 M NaCl, 3 M urea) by 10 min rotation at room temperature. The beads containing the
immunoprecipitated samples were collected and re-suspended in 100 ul of RIP elution
buffer (50 mM Tris-HCI1 pH 7.0, 5 mM EDTA, 10 mM DTT, 1% SDS). The de-crosslink
was performed by incubating samples (re-suspended beads) for 45 min at 70°C. RNA was
extracted using Qiagen RNeasy Micro kit with some modifications. 250 ul of RLT buffer
was added to 100 ul of elutant, and DNasel treatment was performed during RNA
extraction as manufactura’s instruction. Extracted RNA was collected in 16 ul and 8 ul

were subjected to reverse transcription using random primers.
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2.20 Small RNA Northern blot

Total cellular RNA was extracted using Trizol (Invitrogen) and treated with RNase-
free DNasel (DNA-free; Ambion). Small transcript northern blot was performed as
follows. 15 % TBE-Urea PAGE gels (Invitrogen) were loaded with 30 pg of total RNA,
and then run at 200 volts for 1 h until the bromophenol blue dye reached the gel bottom.
RNA was then electro-transferred to Hybond N+ Nylon membranes (GE Healthcare) for
3 h at 25 volts in 0.25X TBE. Membranes were then UV cross-linked (Stratalinker,
Stratagene), and prehybridized in expressHyb hybridization solution (Clontech) at 68°C
for 1 h. 25 ng of DNA probes were labeled with [0-**P]-dCTP using Rediprime II
Random Prime Labelling system (Amersham). Probes were then purified using Nick
column (Amersham). After hybridization at 42°C for overnight, membranes were
extensively washed in high stringency wash buffer (0.1X SSC, 0.1% SDS) at 65°C and

exposed to film.

2.21 Complex purification

Cell culture and extract preparation HEK293 cells were transfected with a flag-
tagged plasmid or an empty vector. Stable transfectants were selected with 500 ug/ml of
G418 and tested by Western Blotting using anti-flag antibody. Two transfectants with
relatively low expression level of flag-tagged proteins were pooled and further cultured in
medium with 300 ug/ml of G418. Cells were harvested and 1X10*” cells were used for
each data point. Cells were washed with ice-cold PBS twice. Cell pellets were then lysed
in Hypotonic Buffer (10 mM KCI, 1 mM MgCl,, 50 mM Tris-HCI1 pH 7.6, 0.3% NP40,

proteinase inhibitors fresh added) on ice for 10 min, followed by centrifugation at 1,000 g
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for 10 min at 4°C. Cell pellets, as nuclei, were stored at -80°C. At the day for complex
purification, nuclei were thawed and lysed in 15 ml of 300 mM Low Salt Lysis Buffer
(300 mM NaCl, 1 mM MgCl,, 20 mM Tris-HCI pH 7.6, 0.25 mM EDTA, 0.5% NP40,
20% glycerol) on a rotator at 4°C for 30 min. After centrifugation on a table centrifuge at
max speed for 10 min at 4°C, the supernatants were transferred as nuclear extract to a
fresh tube. Same volume of Hypotonic Buffer without NaCl was added to generate a final

concentration of 150 mM NaCl.

Resin preparation Anti-flag M2 affinity gel/resin (Sigama) was used for flag-tagged
protein complex purification. The anti-flag M2 affinity gel/resin was prepared as
manufactur’s instruction. After the final step, resin was re-suspended in 1ml of TBS (50

mM Tris-HCI pH 7.4, 150 mM NaCl) and used in batch format.

Complex purification The protein extraction from “Cell culture and extract
preparation” was added 330 ul of prepared anti-flag resin from “Resin preparation”
and incubated for 2 hr at 4°C with gentle rotation to capture the flag fusion proteins. After
binding, the resin was collected by filtration in columns, followed by consecutively
washed with 10 volume of TBS Buffer, 30 volume of Wash Buffer (50 mM Tris-HCI pH
7.4, 300 mM NaCl, 0.5% NP40), and 10 volume of TBS. The protein being eluted from
the resin was monitored by measuring the absorbance of the eluant at 280 nm. The resin
was continued washed until the absorbance difference of the wash solution coming off the
column was less than 0.05 versus a wash solution blank. The flag-tagged proteins were
then eluted from the resin by competition with 1 ml of 500 ug/ml 3Xflag peptide. 20 ul of

eluant was saved and the complex was seperated by SDS-PAGE electrophoresis for silver
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staining. The remaining eluants were concentrated with MICROCON centrifugal filter
devices YM10 (Millipore). Concentrated eluant was electrophoresed on SDS-PAGE gel
for Coomassie Staining. Desired bands were cut for Mass Spectometry. Resin was

regenerated as manufactur’s instruction.

This Chapter (Chapter 2), in part, is based on material that has been submitted for
publication to Nature, as “Stress-induced Non-coding RNAs Allosterically Regulate a
HAT-inhibitory RNA Binding Protein to Mediate Transcriptional Repression. X.T.
Wang, S. Arai, D. Reichart, T. Oyoshi, X.Y. Song, G. Pascual, D.W. Rose, P. Tempst,

M.G. Rosenfeld, C.K. Glass and R. Kurokawa.”



Chapter 3. RESULTS

3.1 TLS specifically inhibits CBP/p300 HAT-dependent

transcription.

3.1.1 TLS was identified as a component of flag-CBP complex in Hela

nuclear extracts.

To search for cellular factors that might regulate CBP HAT activity, full-length, flag-
tagged CBP immobilized on anti-flag IgG affinity beads was incubated with HeLLa whole
cell extracts or control whole cell extract buffer. The CBP affinity beads were
subsequently washed to remove unbound proteins and tested for HAT activity. These
experiments revealed marked inhibition of CBP HAT activity by HelLa whole cell
extracts in “pull-down” HAT assays (Fig. 2a, lane 2). Similar results were obtained when
“solution” HAT assays were performed in which CBP was not separated from soluble

extract proteins prior to addition of radiolabeled Acetyl Co A (Fig. 2a, lane 5).

Subcellular fractionation studies indicated the presence of two classes of inhibitory
activities: one that bound to CBP and was primarily present in nuclear extracts (Fig. 2a,
lane 3), and a second that did not bind to CBP and was present in both nuclear and
cytoplasmic extracts (Fig. 2a, lanes 6-7). The second activity is apparently corresponding

to the INHAT complex that exerts inhibitory effects on HAT activity by direct binding to

35
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histone substrates[165]. In contrast, the HAT activity of CBP was not inhibited if the

Hela cytoplasmic extracts were used in “pull-down” HAT assay (Fig. 2a, lane 4).

We further characterized the nuclear activity that bound to and inhibited CBP in pull-
down HAT assays. The nuclear activity that bound to and inhibited CBP in “pull-down”
HAT assays fractionated as two main peaks using gel filtration chromatography (Fig. 2b).
While the majority of inhibitory activity eluted in high molecular weight fractions 13-17,
the lower molecular weight fractions 30-32 were also observed to have inhibitory activity.
Each pooled fraction was further purified using flag-tagged, full length CBP linked to
anti-flag IgG beads as an affinity matrix. SDS-PAGE analysis revealed a large number of
proteins in the high molecular weight fractions and a major band of approximately 60
kDa molecular weight in the low molecular weight fractions (Fig. 2c). Using MALDI-
reTOF MS analysis, this 60 kDa protein was identified in three independent purifications
to be TLS, which was shown to also be present in the high molecular weight fractions by

Western blotting (Fig. 2d).

3.1.2 TLS specifically inhibited CBP/p300 HAT activities in a substrate

specific manner.

To confirm and extend our findings, we tested the ability of recombinant TLS to bind
to and influence the enzymatic activities of CBP and several other HATs. As expected
from the purification studies, recombinant TLS bound to CBP (Fig. 2e, lane 2) and
inhibited its HAT activity on all four core histones (Fig. 2f, lanes 1-3). Intriguingly, GST-
TLS inhibition of CBP HAT activity exhibited substrate-specificity as CBP-dependent

acetylation of p53 was not affected (Fig. 2f, lanes 4-6). TLS also bound to p300 and
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TIP60 with similar affinities (Fig. 2e, lanes 3-4), but not to p/CAF (Fig. 2e, lane 5). GST-
TLS inhibited the HAT activity of p300, but not that of TIP60 (Fig. 2g), indicating that
the inhibitory effect of TLS is specific to CBP/p300 HAT. TLS was able to inhibit the
CBP acetylation on histones in nucleosomes prepared from HeLa cell nuclei as well (Fig.

2h).

3.1.3 Mapping of CBP/p300 interacting domain on TLS and TLS

interacting domain on CBP.

To determine whether the inhibitory activity on CBP HAT is through binding directly
to the HAT domain, “pull down” and “solution” HAT assays were performed using a
GST-CBP-HAT fusion protein containing a catalytically active HAT domain extending
from amino acids 1099-1760. The CBP HAT activity was strongly inhibited in “solution”
HAT assays, but not in “pull-down” assays (data not shown). This observation suggested
that TLS inhibits CBP HAT activity through binding to a region outside of the HAT

domain of CBP.

To determine the domains of CBP involved in interaction with TLS, GST-CBP fusion
proteins containing distinct CBP domains were tested for their ability to interact with in
vitro translated TLS in GST pull-down assays. TLS interacted strongly with a fragment of
CBP corresponding to amino acids 1892-2241 (CBP 1892-2241), and weakly with
several other fragments (Fig. 3a). The TLS-binding domain on CBP 1892-2241 was
further precisely mapped to CBP amino acids 2058-2163, which overlaps with the p160-

interaction domain of CBP (Fig. 3b). This result indicates that TLS is an allosteric
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regulator of CBP HAT activity, consistent with its ability to inhibit histone, but not p53

acetylation.

Parallel assays performed with GST-TLS deletion mutants defined amino acids 1-211
in the N-terminal domain of TLS (TLS1-211) as the minimum region capable of full CBP
binding activity (Fig. 4a). Consistent with this observation, TLS1-211 was found to
possess the similar, but even stronger activity as full length TLS in inhibiting CBP HAT
activity (Fig. 4b). Deletion of amino acids 1-211 (TLS211-526) resulted in a significant
reduction in TLS binding to CBP (Fig. 4a) and loss of inhibition of CBP HAT activity
(Fig. 4b). In concert, these findings suggest that TLS inhibits CBP HAT activity by

binding via the TLS N-terminus to the p160-interaction domain of CBP.

3.1.4 TLS is a co-repressor of CREB-mediated transcription.

3.14.1 TLS represses the forskolin induced CREB activation of a
CRE-dependent promoter.

Previous studies demonstrated that the HAT activity of CBP/p300 is required for
transcriptional activity of CREB on model promoters, but not for transcriptional activities
of RAR, suggesting that modulation of CBP/p300 HAT function might provide a strategy
for differential control of CBP/p300 HAT-dependent and CBP/p300 HAT-independent
transcription units. To investigate whether the ability of TLS to inhibit CBP/p300 HAT
activity could influence signal-dependent transcription in a promoter-specific manner, we
performed single cell microinjection experiments. Overexpression of 7LS abolished

forskolin-induced CREB activation of a CRE-dependent promoter, but did not affect
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retinoic acid activation of a RAR-responsive promoter (Fig. 5a). These results are
consistent with previous studies indicating that the HAT activity of CBP is required for
CREB-dependent transcription, but not for an RAR-dependent transcription unit and

support possible roles of TLS as an integrator of complex programs of gene regulation.

3.14.2 TLS represses endogenous CREB target gene, CCND1.

To investigate roles of TLS as a negative regulator of gene expression, we focused on
CCNDI1, an endogenous CREB target gene[166, 167] that is induced in RAW?264.7 cells
by forskolin. SIRNA-mediated knockdown of 7LS mRNA in RAW264.7 cells resulted in
a marked increase in both basal and forskolin-stimulated expression of CCNDI mRNA
levels (Fig. 5b). To understand whether TLS regulates CCNDI through inhibiting
CBP/p300 HAT activity, we performed a series of reporter assays using a CCNDI
promoter-driven luciferase expression plasmid. As expected, overexpression of 7LS
repressed CCND1 promoter activity (Fig. 5¢). Introduction of wild-type CBP, but not a

CBP HAT mutant, rescued the repression of CCNDI promoter activity by 7LS (Fig. 5¢).

ChIP experiments were performed in quiescent RAW264.7 cells to test whether TLS
might be directly bound to the CCNDI promoter. When cells were cultured with carrier in
serum-starved media, both CBP/p300, and TLS were bound to CCND! in the region of
the CRE site (Fig. 5d). Forskolin treatment caused TLS to be dismissed from the CCND/
promoter, while both CBP and p300 remained bound (Fig. 5d). ChIP analysis of histone
acetylation marks on the CCNDI promoter revealed hyper-acetylation of histone (Ace
H3-K9K14) upon forskolin treatment (Fig. 5d). Transfection of 7LS siRNA resulted in an

increase of histone acetylation in the region of the CCNDI CRE site (Fig. 5e). We did not
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observe binding of TLS on all CREB target promoters, such as the 7TGFf2 and FZD4
promoters (Fig. 6), suggesting that the negative regulation of CREB target genes by TLS

is promoter context-dependent.

Down regulation of CCND1 expression is linked to G1 cell cycle arrest in response to
DNA damage. Consistent with this, CCNDI mRNA levels were significantly reduced
following exposure of HeLa cells to IR (Fig. 7a). This response was accompanied by the
recruitment of TLS to the CCNDI promoter and a reduction in acetylation of histone H3
as detected by ChIP assay (Fig. 7b). In contrast, the expression level of TLS is not

regulated by IR (Fig. 7a).

3.1.5 Two TLS homologues-EWS and TAF1S5 selectively binds with
CBP/p300 and inhibits the HAT activity of CBP/p300 as well.

The two homologues of TLS, EWS and TAFII68 also bound to CBP and TIP60, but
not to p/CAF (Fig. 8a) and exerted inhibitory effects on the HAT activity of CBP/p300
(Fig. 8b), but not of TIP60 (data not shown). More interestingly, overexpression of either
TLS from a heterogenous species or EWS could overcome the effect of 7LS siRNA on
CCNDI promoter activity, suggesting an overlapped function of TLS and EWS (Fig. 9).
These data suggest conserved roles of TLS, EWS, and TAFII68 as inhibitors of

CPB/p300 HAT activity.
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3.2 NcRNAs mediate the inhibitory effect of TLS.

3.2.1 TLS specifically bound to and functionally required GGUG
containing RNA.

RNAs are now well-established to function in diverse regulatory strategies, from gene
silencing to RNA stability. Because TLS is an RNA binding protein, we next tested the
potential function of RNA in TLS actions, and first performed co-immunoprecipitation
assays using the RNaseA-treated, quiescent Hela cell lysates. The assay showed a greatly
reduced interaction of TLS and p300 upon RNaseA treatment (Fig. 10a). Further,
treatment of the flag-CBP complex with RNaseA caused a loss of its ability to inhibit
histone acetylation (Fig. 10b). These data suggested that TLS inhibits CBP/p300 HAT

activity by an RNA-dependent mechanism.

TLS has been reported to bind RNAs containing the consensus sequence GGUG, with
mutations of the GGUG sequence to CCUC abolishing binding. We confirmed these
findings (Fig. 11a) and further determined that this binding activity involved redundant
functions of the RGG, RRM and ZnF motifs of TLS, as individual mutations of these
motifs did not abolish binding (Fig. 11b). In contrast, the N-terminus of TLS (TLS1-
211) alone was not sufficient to mediate interaction with GGUG-containing RNA (Fig.
11b). As predicted from our data, the RNA oligonucleotide containing GGUG, but not
CCUC, enhanced the binding of TLS to p300 (Fig. 10c) and the inhibitory activity of TLS
on p300 HAT (Fig. 10d). Similar results were also obtained with CBP (data not shown).
A potential mechanism for this effect is provided by the observation that the N-terminus

of TLS (TLS1-211) interacted with the C-terminus of TLS (TLS373-526) and that
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addition of the consensus GGUG oligonucleotide prevented this interaction in a dose-
dependent manner (Fig. 10e). These results suggest that RNA binding causes an allosteric
modification of TLS, relieving an inhibitory function of the TLS C-terminus, and
allowing the N-terminus of TLS to bind to CBP and allosterically regulate its HAT

activity.

To test whether specific RNAs might regulate TLS function in vivo, we transfected
the RNA oligonucleotides containing GGUG or CCUC into RAW264.7 cells and
assessed their effect on CCNDI promoter activity. GGUG-, but not CCUC-, containing
RNA repressed CCNDI promoter activity (Fig. 11c). Furthermore, GGUG, but not
CCUC-containing RNA reduced endogenous CCNDI and CCNEI mRNA (Fig. 10f). We
next asked whether TLS-associated RNAs could be localized to the CCNDI promoter by
transfecting RAW264.7 cells with biotinylated RNA oligonucleotides containing the
same GGUG or CCUC sequences and performing ChIP assays with anti-biotin antibody.
Remarkably, transfection of the biotinylated GGUG-containing RNA permitted
precipitation of the region of the CCNDI promoter containing the CRE in a manner that
was reduced by forskolin treatment (Fig. 10g). Consistent with this, GGUG-containing
RNA enhanced TLS binding on the CCNDI CRE site (Fig. 10h). In contrast, the
recruitment on CCND/ exon2 region or on control genes was not regulated (Fig. 10g and

Fig. 10h).
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3.2.2 New identified ncRNA generated from CCNDI 5’ regulatory
region recruited TLS to CCNDI promoter.

3.2.21 Identification of ncRNA from CCNDI 5’ regulatory region.
Based on the enhanced sensitivity of TLS-deficient cells to sources of DNA damage
that cause double strand breaks, such as IR, and the functionality of TLS as a RNA
binding protein, we considered the possibility that previously unrecognized transcripts
generated upstream of the CCNDI promoter could serve as the source of endogenous
TLS-regulatory RNAs. RNA was therefore isolated from HelLa cells treated with or
without IR, followed by DNasel treatment to remove DNA. As diagrammed in Fig. 12a,
first strand synthesis was performed using random primers, followed by real-time PCR
using a series of validated specific primer pairs that exhibited similar amplification
efficiency on genomic DNA templates (data not shown), spanning from -1813 to -116 bp
upstream of the established CCND] transcription start site. These experiments revealed
the presence of previously unrecognized, IR-induced, RNAs transcribed from this region
(Fig. 12b). Intriguingly, ncRNA transcripts were identified corresponding to distinct
upstream regions of the CCNDI gene (Fig. 12b). It is possible then that either multiple
transcripts are generated from 5’ regulatory regions of CCNDI, or that a single transcript
is highly labile and rapidly processed, exhibiting differential stability of the products.
Independent evidence of transcripts from this region was further provided by Northern
blot using non-overlapped probes (~200 bp each) targeting the 5’regulatory regions of
CCND1, with these probes detecting the presence of IR-induced ~330 nt transcripts over
this region (Fig. 12¢, Fig. 12d, and data not shown). Further, our data revealed the

presence of bidirectional transcripts, induced by IR (Fig. 12e), in contrast to the adjacent
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57 UTR of the CCNDI mRNA, which exhibited a decreased level in response to IR (Fig.
12e), further delimitating the differential regulation of ncRNAccyp; and CCNDI mRNA.
As is the case for other classes of regulatory non-coding transcripts, a precise

determination of the identity of the limit digests, if any, remain to be identified.

3.2.2.2 TLS functionally required CCNDI ncRNA.

To investigate the function of the ncRNAs on CCNDI transcription, we synthesized
siRNAs (sincRNA) to specifically target the ncRNAccyp;. Introduction of sincRNA in
HeLa cells resulted in reduced ncRNAccnp; (Fig. 13a, left), while simultaneously
significantly enhancing the level of CCNDI mRNA (Fig. 13a, middle). As a control, the
siRNA targeting the CCND1 coding region (siCCND1) blocked CCND1 expression (Fig.
13a, middle). In contrast, neither sincRNAccyp; nor siCCNDI regulated the expression of
CCNEI mRNA (Fig. 13a, right), arguing against a trans-acting model. Consistent with its
putative local biological role, the sincRNAccnp;, but not control siRNA, caused a
decrease in TLS recruitment to the CCNDI promoter both in the absence of IR and under
IR-induced conditions (Fig. 13b). These data argue that the ncRNAccnp; serves to
directly recruit TLS to the promoter region of the CCND] transcription unit. Given that
the synthetic 25 mer GGUG-containing RNA oligonucleotides bind to TLS and
allosterically inhibit CBP/p300 HAT activities, we elected to investigate the effect on
TLS by similar GGUG-containing oligonucleotides generated from CCNDI 5’ regulatory
region corresponding to the ncRNAccyp;. Our data revealed that these RNA
oligonucleotides were capable of binding to TLS (Fig. 13¢ and data not shown), with

binding of the RNAs causing an inhibition of p300 HAT function (Fig. 13d).
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Interestingly, a series of other evaluated GGUG-containing oligonucleotides were either
ineffective at causing TLS to bind CBP/p300, or for a subset that did mediate binding,
were unable to cause inhibition of CBP/p300 HAT functions (data not shown), consistent
with the suggestion that RNA:TLS interactions exhibit RNA ligand specificity. This
specificity of RNA binding effects on TLS is, in a sense, reminiscent of the specificity of

ligand effects on nuclear receptors.
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Figure 2. Identification of TLS as a specific CBP/p300 HAT inhibitor.

Figure 2. Identification of TLS as a specific CBP/p300 HAT inhibitor. a, Both ‘pull down’ and
‘solution’ HAT assays were performed using HeLa cell lysates. The experiments reveal marked inhibition
of CBP HAT activity by HeLa whole cell extract (WCE) and nuclear extract (NE) in “pull down” HAT
assay, and by HeLa WCE, NE and cytoplasmic extract (Cyto) in “solution” HAT assay. b, The elution
profile of inhibitory activity upon gel filtration with Sephacryl S-300 shows two peaks of inhibitory activity
at high molecular weight (MW) fractions 13-17, and low MW fractions 30-32. ¢, Representative silver-
stained gels of pooled high and low MW weight fractions are illustrated. The major band in the low MW
fractions is identified as TLS by mass spectrometry. d, TLS is present in both high MW fractions and low
MW fractions as revealed by Western blotting using a TLS-specific antibody. e, TLS interacts with CBP,
p300 and TIP60, but not p/CAF. Flag-tagged, baculovirus expressed CBP, p300, TIP60 and p/CAF were
captured on anti-flag agarose beads and incubated with recombinant TLS. Beads were then extensively
washed and specifically bound TLS was detected by Western blotting. f, GST-TLS inhibits the acetylation
of core histones, but not of p53, by CBP. HAT assay of CBP was performed with core histones or purified
GST-p53 as substrates. g, TLS selectively inhibits the HAT activity of p300, but not that of TIP60. h, Pull-
down HAT assay of CBP with GST-TLS and mononucleosome fractions shows that TLS inhibits the
acetylation of histones assembled as nucleosomes.
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Figure 3. TLS binds to the p160-interacting domain of CBP.

Figure 3. TLS binds to the p160-interacting domain of CBP. a, Full-length CBP was divided into six
GST fragments, of which GST-CBP 1892-2441 shows the strongest interaction with TLS. b, GST-CBP
1892-2441 was further divided into seven GST fragments for GST-pull down assay. The fragment from aa
2058-2163 is indicated to be the minimal domain able to mediate interaction of CBP with TLS.
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Figure 4. N-terminus of TLS interacts with and inhibits CBP HAT.

Figure 4. N-terminus of TLS interacts with and inhibits CBP HAT. a, Western blotting of flag-tagged
CBP with anti-flag antibody shows that the N-terminus of TLS (GST-TLS1-211) interacts with CBP, while
the C-terminus of TLS (GST-TLS211-526) does not. b, A pull-down HAT assay of CBP with GST-TLS
fragments shows that GST-TLS 1-211, as well as full length TLS (GST-TLS), possess full inhibitory
activity on CBP HAT while GST-TLS 211-526 does not inhibit CBP HAT activity.
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Figure 5. TLS negatively regulates CREB target CCND1 through modulating CBP HAT
activity on histone acetylation.

Figure 5. TLS negatively regulates CREB target CCNDI through modulating CBP HAT activity on
histone acetylation. a, Single cell microinjection assay shows that TLS blocks the forskolin (Forsk)-
induced CREB activation of a CRE-dependent LacZ reporter, but does not block the RA-induced RAR
activation of a retinoic acid response element (RARE)-containing-LacZ reporter. b, SiRNA-mediated
knockdown of 7LS mRNA in RAW264.7 cells results in a marked increase in both basal (no Forsk) and
forskolin-stimulated expression of CCNDI mRNA levels. ¢, Overexpression of 7LS represses the activation
of a CCND1 promoter-driven luciferase (LUC) reporter, which can be rescued by wild-type CBP, but not a
CBP HAT mutant. d, ChIP experiment demonstrates that CBP, p300 and TLS are bound to the CCNDI
promoter under basal condition. Forskolin treatment causes a dismissal of TLS from the CCND/ promoter,
while both CBP and p300 remain bound, and results in a hyperacetylation (Ace H3-K9K14) in the CCND/
promoter. e, Transfection of 7LS siRNA induces an enhanced histone acetylation in the CCNDI promoter
as detected by ChIP-real-time PCR. Error bars indicate £ SEM.
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Figure 6. TLS is recruited to a subset of CREB target genes.

Figure 6. TLS is recruited to a subset of CREB target genes. TLS is recruited to the promoters of

CCND1 and CCNE]I, but not to the promoter of TGF 2 or FZD4 in quiescent RAW264.7 cells as shown by
ChIP-real time PCR. Error bars indicate + SEM.
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Figure 7. TLS is recruited to the CCND1 promoter when CCND| is reduced upon IR.

Figure 7. TLS is recruited to the CCNDI promoter when CCND! is reduced upon IR. a, CCND!
mRNA is reduced upon IR, while 7LS mRNA is not regulated. b, ChIP assay reveals an IR-induced hypo-
acetylation of histone H3 and increased occupancy of TLS to the CCNDI promoter. Error bars indicate
+SEM.
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Figure 8. EWS and TAFII68 interact with and inhibit CBP/p300 HAT activity. a, EWS (left) or
TAFII68 (right) interacts with CBP, p300 and TIP60, but not p/CAF. b, Pull-down HAT assays indicate
that GST-EWS (left) and GST-TAFII68 (right) inhibit the acetylation of CBP on core histones.
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Figure 9. Both TLS and EWS negatively regulate CCNDI. Overexpression of 7LS or EWS represses
CCND] promoter-driven luciferase activity induced by an siRNA targeting 7LS.
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Figure 10. Specific GGUG-containing RNA promotes the inhibitory effect of TLS on
CBP/p300 HAT activity and CCND| transcription.

Figure 10. Specific GGUG-containing RNA promotes the inhibitory effect of TLS on CBP/p300 HAT
activity and CCNDI1 transcription. a, The interaction of p300 and TLS is dramatically decreased in HeLa
cells treated with RNaseA. b, Loss of HAT inhibition by flag-CBP/TLS complex when HeLa cells treated
with RNaseA. ¢, GGUG-containing RNA, but not CCUC-containing RNA, enhances the binding of GST-
TLS to p300. d, Pull-down HAT assay of CBP with baculovirus expressed TLS shows that GGUG-
containing RNA enhances the inhibitory activity of TLS on CBP in a dose-dependent manner. e, The N-
terminus of GST-TLS (GST-TLS 1-211) interacts with the C-terminus of TLS (HA-TLS 373-526) in a
manner that is dissociated by GGUG-, but not CCUC-, containing RNA oligonucleotides. f, Transfection of
GGUG-containing RNA oligonucleotides inhibits endogenous CCNDI and CCNEI expression in
proliferating RAW264.7, compared with CCUC-containing RNA oligonucleotides. g, Biotinylated GGUG-
containing RNA oligonucleotides are associated with the CCND/ promoter in quiescent RAW264.7 cells
and are dismissed by forskolin treatment. As controls, no binding is observed on CCND! exon2 or FZD4
promoter. h, Biotinylated GGUG-containing RNA oligonucleotides enhances the binding of TLS on the
promoters of CCNDI and CCNE! in proliferating RAW264.7 cells, compared with CCUC-containing RNA
oligonucleotides. ACTIN promoter is used as a control. Error bars indicate + SEM.
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Figure 11. GGUG-containing RNA oligonucleotides sgeciﬁcally interact with TLS and inhibit
CCNDI promoter activity. a, Gel Shift assay of TLS with **P-labeled RNA probes containing GGUG and
CCUC motifs indicates that TLS binds to GGUG-containing RNA, but not CCUC-containing RNA. b,
Interaction of TLS and TLS deletion mutants with GGUG-containing RNA oligonucleotides. ¢,
Transfection of GGUG-, but not CCUC-, containing RNA oligonucleotides, inhibits CCNDI promoter
activity in proliferating RAW264.7 cells.
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Figure 12. NcRNAs genearated from the 5’ regulatory region of human CCND1 gene
(ncRNAccnpr) are induced upon IR.

Figure 12. NcRNAs genearated from the 5’ regulatory region of human CCNDI gene (ncRNA ccnp;)
are induced upon IR. a, Diagram of primers used to detect ncRNAccyp;. b, The expression levels of
ncRNAs were assayed by real-time PCR, following reverse transcription (RT) using random primers. ¢,
Ratio of the ~330 nt transcripts (no IR vs. IR) detected in Northern blot was quantified using NIH Image J
program. d, Northern blot shows existance of ~330 nt transcripts by using a probe (-1165 to -965) targeted
at the 5’ regulatory region of CCND1. e, Strand specific RT real-time PCR shows both sense- and antisense-
strand generated ncRNAcyp; are upregulated upon IR. In contrast, IR causes a decrease in 5’UTR of the

CCNDI transcript. The primers used and detected strand are indicated at the bottom. Error bars indicate +
SEM.
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Figure 13. NcRNA ccyp; negatively regulates CCND/ transcription through TLS.

Figure 13. NcRNA cnp; negatively regulates CCNDI transcription through TLS. a, Left, An siRNA
targeting the ncRNAcyp; (sincRNA) knocks down the ncRNAcyp; in HeLa cells, compared with control
siRNA (siCTL). Middle, Introduction of the sincRNA upregulates CCNDI mRNA, while the siRNA
targeting the CCND1 coding region (siCCNDI) knocks down CCNDI mRNA. Right, Neither sincRNA or
siCCND] regulates the expression of CCNE! mRNA. b, Occupancy of TLS on the CCNDI promoter is
enhanced upon IR in the presence of siCTL. Introduction of the sincRNA results in a decreased binding of
TLS on the CCNDI promoter indicated by ChIP real-time PCR. ¢, Gel shift assay shows that TLS binds to
synthesized GGUG-containing RNA oligonucleotides generated from CCNDI 5’ regulatory region
corresponding to ncRNAccyp; (-408s and -295a RNA oligonucleotides). d, HAT assay shows that p300
HAT activity is inhibited by the synthesized GGUG-containing RNA oligonucleotides generated from
CCNDI1 5’ regulatory region corresponding to ncRNAcyp;. Error bars indicate #SEM.
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This Chapter (Chapter 3), in full, is based on material that has been submitted for
publication to Nature, as “Stress-induced Non-coding RNAs Allosterically Regulate a
HAT-inhibitory RNA Binding Protein to Mediate Transcriptional Repression. X.T.
Wang, S. Arai, D. Reichart, T. Oyoshi, X.Y. Song, G. Pascual, D.W. Rose, P. Tempst,

M.G. Rosenfeld, C.K. Glass and R. Kurokawa.”



Chapter 4. DISCUSSION

Forty years ago, it was proposed that sequence-specific RNA might interact with
promoters to regulate gene transcription[168]. For a long time, this hypothesis has been
underestimated, largely because that ncRNAs are usually less abundant and unstable,
making them not easily found, though the interaction of transcription factors with RNA
has been reported as well[169, 170]. A large-scale genomic comparison revealed a
number of conserved DNA regions located close to transcription factors-encoded genes in
the vertebrate genome[101, 103]. The average length of these regions is ~500bp, which is
too long to explain their function solely as DNA-binding elements. One likely
explanation is that unidentified ncRNAs are generated from such conserved region. The
hypothesis is supported by the latest investigations of relative long ncRNAs in mammals
via multiple mechanisms[115, 117, 119, 120]. On the other hand, the role of short
ncRNAs[171, 172] in transcriptional gene silencing (TGS) has been intensively
investigated in plant and yeast[173-175]. It is now widely accepted that siRNA can
mediate TGS through epigenetic histone methylation and DNA methylation in plant and
yeast. In human cells, siRNA-mediated TGS has been shown by transfecting the
exougenous SiRNA[176-178]. On the other hand, siRNA-mediated transcriptional
activation has been reported recently as well[179]. To elucidate the roles of ncRNAs

might lead us to solve some puzzles in well-studied regulatory events.
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CCNDI is a key G1 checkpoint regulator. Its expression is tightly regulated during
cell cycle[55, 180]. I found, in this work, that previously unrecognized ncRNAs are
generated from the 5’ regulatory region of CCNDI. Quantitative real-time PCR shows
gaps between the detected ncRNAs in windows around 300-400 nt in length. Northern
blot shows a ~330 nt length product induced upon IR. It is possible then that either
multiple transcripts are generated from 5’ regulatory regions of CCNDI, or that a single
transcript is highly labile and rapidly processed, exhibiting differential stability of the
products. Interestingly, my preliminary data showed that the CCNDI ncRNAs seem to be
regulated by DROSHA, an RNase Ill-like enzyme involved in miRNA biogenesis[181].
TLS, EWS and TAFII15, have been reported as components of flag-DROSHA complex
in HEK293 cells[95]. Though the significance of such interaction has not been explored,
it is very likely that TET family members are involved in miRNA biogenesis as well. On
the other hand, DROSHA could function more than simply as an enzyme in miRNA
biogenesis. DROSHA is a nuclear protein and my preliminary ChIP experiments showed
that DROSHA binds to multiple gene promoters, including CCND/I promoter, suggesting
a role of DROSHA in gene transcriptional regulation. It is under investigation now how
the CCNDI ncRNAs are regulated. Many questions need to be answered. How is
DROSHA involved? Are the ncRNAs capped, polyadenylated or spliced? And are the

ncRNAs pol II-regulated?

CCNDI ncRNAs are detected from both sense and antisense strand of the genomic
DNA. However, it is not clear whether a double-strand RNA is formed. It is possible that
the antisense strand is the active form, though the significance of such bi-directional

transcripts is unclear neither. NcRNAs can mediate both activation and repression in
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transcription regulation event. In this work, the expression levels of CCNDI ncRNAs are
enhanced whereas CCND/ is inhibited upon IR. Moreover, siRNA knocking down
experiments proved that the CCNDI ncRNAs inhibited CCND/I through recruitment of

TLS to the CCND1 promoter.

Using RNA, instead of protein, makes transcriptional regulation in a more gene
specific way through base complimentary between RNA and DNA. Both CCND/ and
CCNE] are CREB-mediated and TLS-regulated genes. Similar to the case that Evf-2
ncRNA did not regulate Wntl enhancer activity[115], CCNDI ncRNAs do not regulate
CCNE]1 gene. This result strongly suggests that CCNDI ncRNAs regulate transcription in
a sequence/target-specific manner. TLS does not bind to all of the tested CREB-mediated
genes, such as TGFf2 and FZD4, suggesting that the negative regulation of CREB target
genes by TLS is context specific. The promoters of TGF2 and FZD4 have TATA box,
whereas CCNDI and CCNEI are TATA-less genes. In fact, most TATA-less CREB
targets are genes involved in cell cycle or DNA repair regulation. Quantitative real-time
PCR was performed to test whether such difference is due to the existence of gene
specific ncRNA. Surprisingly, my preliminary data showed that ncRNA was also detected
from the 7GFp2 promoter. This result suggests that specificity of TLS regulation on

CREB-targeted genes is more than simply due to the existence of promoter ncRNA.

Cancer is viewed in part as a cell cycle disease. As a key cell cycle regulator,
mutations, amplification and overexpression of CCNDI, are observed frequently in a
variety of tumors and may contribute to tumorigenesis. NcRNAs are found to be tightly

regulated by environmental stimuli. In fact, ncRNAs consist of the majority of the
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transcripts expressed in a highly cell- and condition- specific manner. ncRNAs have been
shown to play important roles in a number of cellular processes, especially in regulatory
processes such as differentiation or control of apoptosis and cell cycle. It is, therefore, not
surprising that a considerable amount of different disease- and particularly tumor-
associated ncRNAs have been identified. Trans-acting effets of the H7/9 ncRNA have
been linked to tumor suppression. Mutations in SCAS8, a cis-antisense RNA in human, are
found in spinocerebellar ataxia patients. Other human disease associated antisense
ncRNAs include DGCR5 in DiGeorge syndrome, Kvigtas/Litl in Beckwith-Wiedeman
syndrome, CMPD associated RNA in Campomelic dysplasia. Thus, ncRNAs constitute
an important group of potential diagnostic markers, as well as drug targets. As the
number of ncRNAs increases and their functions are more precisely understood, it is
likely that dysregulation of ncRNA is the basis for many human diseases. Therefore, it
would be extremely interesting to investigate the genome-wide expression pattern of

ncRNAs in cancer tissues or cultured cells under different stimuli.

Besides their functions in RNA processing, RNA binding proteins have been reported
to be involved in transcriptional regulation event, for example, hnRNP K1 is a
transcriptional coactivator of p53 in response to DNA damage[182]. RNA binding
proteins consist of a large group and are frequently co-immunoprecipitated with
transcriptional (co)factors complex. Recent studies of the transcriptome revealed that at
least 50% of the genome is transcribed. It would be interesting to investigate the
involvement of other RNA binding proteins in ncRNA-mediated transcriptional
regulation event, and to elucidate the protein binding specificity of ncRNA. For example,

what is the RNA binding protein interacted with TGFf2 ncRNA?
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The C-terminus of TLS might be an inhibitory domain of TLS function as a
CBP/p300 HAT inhibitor is suggested by the observation that the N-terminus of TLS
displays a stronger inhibitory effect on CBP HAT activity compared with the full-legth
TLS. This is supported by the observations that N-terminus, but not the C-terminus of
TLS interacts with CBP, and that GGUG-containing oligonucleotides release the N-
terminus from association with the C-terminus of TLS, and that adding GGUG-
containing oligonucleotides results in an enhanced HAT inhibitory effect by TLS. This is
also supported by the observations on EWS from other group during the preparation of
this dissertation. They showed that multiple C-terminal RGG motifs of EWS played
cis/trans-repression roles on the transcriptional activity of the N-terminus of EWS[183].
RNA binding to TLS may cause an allosteric modification of TLS. Indeed, my
preliminary data showed that posttranslational modification of TLS is impeded in RNase
A-treated cell extracts. TLS has been shown to be a target of the kinase PKCIIP or c-
Abl[61, 62]. Phosphorylation of TLS by PKCIIB at serine 256 enhances the protein
stability of TLS, which is associated with decreased proteosome-mediated
degradation[62]. Interestingly, phosphorylation by c-Abl stimulates the DNA binding
activity of TLS[61], whereas phosphrylation by PKCIIB impedes the RNA binding
activity of TLS. EWS can be phosphorylated as well[184-186]. In addition, serum
starvation results in EWS association with Pyk2, a cytoplasmic protein tyrosine kinase,
and thus keeping EWS in the cytoplasm[185]. My preliminary data showed that
phosphorylaltion of TLS is greatly enhanced in response to IR. It would be great
interesting to test posttranslational modifications, such as phosphorylation, on the role of

TLS as an RNA-mediated transcriptional coregulator.
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TLS is required for NF-kB-mediated activation on model reporters[4]. Upon DNA
damage, NF-kB is activated to mediate activation of cell survival genes[187]. Cisplatin is
a DNA damaging anticancer drug used most successfully for the testicular cancers[188].
Many NF-kB target genes were greatly induced after treatments of cisplatin and IR,
among them /L6 and IL8 (Fig. 14a). Knocking down TLS expression blocked the
induction of /L6 and /L8 upon cisplatin and IR treatment (Fig. 14b). ChIP experiments
showed TLS was strongly recruited to the promoters of /L6 and /L8 when the genes were
activated upon IR and cisplatin treatments (Fig. 14c). In concert, these data suggest that
TLS is required for positive regulation of genes that are activated by genotoxic stress.
Detectable, low abundant, IR-induced transcripts are found from the 5’ regulatory region
of IL6. 1t is possible that TLS is recruited to the /L6 promoter by such transcripts. If so,
then it is intriguing to understand the mechanism that distinguishes TLS function as a
coactivator on /L6 and as a corepressor on CCNDI as ncRNAs are found from both

genes’ regulatory regions.

To summarize, I have provided evidence that, in response to DNA damage signals,
enhanced expression of previously unrecognized transcription units, overlapping with
negatively regulated TLS gene targets, generate ncRNAs with ligand-like inhibitory
properties that serve as molecular beacons to recruit specific RNA binding proteins, in
this case TLS, and cause an allosteric modification that permits specific TLS interactions
with CBP/p300, inhibiting CBP/p300 HAT function on histone substrates and causing
repression of target genes (Fig. 15). This allows TLS to serve as an integrator of

transcriptional programs that are regulated by homeostatic signals and genotoxic stress.
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Because these regulatory RNA transcripts are derived from the promoter regions of TLS
negatively-regulated genes, and themseleves are activated by genotoxic stress, these
RNAs, in a sense, actually function as ligands that instruct the inhibitory activities of TLS
on CBP/p300 HAT. Only a subset of tested RNAs that can bind TLS are capable of
causing the interaction with CBP/p300 or/and inhibiting HAT function. I am tempted to
suggest that the regulated expression of these ncRNA transcripts, act in situ to recruit
TLS to the CCNDI promoter and cause the specific allosteric modifications resulting in
inhibition of CBP/p300 HAT function; conversely, CREB/CBP-dependent transcription
units that do not generate ncRNAs would not exhibit TLS-dependent repression. It is
likely that different regulatory ncRNAs may have distinct consequences on the action of
TLS under different cellular conditions. The impact of TLS interactions with CBP/p300
is proposed to depend primarily on the requirements of specific promoters for the HAT
activities of CBP/p300. Further, TLS can now apparently function as a required
coactivator, including a subset of genes induced by genotoxic stress. It is possible that a
different class of activating ncRNAs exists and mediates TLS function as a transcriptional
coactivator. In the case of promoters driven by CREB, the HAT activities of CBP/p300
are essential, and recruitment of TLS functions as a transcriptional corepressor.
Intriguingly, TLS did not inhibit the ability of CBP/p300 to acetylate p53, and did not
inhibit TIP60 HAT activity, which are crucial for DNA repair. These findings thus
identify the roles of novel, genotoxic stress-induced ncRNA transcripts that, on
processing, are capable of providing gene-specific recruitment/modulation of TLS,
permitting it to exert dual functions in gene repression, or even activation, allowing

integration of the transcriptional programs that control proliferation and DNA repair in
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response to DNA damage signals. It is tempting to speculate that many other RNA
binding factors exert functional roles on gene transcription by analogous regulation by
other ncRNAs; conversely, specific RNA binding proteins are likely to be required to

mediate known effects of other ncRNAs on transcriptional repression/silencing events.
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Figure 14. TLS is required for genotoxic stress activated NFkB-mediated genes.

Figure 14. TLS is required for genotoxic stress activated NFkB-mediated genes.. a, /L6 and ILS
mRNAs are induced by IR. b, Knockdown of TLS expression blocks the induction of /L6 and ILS. ¢, TLS is
recruited to the /L6 and IL8 promoters upon cisplatin (CIS) and ioning irriadiation (IR) treatment as shown
by ChIP assay.
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This Chapter (Chapter 4), in part, is based on material that has been submitted for
publication to Nature, as “Stress-induced Non-coding RNAs Allosterically Regulate a
HAT-inhibitory RNA Binding Protein to Mediate Transcriptional Repression. X.T.
Wang, S. Arai, D. Reichart, T. Oyoshi, X.Y. Song, G. Pascual, D.W. Rose, P. Tempst,

M.G. Rosenfeld, C.K. Glass and R. Kurokawa.”
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