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Since its discovery, p142RF (p192T in mice) has been shown to be an important regulator
of the cell cycle, carrying out this function through p53-dependent and independent
mechanisms. ARF expression has recently been shown by the Skapek lab to be induced by
TGFB in mouse embryonic fibroblast and Hela cells. TGF itself has been well characterized
for its role as a “dual-edged sword,” acting as a tumor suppressor or oncogene depending on
the context. Though preliminary work has looked at the basic connections between TGF(
pathway components and their necessity for induction of ARF, many open questions remain,
especially in translating findings from mouse to human cells. For my dissertation research, |
have chosen to further investigate the regulation of TGFB-driven induction of ARF. The
knowledge gained through understanding TGFB-dependent regulation of ARF is important in
understanding disease progression and could also provide new avenues for cancer treatment

through restoration of the TGFB pathway to harness the tumor suppressive effects of p14.RF,
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CHAPTER 1:

Introduction



The Alternative Reading Frame (ARF) of CDKN2A

A search for genes whose deletion was responsible for different forms of melanoma
traced to the 9p21 region subsequently led to the discovery of the first cyclin-dependent kinase
inhibitor (CDKN2A) (Cowan et al., 1988; Fountain et al., 1992; Petty et al., 1993; Serrano et al.,
1993). Using a yeast two hybrid screen probing for protein-protein interactions with CDK4 as
bait, the group screened a cDNA library and found a positive hit for a 16 kD protein, which they
termed p16™* (inhibitor of CDK4). They went on to show that ectopic addition of p16™K* extract
inhibited a fusion protein of retinoblastoma protein (Rb) in a reconstituted system containing
active CDK4/cyclin D complexes. This inhibition was specific for CDK4/cyclin D complexes as a

system containing CDK2/cyclin D2 showed no inhibition of Rb when p16™%* extract was added.

Though it was hypothesized that p16™** acted as a negative regulator of cell growth
through inhibition of Rb, its role as a tumor suppressor was still unknown. It had been shown
that different cancer types harbored frequent alterations of the 9p21 locus, suggesting that loss
of p16™K4 could contribute to cancer progression. (Cheng et al., 1993; Diaz et al., 1990; Diaz et
al., 1988; Fountain et al., 1992; James et al., 1993; Lukeis et al., 1990; Merlo et al., 1994;
Middleton et al., 1991; Olopade et al., 1993; Olopade et al., 1992; van der Riet et al., 1994).
Using 100 melanoma cell lines and sequence tagged sites (STSs) covering the 9p21 locus, a
region encompassing two gene encoding regions were shown to be deleted in over half of the
cell line panel (Kamb et al., 1994). One gene was shown to encode p16™X* using sequence
homology and both genes were shown to be deleted in various cell lines representing many
different types of cancer using STSs in or around both genes. The second gene was later
shown to encode p15™K“B, a protein that acts in the same manner of as p16™%** by inhibiting

CDK4/6-dependent Rb phosphorylation (Hannon and Beach, 1994).



Upon further investigation of transcripts encoding p16™K*A two different forms were
found in humans and mice that shared exons 2 and 3, but had separate starting exons termed
exon 1a and 1B (Stone et al., 1995). Exon 1B was shown to have a different reading frame and
promoter than exon 1a and thus was termed alternative reading frame (ARF). The ARF gene
was found to encode a 19 kD, 169 amino acid protein in mice and 14 kD, 132 amino acid
protein in humans, respectively referred to as p19°%F and p144RF (Quelle et al., 1995; Stott et al.,

1998).

[ INK4b ] ARF DINK4ad|

E1 E2 E1B Elo. E2 E3

I M I

Figure 1.1: Schematic diagram representing the CDKN2A/ARFICDKN2B locus. The
locus contains three genes (CDKNZ2A, ARF, and CDKNZ2B) expressing three different
proteins (p16™Ka p14ARF and p15NK4 | respectively). CDKN2A and ARF share exons 2 and
3, but differ in the first exon (exon 1a and exon 18, respectively) whose expression is
controlled independently by separate promoters (modified from Sherr, 2006).

Though ARF was believed to be important in some capacity due to conservation in mice
and the intimate association with p16'™NK*A  there was no definitive evidence until p192" was
cloned by the Sherr lab (Quelle et al., 1995). Using mouse erythroleukemia cell lines, cDNA of
p19~" was cloned and then inserted into a retrovirus vector for ectopic expression. After
incubating NIH 3T3 cells - which lack Ink4a - with the p19A™ expressing retrovirus, cell cycle
arrest was induced at both G1 and G2/M stages. In addition, p19" did not associate with CDKs

from NIH 3T3 lysates and CDK/Cyclin complexes expressed in insect Sf9 cells retained their



enzymatic ability, indicating that p19*-induced cell cycle arrest was mechanistically different

from that of p16'a,

The tumor suppressive effects of p192™ independent of p16 42 became apparent upon
observation of tumor development early in the life of mice which had exon 13 of Arf replaced
with the neomycin resistance gene but exon 1a was left intact (Kamijo et al., 1997). In addition
to this, mouse embryonic fibroblasts (MEFs) able to escape replicative senescence upon
repeated passaging were shown to have either lost expression of p192T or have mutated p53
indicating the mutual exclusivity of Arf and p53 required for growth arrest. Furthermore, ectopic
expression of p19*™ in cell lines lacking functional p53 resisted the growth inhibitory effects of

Arf, hinting at the possibility that it acts upstream of p53.

Inactivation of the CDKNZ2A/ARF locus through point mutations or deletions occur in
many human cancers but many of these events occur in either exon 1a or in exon 2 (Hall and
Peters, 1996; Hirama and Koeffler, 1995; Kamb et al., 1994; Nobori et al., 1994; Pollock et al.,
1996; Quelle et al., 1997). To what extent ARF contributed to tumorigenesis in these cases was
unknown as the impact on its function as a tumor suppressor was not clear. To resolve this, 6
independent, commonly occurring point mutations and one independent, 2 amino acid deletion
in a highly conserved region were made in exon 2 of either mouse p1642 or p19AT cDNA
(Quelle et al., 1997). Mutations know to affect p16'™“2 function did in fact affect its ability to
cause cell cycle arrest when ectopically expressed in NIH 3T3 cells, though the same
alterations did not impede the growth inhibition properties of p19A™. When different exons of
p19°T were expressed ectopically, it was found that nearly all of the growth repressive effects

were retained in exon 1p.



The first clear evidence of a mechanism of cell cycle arrest for ARF came when
Zhang et al. demonstrated the ability of p142%F to bind MDM2, an E3 ubiquitin-protein ligase that
inhibits p53 by targeting it for degradation (Zhang et al., 1998). Using a yeast two-hybrid screen
with p14RF as bait and a two-hybrid cDNA library from HelLa cells, the researchers detected
binding of the C-terminus of MDM2 to p14ARF. This interaction was also confirmed using in vitro
ectopic expression and immunoprecipitation of both proteins in HeLa and COS7 cells.
Consistent with previous research showing that the majority of p19~™ growth inhibitory action lies
in exon 18, MDM2 was shown to bind to the first exon of p14ARF and that this interaction led to a
reduction in MDM2 stabilization as determined by pulse-chase in which MDM2’s half-life was
reduced from 90 min to 30 min when coexpressed with p14A%F. This mechanism was also
confirmed for the mouse protein p19°RF (Pomerantz et al., 1998). Thus, a major component of
ARF’s tumor suppressor activity was determined to be the indirect activation of p53 through

targeted degradation of MDM2.

At this point, it was clear that ARF could act as an oncogenic sensor as it had been
shown that expression of Ras, Myc, or E2F1 resulted in increased expression of ARF which led
to increased p53 levels (Bates et al., 1998; Palmero et al., 1998; Zindy et al., 1998). But in
addition to its p53-dependent tumor suppressive activity, there was evidence that ARF could act
independently of p53 to cause cell cycle arrest. It was shown that mice with knockouts of Arf
and p53 develop a wider range of tumor from different tissues along with multiple primary
tumors, independent of Mdm2, as opposed to inactivation of Arf or p53 alone (Weber et al.,
2000). Furthermore, G1 cell cycle arrest occurred upon ectopic expression of p19T in triple
knockout MEFs (but not p53 and Arf double knockout MEFs), demonstrating that Arf could

influence the cell cycle outside of the Mdm2-p53 pathway.



In addition to its ability to induce ARF expression, the transcription factor E2F1 was the
first protein identified to be directly regulated by ARF (Eymin et al., 2001). Researchers found
that not only was endogenous p14ARF and E2F1 able to physically interact, ectopic expression of
p14°RF in Saos2 cells (which express high levels of E2F1) co-transfected with a luciferase
reporter driven by an E2F1-dependent promoter resulted in significant reduction of luciferase
activity, demonstrating the ability of ARF to inhibit E2F1-dependent transcription. Interestingly,
the group also found that MDM2 co-precipitated with p14°RF/E2F1 complexes. Using the same
reporter as before, they showed that in Mdm2/p53 double knockout MEFs co-transfection of
ARF with E2F1 did not inhibit E2F1 transcription but upon addition of MDM2, inhibition was

rescued.

Concurrent with the discovery of E2F1/p14ARF interaction, c-MYC was also identified as
a direct target of p14”RF using co-IPs in Hela cells, which are effectively p53-null as it is
targeted for degradation by the HPV protein E6 (Qi et al., 2004). This group found that p19A™
mainly bound to the C-terminal helix-loop-helix/leucine zipper domain, which is required for c-
Myc to heterodimerize with Max to form a transcriptional activator complex, and the N-terminal
transcriptional regulatory domain, the latter of which exhibited the most binding. In MEFs that
were pb3- and Arf-null, induced c-Myc expression resulted in increased levels of c-Myc
regulated genes such as tert and cdk4 whereas MEFs that were only p53-null (which results in

high p19*™ expression) did not show increased expression of these genes.

Since this time, there has been work looking for different binding partners of ARF and its
contribution to cellular senescence (reviewed in Sherr, 2006, 2012). The fundamentals for ARF
though, from its discovery as coding a unique protein that shares exons with CDKNZ2A, to its
participation in cell cycle arrest through various mechanisms and interactions, were established

by these researchers.



Transforming Growth Factor Beta (TGFR)

The initial discovery of TGFB was during the characterization of a growth factor secreted
from cells transformed using sarcoma virus that had the ability to transform and promote the
growth of “normal” cells in soft agar, giving it the moniker sarcoma growth factor or SGF (de
Larco and Todaro, 1978). Upon further purification of SGF, two separate fractions retained
transformation activity in the presence of epidermal growth factor (EGF) giving rise to TGFa and
TGF, the latter of which showed much more activity (Anzano et al., 1982; Roberts et al., 1981).
It was known by this time that TGFB was present in normal cells and that it participated in many
processes, including wound healing, by promoting the formation of collagen and angiogenesis,
and surprisingly growth inhibition (Roberts et al., 1986; Sporn et al., 1983; Tucker et al., 1984).
This was the beginning of TGFBs history in cancer biology of being a double-edged sword, a
molecule able to intricately regulate cell growth in most normal contexts but act as a strong

oncogene in many cancers.

There are 3 different TGF ligands (1, 2, and 3) that can all act by the same mechanism
of binding as a dimer to TGFB receptors (TGFBRI and Il) as seen in figure 1.2. Upon ligand
binding and activation of the resulting receptor complex, an R-SMAD (SMAD2 and SMAD3) is
recruited to the receptors, phosphorylated, and released. Activated R-SMAD can then bind to
the co-SMAD, SMAD4, which then translocates to the nucleus and functions as a transcriptional
regulator through recruitment of different cofactors. This process is commonly known as the
canonical TGFB-signaling pathway as it is the primary mode in which TGFf@ ligands act to
regulate TGFB-responsive genes. Disruptions or alterations in this pathway at key points during

cancer development and progression can switch TGF[3 from tumor suppressor to oncogene.
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Figure 1.2: Schematic diagram of the TGFB-SMAD signaling pathway. A general
overview of the TGFf signaling showing activated, dimeric ligand (TGFf) binding to type |
and Il TGFp receptors. FKBP12, an inhibitor of the type | receptor that prevents dimerization
is released and the active heterodimeric receptor is formed. The type |l receptor
phosphorylates the type | receptor, allowing receptor SMADs (R-SMAD) to bind with
assistance of an anchoring ligand. The R-SMAD is phosphorylated allowing association with
the co-Smad (SMAD4) which facilitates translocation to the nucleus. The SMAD complex
recruits and binds with other cofactors at SMAD binding elements (SBE) within the DNA,
facilitating activation or repression of TGFB responsive genes (modified from Massague et
al., 2005).



TGFB-dependent Regulation of ARF

The link between ARF and TGFB was discovered in the Skapek lab while investigating
Arfs role in the developing mouse eye. It was found that Arf” mice had smaller eyes than
wildtype mice with phenotypes very similar to the eye disease persistent hyperplastic primary
vitreous (PHPV) in humans (McKeller et al., 2002). Upon histological examination of the eyes, it
was clear that the hyaloid vascular system (HVS), which precedes the development of mature
vasculature in the eye, had failed to regress. This phenotype was not replicated in mice lacking
p53 or Cdkn2a, indicating that this was a p53-independent function of Arf (Martin et al., 2004).
In transgenic mice where exon 13 of Arf had been replaced with Gfp, Arf promoter activation
could be detected in perivascular cells (which expressed markers mainly associated with
pericyte cells) before HVS regression would normally occur. Using this mouse model, activation
of the Arf promoter was found to begin at E12.5 of embryonic development and colocalized with
Pdgfrp, an important factor in supporting development of normal vasculature by recruiting
perivascular cells (Silva et al., 2005)). In Pdgfr3/Arf double knockout mice, regression of the
perivascular cells were rescued showing that Arf acts upstream of Pdgfrf in the normal

development of the mouse eye.

Interestingly, it had previously been shown that Tgf82" mice developed similar
characteristics of PHPV leading to the hypothesis that Tgf32 played a role in Arfs repression of
PdgfrB (Saika et al., 2001; Sanford et al., 1997). Upon incubation of wildtype MEFs for 72 hr
with 5ng/mL of TgfB2, western blotting showed that p19*T levels increased significantly and
repeating this experiment in the presence of the TGFBRI inhibitor SB431542 blunted this
induction along with pSmad2 levels (Freeman-Anderson et al., 2009). To test the dependence
of Arfinduction in vivo, a transgenic mouse line in which exon 13 had been replaced LacZ (Fig.

1.3A) was crossed with a hetero- or homozygous Tgf32 knockout mouse line. At E13.5, X-gal
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staining of TgfB2” mouse embryo eyes showed low LacZ expression as compared to the
TgfB2*" background (Fig 1.3B). Furthermore, Arf-**“* MEFs showed robust increases in B-gal
activity when treated with Tgf32 or Tgf1 (Fig 1.3C). These experiments demonstrated a unique

mode of Arf induction dependent upon Tgfp signaling both in vitro and in vivo.
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Arf Gforcip
Tgfp2*

Arf a2+, TgfR2*  Arfla2#, Tgf2 *

3 =

<

B a 7 b
; i g o Arf Gle/Glp
"N \ P o /‘;
v/ // e

D

a
*
c
*

]
w

no
o

-
(4]

10

Normalized pB-Gal (x10%)

Lane:
Vehicle
Tafp1
Tgfi2 + + +
Pdgf-B 4
Time: 0 24 48 72 0 48

Figure 1.3: Dependency of Arf expression by Tgff§ in the developing mouse eye and
MEFs. A) Transgenic mice with either one or both copies Arf exon 1B replaced with lacZ
show increased expressed of the transgene in the primary vitreous at E13.5. B & C) In mice
which are null for Tgf32, the expression of the transgene is blunted. D) Both Tgf1 and 2 can
elicit Arf induction in MEFs harvested from wildtype mice (modified from Freeman-Anderson
et al., 2009).
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To determine the components downstream of the activated Tgfp receptor complex

necessary for induction, Smad6 was ectopically expressed in Arf-®#taZ MEFs. Upon 48 hr

incubation with Tgf2, cells expressing Smad6 did not show increase in B-gal activity when

compared to wildtype MEFs. Inhibition of Smad2 and Smad3 by target siRNA also blocked

TgfB-dependent p19AT induction in wildtype MEFs (Zheng et al., 2010). Interestingly, when

chromatin immunoprecipitation (ChlP) was used to determine the presence of Smad2/3 near the

Arf promoter, binding could be detected within 1.5 hr of Tgf2 treatment. Two sites with the

highest signal were identified approximately -1200 and -35 bp transcriptionally upstream of the

start site henceforth referred to as distal and proximal, respectively . While this established the

role of canonical Tgf signaling, it was also found that activation of p38 contributed as p19*7

levels were reduced upon targeted p38 inhibition, demonstrating the importance of a non-

canonical pathway.

Inhibitors: DMSO SB20 SB43 SPE0 uo1 LY29
Treatment: V T2 V T2 V T2 V T2 V T2 vV T2
p 194 — s — — e

-

Lane: 1 2 3 4 5 -] T &8

§ 2]
o R e 5 S
2 . ot - d

-] 10 " 12

Figure 1.4: Both r-SMADs and
p38 affect Arf induction in
response to TGFB. A) Non-
canonical downstream signaling
mediators (beige) of the TGFf
pathway and the small molecule
inhibitors (gray) used to block
their activation. B) Western blot
showing changes in p19AT
induction in response to Tgff2
and in response to different
inhibitors. The Tgfpr-1 inhibitor
SB43 ablates p192™ induction in
response to TgfB2 while the p38
inhibitor  SB20  significantly
decreases induction (modified
from Freeman-Anderson et al.,
2009).
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It was also established that Tgf3-dependent Arf induction was not isolated to mice. In a
panel of cancer cells, the HelLa cell line was found to induce p14*%F in response to TGFR1
(Zheng unpublished). In addition, both the timeframe of increased ARF expression and the

contribution of p38 to its induction were consistent with previous finding in MEFs.

CEHSE SiHa C33A CaSki Hela Figure 1.5: HeLa shows TGFB'
Treatment: VTV .T v = T Vv T dependent induction of ARF. In two
p14ARF T e R — groups of cancer cells from different

— origins, HeLa was shown to induce

HSC70 p14°RF in  response to TGFp1,

Es 2 B & B8 8 @ R demonstrating that this phenomenon
can occur in human cells in addition to
MEFs (Zheng, unpublished).

Cells: PC3 _Hela HCT116 _Rh28 LS1034

Treatment: V TV T VvV TV T V T

p14ARF ‘*"‘ w y

HSC70

Lane: 1 2 3 4 5 6 7 8 9 10

Building upon these discoveries, two important questions presented themselves about
ARFs role as a tumor suppressor in response to TGFB: how is ARF regulated at a
transcriptional level in response to TGF3 and how do these previous findings in mice translate
to human cancer? For my dissertation, | designed experiments to answer certain aspects of
these questions based upon recent data by the Skapek lab and others. In my second chapter, |
will attempt to answer whether a Tgff3-responsive distant, cis-acting enhancer of Arf exists in
region previously shown to participate in the repression of Arf. Next, building upon initial
observations from the Skapek lab that HeLa cells induce p14ARF in a TGFB-dependent manner,
my third chapter will focus on what components of the previously outlined signaling pathway are
necessary, and translate these findings to a focused panel of lung cancer cells. For my fourth
chapter, | will address the transcriptional regulation directly at the ARF promoter by asking how

POLR2A recruitment changes in response to TGFf3.
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CHAPTER 2:

Distal Cis-acting Enhancers of ARF in the Human 9p21.3 Coronary Artery Disease Risk Locus
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Introduction

The 9p21.3 Coronary Artery Disease Risk Locus’ Role in ARF regulation

At a transcriptional level, there have been many studies looking into the regulation at the
ARF promoter. It is well known that in many different types of cancers, methylation of the ARF
promoter occurs and it has been shown that a CpG island exists near ARF promoter with
hypermethylation of these sites results in silencing of gene transcription (Robertson and Jones,
1998). In contrast, Sp1 can bind to these same CpG sites and likely acts in concert with E2F1
as transcriptional activators (Parisi et al., 2002). What had not been investigated was the

potential regulation ARF by enhancer elements.

Enhancer elements are short sequences within the genome that are able to bind
transcription factors and increase expression of distant target genes (reviewed in (Shlyueva et
al., 2014). They accomplish this feat by looping of the DNA where they come into close
proximity of their target gene promoters allowing for recruitment or increased activity of
POLR2A. In the pursuit to identify potential enhancer regions, many methods have been
established for their detection. For example, many enhancer regions contain histone
modifications such as H3K4me3 and H3K27ac. In addition, if an enhancer is active or primed,
the DNA will be in an accessible state which can be detected by DNase activity. If the DNA is
inaccessible and does not show characteristic histone modifications, conservation of sequences

in gene desert regions can be used as an indicator of latent enhancers.

One such potential enhancer of ARF expression is the 9p21.3 coronary artery disease
(CAD) risk locus. This locus was first identified through a genome-wide association study

(GWAS) by the Hobbs-Cohen lab (McPherson et al., 2007). They mapped an interval spanning

14



approximately 58 kb in which single nucleotide polymorphisms (SNPs) correlated with coronary
heart disease to a high degree of statistical significance (p<0.01) (Fig 2.1A and B). This region
is approximately 85 kb from ARF exon 1B is not known to encode any genes, yet in a meta-
analysis of GWAS studies this region contained SNPs also associated with cancer, type 2

diabetes, and other age-related diseases (Jeck et al., 2012).

To study how this risk interval influences these diseases, the Pennachio lab created a
mouse model in which the 70 kb orthologous region on mouse chromosome 4 was deleted (Fig
2.1C and D) (Visel et al., 2010). In these chrf7O/A70kb mjce  survival at all periods of life

decreased, while weight and tumor incidence increased compared to wildtype. They next looked
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Figure 2.1: Schematic of the CAD risk interval and knockout of orthologous region in
mouse. A) The 9p21.3 CAD risk interval and SNPs that are significantly linked to increase
coronary artery disease risk. The risk interval is located approximately 85kb downstream of
the CDKN2A/ARFICDKNZ2B locus in humans (B) and 110kb downstream in the mouse
orthologous region (C) with non-coding RNA transcripts shown in green. D) In chr427%® mice,
the orthologous risk interval has undergone a homozygous deletion (modified from Visel et
al., 2010).
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SNPs, the predominant sequence (modified from Visel et al., 2010).

and Cdkn2b transcript abundance

was determined by strain-specific

was from the C57BL/6 mouse allele. This suggested there exists an enhancer element capable

of affecting the Cdkn2a/Arf/Cdkn2b locus.

Based on the findings from Pennachio’s group, the Skapek lab asked if deleting the
9p21.3 orthologous risk had the same effect on Arf expression and it’'s response to Tgff. They
observed that not only did chri70kb/A70kb mjce display the same PHPV-like phenotype but that
basal Arf levels in chri’0kb/A70ko MEFs was nearly abolished and Tgff lost its ability to initiate
induction even though Smad2/3 was detected at the Arf promoter (Zheng et al., 2013). To
further explore the possibility of TgfB-responsive, cis-acting regulatory elements existing in the
risk locus, chri70kb/A70kb mice were crossed with Arfe?#Z mice. This produced a double
heterozygous knockout in which one allele contained intact Arf with the risk locus deleted while
the other allele had exon 1B replaced by /acZ with the risk locus intact (Fig 2.3A). When Arfa#*
chr*/A70k MEFs were treated with TgfB, they showed increased B-gal expression but no
increases in Arf exon 18 mRNA when compared to wildtype MEFs (Fig 2.3B and C). Though

basal Arf mRNA and protein levels were almost undetectable in chrf70x/A70kb MEFs, ectopic
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expression of oncogenic human H-RAS was able to increase p19”T levels, albeit at lower total

levels than wildtype MEFs (Fig 2.3D).
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Figure 2.3: The orthologous CAD risk interval acts in cis of the Arf gene and ablates Ari
expression in response to Tgfl but not oncogenic stimuli. (A) Diagram showing the dual
hetero-transgenic mouse with the exon 1B of Arf replaced with lacZ but retaining intact
orthologous CAD region on one allele, while the other allele contains wildtype Arf with the
orthologous CAD region deleted. (B) B-gal assay showing /acZ is functional and expression
increases in response to TgfB2 in dual-het MEFs. (C) In contrast, Arf mRNA is not induced in
the same dual-het MEFs along with lower basal expression when compared to single-het
chr427% MEFs. (D) Ectopic expression of oncogenic Ras results in p192T induction, though
levels are decreased in chr4270kb/A70kb MEFs (modified from Zheng et al., 2013).

These data clearly demonstrated that a regulatory element existed in the orthologous
9p21.3 CAD risk locus, that it acted in cis to Arf, and that it affected the ability of Tgff to induce
Arf expression. The Skapek lab had a clear interest to identify the mechanism by which this
element acted upon Arf in response to Tgff. | decided to pursue this interest and took over a

project from Caroline Sung, a MD/PhD student at the time, focused on detecting whether a

17



region of DNA within this risk locus looped around to recruit a transcriptional co-activator at the
Arf promoter in MEFs. To do so, we chose the chromosome conformation capture (3C)

technique pioneered by Job Dekker (Dekker et al., 2002).

The 3C technique is able to capture and detect when DNA regions of interest come into
close proximity to one another, either at normal steady-state or in response to some stimuli, and
has been used to detect distant regulatory elements. This is accomplished by choosing a
restriction enzyme (RE) that cuts DNA once near the promoter of your gene of interest (GOI)
and also cuts at the potential regulatory elements of interest so that the resulting fragments are

between 1-10 kb, ideally in the middle of this range (Naumova et al., 2012). An anchor primer is
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Figure 2.4: Schematic diagram of the 3C technique and expected results. A) diagram
demonstrating the how 3C captures interacting regions of DNA through crosslinking, digestion,
ligation, reverse crosslinking, and finally probe qPCR to detect the expected ligation product. If
there is no interaction, the expected result would be decreased interaction frequency the further
away the two regions are due to stoichiometry (B) while regions that do loop together will be at a
higher frequency than can be attributed to randomness (C) (modified from Miele et al., 2006).

18



designed near the restriction site of your GOl with a TagMan probe developed on the opposite
strand to detect rare interactions. Primers at the restriction sites for the regulatory elements
should be designed so that if the digested GOl and regulatory element are ligated together,

elongation by PCR can take place.

After all these requirements are met, cells under the conditions chosen for the
experiment are treated with formaldehyde to crosslink and capture DNA in its current
conformation. From there, the DNA is digested, ligated, and reverse crosslinked. TagMan probe
real-time quantitative PCR (qPCR) is performed to detect if there is any interaction between the
GOl and potential regulatory elements, and depending on the experimental setup, at what

frequency this occurs.

| decided to target potential enhancer containing regions that had been identified by a
previous group. This group found four conserved noncoding sequences (CNS) within the human
9p21.3 CAD risk locus (Jarinova et al., 2009). When these regions were coupled to a minimal
promoter driving luc2 expression, two CNSs demonstrated the ability to act as transcriptional
enhancers. With this in mind, | proceeded to design and test a 3C protocol to detect whether
chosen regions in the orthologous 9p21.3 CAD risk locus looped into close proximity of the Arf

promoter in response to TGFB1 in MEFs.
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Methods

Plasmids and primer design

Bacterial artificial chromosomes containing minimally overlapping regions encompassing
the orthologous loci for Cdkn2a/Arf/Cdkn2b and 9p21.3 CAD in mice were obtained from Riken
Bioresource Center DNA Bank and used to validate primers used in 3C. Anchor primers were
designed in the first intron of Arf transcriptionally before the first Bglll restriction site. TagMan
probes were designed on the antisense strand before the first Bglll site but after the anchor
primers. Primers targeting the CNS regions were designed on the same strand as the anchor
primer before the Bglll sites within and around each CNS region. As a positive control, primers
were designed at Bglll sites within and around the Gapdh locus, as described in Spilianakis and

Flavell (2004). For the full list of primers used, see appendix.

Cell culture

Primary MEFs were obtained from the second generation of wildtype C57BL/6 x 129/Sv
mice at E13.5 and cultivated as previously described (Freeman-Anderson et al., 2009; Silva et
al., 2005; Zindy et al., 2003). Early passage MEFs (less than seven passages) were used for

each 3C experiment and cultured in 15 cm cell culture plates.

Chromosome conformation capture

The protocol for 3C was based upon previously established techniques by Hagege et al.
(2007) with the following modifications. Briefly, Bglll restriction enzyme was used at 2X and 5X

amounts including boosts both after the overnight digestion and 2 hr after the initial boost for
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some experiments. Cell density was decreased from 1.0x107 to 0.5x107 for the first digestion
conditions test and other variations were made according to suggestions listed in by Hagege et

al. (2007).

TagMan probe real-time quantitative PCR

Purified DNA from the ligated, reversed crosslinked 3C samples were subjected to
TagMan probe gPCR with the validated 3C primers on Bio-Rad’s C1000 Touch thermal cycler.
KAPA'’s 2x probe gPCR mix at a final volume of 10 ul for each reaction in triplicate while capture
was performed with Bio-Rad’s CFX96. DNA concentrations were measured by nanodrop and
diluted to a final concentration of 20 ng/ul, of which 1 pl (20ng) was used for each reaction.
Anchor and target primers for each region of interest were added for a final concentration of 400
nM with TagMan probe added for a final concentration of 200 nM. Optimized qPCR cycling
conditions were determined to be 3 min at 95 °C, followed by 40 cycles of 3 s at 95 °C and 30 s

at 58 °C.
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Results

Ligation products from Bglll digested and randomly ligated Cdkn2a/Arf/Cdkn2b and 9p21.3 CAD

BACs can be detected using probe gPCR

The selection of the restriction enzyme is the first and perhaps most crucial step in the
3C process. As the experiment was a candidate approach, | considered REs that would
generate low complexity and decided upon “6-cutter” enzymes that would decrease the resulting
number of digest fragments. It is important for the RE to have high digest efficiency, and
considering that Arf is a CpG island, | would need to select an enzyme able to cleave
methylated DNA. Previous attempts by Caroline Sung were based on digestion with EcoR/ and
were unsuccessful due to the inability to detect any reliable signals when validating her primer
set. To avoid any complications that might be contributed to EcoRI digestion in this setting, |
opted to use Bglll, a “6-cutter” RE that recognizes the sequence 5-AGATCT-3’ and cleaves
after the first adenine nucleotide. In addition to being able to cleave methylated DNA, restriction
site frequency was low at the CNS regions and Arf promoter, producing fragments that fell

within the specified length (1-10 kb) for detection of crosslinked DNA fragments (Fig 2.5).
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Figure 2.5: Schematic representation of the primer design for the 3C experiment. Anchor
primers (red) were created before the first transcriptionally downstream Bglll (black notches) in
the first intron of Arf (light blue) with the TagMan probe directly before the anchor primer. For
the CNS regions (orange), target primers (blue) were created at the Bglll sites in and
immediately around each region.
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With Bglll as the chosen RE, | designed primers at the restriction sites near or within the
regions of interest. An important consideration during primer design was to ensure that primers
were both on the same strand and priming in the same direction (Fig 2.5). This is due to the fact
that this is sticky-end ligation and one strand will be in the opposite orientation relative to its
position in the chromosome. The anchor primer determines what direction the region of interest
primers would face, and due to the highly repetitive, CpG rich DNA transcriptionally upstream of
the Arf promoter, | chose to locate the anchor primer downstream (Fig 2.5). Based upon two
separate anchor primers at this region, | designed two sets of CNS primers, each with 1-2

separate primers for each CNS in case of poor detection from any one primer pair.

Each primer pair was designed using a template from the GRCm38/mm10 mouse
genome in which | performed ligation in silico based upon Bglll digest. From each ligation
product, a 600 bp segment with the ligation site in the center was copied into the Primer3Plus
primer design program. The ligation site was chosen as a target with the anchor primer used as
input for the left primer and conditions where adjusted for probe qPCR. This program was also
used to design the TagMan probe between the anchor and its restriction site on the opposite
strand The resulting list of primers were analyzed both by Primer-BLAST to ensure specificity
and IDT’s OlgioAnalyzer 3.1 tool to check for secondary structures. Using these analyses, the

highest specificity primers were chosen.
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Figure 2.6: Primer validation of 3C using BACs. A)
Schematic of primer validation using two minimally
overlapping BACs digested and ligated in equimolar
concentrations (modified from Splinter et al., 2004). B)
Ethidium bromide stained agarose gel showing individual
digestion of both BACs separately next to an equimolar
mixture of each ligated and mock ligated. gel, one dominant band

digested with Bglll, and

randomly ligated together
(Fig 2.6 A). When the ligated
mixture was run on an

ethidium bromide agarose

appeared. As expected, both BACs individually digested and a combined mock ligation showed
bands of predicated molecular weight for Bglll digest (Fig 2.6 B). The primers were used in
probe qPCR with two different concentrations of the ligated BACs as a template. For a primer
pair to be validated and consider for experimental use, the specific PCR product must be the
only band present with PCR efficiency between 90-110% (Fig. 2.7 A-C). | validated a full set of

primers covering each CNS region using these criteria.
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Optimization of 3C results in high Bglll digest efficiencies but fails to detect interactions in MEFs

The nucleus is filled with molecular machinery in addition to nucleic acids, and this can
lead to difficulty in detecting looping interactions with crosslinking difficult. To increase the ability
to detect interactions that could occur at low frequency, high RE digestion efficiency is needed
at each site being interrogated. In the literature, many groups have developed and refined the
3C technique, so | based my initial experimental protocol on a detailed methods paper from the
Forné lab (Hagege et al., 2007). For a positive control, | looked to another group that had used
the Gapdh locus with the Bglll enzyme in a 3C experiment (Spilianakis and Flavell, 2004).
Focusing on the first two sets of primers used, | adapted this control to my experiment (Fig 2.8).
To identify the optimal conditions needed to achieve high Bglll digestion efficiency, | performed
each experiment using genomic DNA from wildtype MEFs with one procedural variation up until

the addition of ligase, in which | mock treated the 3C sample to reflect a true experimental run.
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Figure 2.8: Diagram of 3C control centered near the Gapdh locus. In mice, Bglll sites are
located at 4 different regions near and around the Gapdh locus resulting in two different
fragments. Due the proximity of the sites and fragments to one another, a detectable signal can
be assayed due to proximity. For this 3c experiment, primers 1=4 were chosen (modified from
Spilianakis and Flavell, 2004).

| first chose to test a set of RE digest conditions based on cell confluency at harvest, the
initial dose of RE used for digestion, and a “boost” dose of RE for 2 hr after the initial overnight
digest (Fig 2.9). The baseline condition was adhering strictly to the Forné lab’s protocol with the
use of a detergent-based lysis buffer. Bglll digest of the orthologous 9p21.3 CAD BAC was used
as a positive control. Cell density had little effect on Bglll digestion, while increasing the initial
RE dose showed incremental improvements with increased concentration at most sites. The
overnight boost of RE was as efficient as a 5x dose, which when taken together with the 7 hr
activity half-life of Bglll, is an expected outcome. Though some sites were able to reach
efficiency higher than 60%, the Arf anchor site did not, which meant further optimization was
needed. While not shown here, Bglll digest efficiencies for the Gapdh locus were near or above

60% for boost and 5x RE dose conditions.
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Figure 2.9: Graph of digest optimization. Chart showing the mouse genomic DNA digest
efficiencies of multiple different conditions leading up to and immediately after addition of
restriction enzyme Bglll as measured by qPCR in comparison to non-digested sample with
the 9p21.3 CAD orthologous region BAC as control for the CNS regions. Digest efficiencies
were highest for boost (red bar) and 5X RE (orange bar) but did not meet the 60% threshold
for many sites (red dotted line).

| decided that further improvement was needed and proceeded to test a second round of
conditions, building upon my results and using 5x RE as the baseline for this test. The initial
concentration of formaldehyde, which is known to influence RE digestion, along with changes to
the “boost” RE dose, lysis buffer, and physical membrane disruption were made (Fig 2.10).
Physical disruption of the cellular membrane seemed to have little effect, while lack of detergent
in the lysis buffer severely decreased efficiency at many sites. Decreasing formaldehyde and
adding a second “boost” greatly increased Bglll digestion at many sites, including Arf at 60%
efficiency. With the optimal conditions for, and leading up to, the RE digestion established, |
proceeded to carry out the full experimental method comparing MEFs with or without incubation

of TGFB1.
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Figure 2.10: Graph of 2" digest condition optimization. Chart showing the second set of
conditions to optimize digestion efficiency under the same experimental setup and analysis
as the previous test. For these tests, crosslinking with 1% formaldehyde (light blue bar)
yielded the highest digest efficiency. The 5X initial RE dose and boost (pink bar) was able to
achieve 60% (red dotted line) at four different Bglll sites followed closely by a 2X RE dose
with two additions of 2X RE, one after the overnight incubation and another two hours later.

Wildtype MEFs treated with either vehicle or TGFB1 were processed following the
optimized 3C protocol. Digest efficiencies for nearly all CNS regions of interest were within
acceptable parameters, though the Arf anchor site had a large amount of variation in the non-
digested samples making interpretation of digest efficiency for this region difficult (Fig 2.11A).
Despite the high digestion efficiencies within the regions of interest, a reliably detectable signal
was not obtained using qPCR (Fig 2.11B). Furthermore, though previously the digest
efficiencies of the Gapdh control regions were at or above 60%, for this experiment they

considerably below this cutoff value (Fig 2.11A).

28



A 3C Bglll Digest Efficiency B
100 -
90 -
80

Amplification

70 -
60 -
50
40 -
30 -
20 -
10 -

RFU

Digestion Efficiency (%)

Cycles

Figure 2.11: Full 3C experiment with optimized Bglll digestion conditions fail to yield
reliable signal. A) Digestion efficiencies of MEF genomic DNA with optimized digestion
conditions consisting of 1% formaldehyde and 5X RE with an additional 5X boost after
overnight digestion and another 5X boost two hours after. The Arf constant primer is not
included due to technical errors during gPCR. B) Amplification curves from gPCR showing
that no interactions could be detected between any of the sites targeted and the Arf
promoter. Included in this is the Gapdh control regions assayed.
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Concluding Remarks

Utilizing previous groups’ work using the 3C method, | was able to develop an optimized
protocol for the restriction enzyme Bglll. Interestingly, upon analysis of Bglll digestion
efficiencies among the CNS regions of interest, a pattern emerged indicating that some sites
were more open than others. Treatment and sensitivity to DNAse is a common technique used
to assay whether regions of DNA are accessible to transcriptional machinery. Sites such as
CNS 3 displayed a consistently high level of digestion, demonstrating that the chromatin in this
region is open and accessible. This could be considered evidence that some regulatory element

exists within this region.

The difficulty in obtaining an interpretable signal from the final 3C assay could be due to
many reasons, including the inherent difficulty in detecting interaction of two DNA elements
among approximately three billion DNA basepairs. As mentioned previously, Arfis a CpG island
meaning there is a high amount of repetition in this area. This presents additional obstacles
when designing primers around this region, and | encountered this when | was only able to
prime one Bglll site next to Arf as the other site yielded primers that had a high amount of

mispriming.

Though my attempt at directly identifying suspected regulatory elements failed, the
evidence that these exist within the orthologous 9p21.3 CAD risk locus is still strong. Moving
forward, a less biased approach could provide a more accurate view of where these enhancer
elements reside. For example, using RNA-seq to uncover what histone modifications exist in the
risk locus, including those indicative of enhancer elements such as H3K4me3 and H3K27ac,

would be a wise experimental approach.
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CHAPTER 3:

Absence of TGFB-Dependent Induction of ARF in Select Lung Cancer Cell Lines
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Introduction

Lung cancer is and will continue to be one of the leaders in new cancer cases and
deaths in the US. It is estimated that in 2016, over 200,000 new cases of lung cancer will be
diagnosed along with over 150,000 deaths from this disease. Those who are diagnosed face
very poor outcomes as lung cancer has one of the lowest 5-year survival rates at 18%. There
are three main types of lung cancer, though non-small cell lung cancer (NSCLC) is the highest

occurring with approximately 85% of cases belonging to this group.

The role of ARF in NSCLC has remained unclear as different groups have presented
conflicting results. While some groups have shown there to be mutually exclusive inactivation of
ARF with p53 or overexpression of MDM2, others have shown that these events do co-occur
(Mori et al., 2004; Park et al., 2003; Sanchez-Cespedes et al., 1999; Wang et al., 2005). This
could be reconciled by the understanding that ARF can act as a tumor suppressor in p53-
dependent and independent manners. Unfortunately, a comprehensive study of NSCLC
examining all the possible modes of inactivation for ARF specifically and not in concert with
p16'™K4A has not been undertaken, leaving open the possibility that ARF plays an important role

in oncogenesis and/or disease progression.

For TGFp, it has been well established that it switches from a tumor suppressor to an
oncogene in lung cancer. Early in the disease, the growth suppressive and apoptotic effects of
TGFB are still intact leading to very low levels in lung tumor cells and the surrounding
environment (Roberts and Wakefield, 2003). At later stages of lung cancer progression,
upregulation of TGFB with concurrent alterations to the signaling pathway correlates to poor
prognoses and increase in malignancy (Fig 3.1) (Levy and Hill, 2006). For NSCLC, this is due in

part to the overexpression of inhibitory SMADG6 in tumor cells thus disabling the growth
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suppressive effects of TGFB as well affecting the microenvironment surrounding the tumor by

promoting angiogenesis and loosening the junctions between endothelial cells (Lebrun, 2012).
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Figure 3.1: Representation of the influence of TGFf in lung cancer progression. At the
beginning stages, lung cancer cells can still be influenced certain growth suppressive signals
including TGFB. As the disease progresses and mutations are accumulated, many of these
growth suppressive pathways are bypassed, by inhibitory signals and/or mutation or deletion
of key components, allowing for the further progression of lung cancer. In the case of TGFf3,
sufficient suppression of tumor suppressive effects can lead to it promoting cell motility and
metastasis, thereby switching its role to an oncogene.

Due to the importance of TGF in NSCLC progression, | asked the question of whether
cells lines derived from this disease would respond to TGF by inducing ARF, similar to what
has been observed in HelLa cells. The Skapek lab has previously shown that ARF expression is
induced in response to TGFB and | have reproduced these results. What is unknown are what
components in the human TGFB pathway are required for ARF response and whether this
phenomenon occurs in other cancer cells. In mice, we know that SMAD2 and SMAD3 play a
role in induction as well as p38, a component of the non-canonical pathway. This provided me
the opportunity to ask if the same proteins were involved in TGFB-dependent ARF induction in

HelLa cells and how these findings translated to a panel of NSCLC cells.
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Potential for TGF dependent induction of ARF as a possible contributor of oncogenesis

The finding that ARF can be induced in response to TGF[3, at least in HelLa cells, opens
questions as to how this pathway might be regulated in NSCLC and what can be learned and
utilized from this information towards management of the disease. For example, if the
TGFB/p14°RF pathway is intact in the early stages of NSCLC along with wildtype p53, TGFB
could potentially be used as an early stage treatment measure at a stage in which loss of
normal TGFB signaling has not occurred. If the pathway is disrupted, then by identifying
aberrations in the signaling cascade and subsequently restoring functionality to those
components could result in reactivation of ARF through TGFpB. | set out to address these
possibilities by compiling a small panel of NSCLC cell lines with wildtype ARF and p53. Using
this cell line panel, | asked if TGFB could induce ARF in these lines and if not, could restoration

of important mediators that the Skapek lab has identify restore this induction.
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Methods

Cell lines and cell culture

Lung cancer cell line stocks HBEC3kt, HBEC30kt, H290, H1666, HCC1833, H1944,
H2172, H2347, and H2405 were obtained through the generosity of the Minna lab. All cancer
cell lines including HeLa were cultured in RPMI supplemented with 10% fetal bovine serum and
with penicillin and streptomycin. HBEC cell lines were cultured with keratinocyte serum free
medium supplemented with bovine pituitary extract and EGF. All cell lines were incubated at 37

°C with 5.0% CO..

Reverse transcriptase real-time quantitative PCR

Total RNA was extracted from cells on-plate using TRIzol at approximately 80-90%
confluency and treated with either 5 ng/ml of TGF-I or vehicle (10uM HCI, 25ug/mL BSA) for 1,
24, or 48 hr. cDNA was created from the extracted RNA according to the manufacturer’s
guidelines (Invitrogen SuperScript 1ll). Purified cDNA samples were subjected to probe qPCR
with the validated primers on Bio-Rad’s C1000 Touch thermal cycler. KAPA’s 2X SYBR Green
gPCR mix at a final volume of 10 pl for each reaction in triplicate while capture was performed
with Bio-Rad’'s CFX96. Primers for each region of interest were added for a final concentration
of 200 nM with 1 pl of cDNA. Optimized qPCR cycling conditions were determined to be 3 min

at 95 °C, followed by 40 cycles of 3 s at 95 °C and 30 s at 62 °C. For primer list, see appendix.

Western blotting
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Total protein was extracted from cells treated either with TGFB-I or vehicle (as described
previously). Briefly, cells were washed twice with 4 °C, 1X PBS before lysis with 1X Laemmli
buffer on-plate and scraped into 1.5 ml microcentrifuge tubes. Lysates were sonicated for 2 min
at high power and protein concentrations were measured using the BCA assay. Protein gels
were made at a concentration of 12% polyacrylamide and loaded with 25-30 ug of protein mixed
with 1X Laemmili buffer to 40 pl. Gels were ran at 85V for 30 min, then at 150V for
approximately 1.5 hr in buffer containing: 49.5mM Tris-base, 38.4mM glycine, 7mM (0.2%)
SDS, at pH 8.3. For wet protein transfer, PVYDF membranes were used with 20% MeOH in
buffer containing: 40mM Tris-base, 30.4mM glycine, 5.6mM (0.16%) SDS, at pH 8.3. Blocking
conditions were optimized for each antibody starting with an initial membrane block of 1:1 PBS
to PBS-based Odyssey blocking buffer for p14ARF detection and 1:1 TBS to TBS-based Odyssey
blocking buffer for all other protein detections. Primary antibody incubation was performed
overnight at 4°C in a similar incubation solution as the membrane block but with the addition of
0.1% Tween 20. Membranes were washed 6 times for 5 min each with either PBST or TBST.
Secondary antibody incubation was performed with Odyssey infrared antibodies in a solution of
identical composition as the primary antibody incubation solution. Membranes were washed as

before and western blots were scanned using a LI-COR Odyssey infrared western imager.

Transient transfection

Transfections were carried out with FUGENE 6 according to the manufacture’s
guidelines (Promega). The amount of mock or MKK3b plasmid DNA used for each transfection
was 3.6 pg while the FUGENE(ul):DNA(ug) ratio was 5:1 for HeLa, HCC1833, and H2172, 3 for
HBEC3kt and HBEC30kt, and 2.5 for H2347. Transfection efficiencies were confirmed by co-
transfection of 0.4 ug of an eGFP plasmid reporter and qualitative analysis using fluorescence

microscopy.
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Results

Selecting NSCLC cell lines that contain

wildtype ARF

| started by looking for NSCLC cell

lines that contained wildtype ARF,
CDKN2A, and since | also wanted to
observe what the functional outcome of
TGFB-induced ARF would have, wildtype
p53. With the assistance and
graciousness of Dr. John Minna and his
lab, | was able to comb through their data
characterizing several lung cancer cell
lines to identify lines with the desired
genotypes. Cell line data included copy
number variation, mutation and
methylation status, and as shown in the
heat map, mRNA expression (Fig. 3.1).
As a comparison to the cancer cells, |
also chose two immortalized human

bronchial epithelial cells (HBECs).

ARF CDKN2A

p53

H290
H1666
HCC1833
H1944
H2172
H2347
H2405
HBEC3kt
HBEC30kt

Figure 3.2: Presence of ARF exon 1f, exon 2,
and exon 3 in lung cancer cell line panel. A)
RNA-Seq data from the Minna showing
expression of ARF, CDKNZ2A, and p53. B) EtBr
agarose gel for confirmation of each exon in ARF
being present and intact by PCR.

To confirm the integrity of ARF, | used PCR with primers for exon 13, exon 2, and exon 3

on DNA from each of the cells lines with HeLa as a control. Surprisingly, four cell lines appeared

to have deletions of some or all exons. In H290, H1666, and H1944 there was no detection of
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Figure 3.3: Lung cancer cell line panel
fails to shown ARF induction in
response to TGFBI. A) Induction of ARF in
response to TGFB1 normalized to GAPDH
as compared to cells treated with vehicle,
measured by RT-gPCR. Both conditions are
first normalized to GAPDH and each
timepoint is from three biological replicates.
B) TGFB1-induced p14”RF compared to
vehicle treated cells as measured by
western blotting. Both conditions are first
normalized to HSC70 and are the
cumulative of three biological replicates. C)
A representative western blot showing
p14ARF induction in response to TGFR1.

any exons while H2405 only appeared to contain
exon 3 (Fig 3.2). | removed these cells from

further analysis and continued forward.

NSCLC and HBEC cell lines do not induce ARF

in response to TGFB1

To identify if any of the selected cell lines
induced ARF in response to TGFB1, | looked at
both mature mRNA and protein expression at 1,
24, and 48 hr time points after TGFB31 addition
(Fig 3.3). Using RT-gPCR to assay changes in
mature ARF transcript, only HeLa show increased
expression in response to TGFB1 incubation
starting at 24 hr with no other cell lines showing
ARF induction (Fig 3.3B). These results positively
correlated with protein levels in all cell lines,
including HelLa, when p14°RF expression was
measured by western blotting (Fig 3.3A and B).
Interestingly, HBECs showed suppression of ARF
in response to TGFB1 at 24 and 48 hr timepoints

as observed by downregulation of ARF transcript

and protein.
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NSCLC lines have defects in the TGFfB signaling components required for induction of ARF

when compared to Hela

To identify whether direct downstream components within the TGFB signaling pathway
were intact in the cell line panel, | probed for phosphorylation of SMAD2 and p38 in response to
TGFB1 as the Skapek lab had previously shown these to be important mediators of ARF
induction. Using Odyssey infrared western blotting techniques, | asked whether SMAD2
phosphorylation levels increased after 1 hr of treatment with TGFB1. The only cell line that failed
to activate SMAD2 in response to TGFB1 was H2172 (Fig 3.4). This provided evidence that for
H2172, a dysregulation of the canonical TGFp signaling pathway was a contributing factor to the

lack of induction of ARF in response to TGF.
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| used the same technique to look at p38 activation in response to TGFB1 at 24 hr in the
cell line panel (Fig 3.5). While HeLa showed a modest increase in p38 phosphorylation, there
was supporting evidence from Dr. Yanbin Zheng, another member of the Skapek lab, that this
was an expected observation and furthermore, when p38 activation was blocked with a small
molecule inhibitor, ARF induction decreases significantly (data not shown). While HBECs
showed an increase in p38 phoshporylation, this increase was not observed in HCC1833 and
H2347. The H2172 cell line showed significant increase in p38 phoshporylation, but this cell line
also lacked SMAD2 activation. These results provided evidence that the inability of TGFB1 to
induce ARF in these lines is due to lack of activation for components in the TGFf pathway that

were previously identified as important mediators of ARF induction.

With these data from activation and induction of SMAD2, p38, and ARF in response to
incubation with TGFB1 for 1, 24, and 48 hr timepoints in the cell line panel, a pattern emerged
for the kinetics of the canonical and non-canonical components of TGFB-dependent ARF
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Hela |HBEC3kt |HBEC30kt|HCC1833| H2172 | H2347 Table 3.1: Increase in
pPSMAD2, p-p38, and p14ARF at
o | psmaD2 different timepoints in the cell
g‘ a8 line panel. Table showing at
E | oP least 1.5 fold increases (red) in
P14ARF pSMAD2, p-p38, or p14~RF as
measured by the quantification
» | psmap2 of three separate Odyssey
O | 3 infrared western blots. For a cell
I | PP . .
o | line to be considered to have an
BN | pLAARF increase, it must be one
standard deviation above the
S | PSMaD2 1.5 threshold.
o
I | p-p38 Induction Fold Increase 21.5
g p14ARF No Induction Fold Increase <1.5

induction (Table 3.1). For HeLa, SMAD?2 is activated after incubation with TGFB1 for 1 hr and
maintains this activation while p38 only shows increase phosphorylation at the 24 hr period. In
response to these signals, ARF expression increases at the mRNA and protein levels starting at
24 hr. These data provide a map for the signal transduction response of the TGF3-dependent
induction of ARF and can be used in conjunction with other data to identify irregularities in the

pathway.

Forced activation of p38 does not restore nor result in increased ARF expression with or without
TGFB1 treatment

With the understanding that p38 activation is an important component of TGFpB-
dependent ARF induction, | asked whether forcing p38 phosphorylation could restore ARF in
non-activating cell lines and if increasing activation in HelLa resulted in increased p142RF levels.
To accomplish this, | transiently transfected cells with a vector containing an HA-tagged,
constitutively active mutant of MKK3b (henceforth referred to as MKK3bEE), a protein that

directly phosphorylates p38 in the non-canonical TGFf signaling pathway (Fig 3.6).
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In all transfected cell lines, MKK3bEE
expression was confirmed as observed by
blotting for the HA-tag (Fig 3.7A, H2172 not
shown). In addition, when comparing changes in
response to TGFB1 versus vehicle treatment
between mock and MKK3bEE transfected cell
lines, no significant increase of p14ARF was
detected in spite of basal levels of
phosphorylated p38 increasing in most cell lines
(Fig 3.7B, data not shown). For Hela, there is
trend of increased p14°%F levels in TGFB1

treated, MKK3bEE transfected cells with two of

three experiments showing higher induction,

TGFBDimer

TGFBRII
TGFBRII

S STTTITH

|

TAK1

K3b

=

Figure 3.6: Diagram of
non-canonical TGFpI
activation of p38. The
dimeric TGFB signaling
ligand activates and
stabilizes formation of the
TGFBR complex. TRAF6
is recruited and binds to
(dotted line) activated
TGFBR. TAK1 interacts
with TRAF6 allowing it to
be phosphorylated by
TGFBRI. Upon release,
TRAF6 proceeds to
activate MKK3b, the long
isoform of MKK3. MKK3b
can then directly interact
with and phosphorylate
p38 which goes on to
activate a context specific
transcriptional program.

though these data seem dependent on the fact that in vehicle treated, MKK3bEE cells p14ARF

levels are at half the amount observed for the mock control. Taken together, these data

demonstrate that forced activation of p38 does not result in increased expression of p14ARF

whether at a basal level or after incubation with TGF(31.
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Figure 3.7: Ectopic expression of MKK3b does not increase TGFgI-dependent ARF
induction. A) A representative western blot demonstrating that even upon transfection of
constitutively active MKK3b and subsequent forced activation of p38, p14ARF levels remain
unaffected both in the absence and presence of TGFB1. B) Quantification of 3 separate
transfections (HBEC30kt and H2172 are an n=1) demonstrating these results are consistent
among biological replicates. p142RF levels were normalized to HSC70 and then compared to
vehicle treated cells to measure fold change.
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Concluding Remarks

The importance of SMAD2/3 and p38 activation for the induction of ARF in response to
TGFB has been well demonstrated by the Skapek lab in MEFs and Hela cells. Translating
these findings to NSCLC, | was unable to identify lines that had intact ARF and induced its
expression in response to TGFB1, whether transcriptionally or translationally. | was able to
establish a timeline for activation of SMAD2 and p38, two important mediators in TGFj-
dependent induction of ARF for HelLa cells. By observing the activation patterns for these

proteins in the NSCLC cell line panel, | found potential defects in the signaling pathway.

In an attempt to restore TGFB-dependent ARF induction, | overexpressed a mutant form
of p38 activation MKK3b. Though many cell lines showed increased p38 phosphorylation, | was
not able to increase or restore p14~RF expression. Despite this outcome, there were some cell
lines that had initially failed to activate SMAD2 upon TGFB1 treatment, opening the possibility
that a constitutively active mutant of SMAD2 and/or ectopic expression of co-SMAD4 could lead

to induction of ARF.

Intriguingly, despite there not being a clear induction of ARF in the NSCLC lines, the
immortalized HBEC cells consistently showed decreased ARF expression in response to
TGFB1. This demonstrates that TGFB1 stimulation may affect ARF expression in a cell type
dependent manner.. This finding could be of interest when trying to understand TGFg-

dependent ARF induction.

It is known that in HelLa cells, the HPV proteins E6 and E7 are expressed, inhibiting p53
and RB1 expression respectively. To test if p53 inhibition was necessary for ARF induction, |

used immortalized human foreskin (BJ) cells stably transfected with a plasmid expressing
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E6/E7. Compared to non-transfected cells, | did not observe an increase in p142RF in response
to TGFB1 though basal levels were increased in the transfected line. | did not include this data
here as | was not able to confirm expression of E6/E7 in either the transfected cells or HeLa
cells. In addition to these data, Dr. Yanbin Zheng in the Skapek lab has shown that knockdown

of the E6/E7 proteins in HeLa cells does not affect induction of ARF in response to TGF[3.
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CHAPTER 4:

Transcriptional Regulation of ARF in Response to TGFS-I
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Introduction

Mechanisms of POLRZ2A transcriptional regulation

The role of POLR2A in mRNA transcription is essential and so it is not surprising that
there are different mechanisms in which its activity can be regulated to control gene expression
(reviewed in Fuda et al., 2009). Though there are many steps required for successful initiation of
transcription, most genes can be classified by the status of POLR2A at the promoter. The
minimum requirement is that the promoter is accessible and that the preinitiation complex (PIC;
consisting of other factors including POLR2A) is present, so that genes lacking POLR2A are

considered to be in an off state (Fig 4.1).

I—)

Exon1B Exon2 Exon3 -
POLRZ2A Recruitment POLR2A Pause/Release
TGFB TGFB

v

POLR2A |_> |747>
N

Figure 4.1: Diagram of the two states of POLR2A association to ARF promoter.
POLR2A can be regulated by two broad mechanisms. For some genes, POLR2A can be
physically recruited to the promoter, such as what has been observed for ARF in MEFs. In
contrast, POLR2A can already be present at a gene promoter and held in an inactive or
paused state until released.

47



Though POLR2A might occupy the promoter of a gene, this does not mean that it
proceeds to transcribe mRNA. In addition to PIC assembly, POLR2A can be held in a paused
state at the promoter as determined by whether the C-terminal domain (CTD), which is
composed of a repeated heptapeptide sequence, is phosphorylated along with presence of
certain cofactors. Many genes have POLR2A present but do not show active transcription until
these cofactors are assembled and the CTD is phosphorylated. For example p-TEFb, which
includes CDK9, must be recruited to phosphorylate negative elongation factor (NELF) and
serine 5 in the CTD before full transcription can proceed (Fig 4.2). These steps are initiated in
response to the appropriate stimuli, such as TGFB and other growth factors, and recruitment of

coactivators.

Active Transcription

vad 4
N SN

SN

—~(2 &/

GTF—> 9 ;E'—F
TFIE B psCsP sk
TFIIH Ps P s~y P
Ps; Ps; s: P

Stalled Transcription Abortive Transcription Pause and Release

Figure 4.2: Diagram of the multiple methods of regulation for POLR2A already present at
a gene promoter. To initiate active transcription, multiple different steps must be happen. Two
of the initial general transcription factors (GTFs) need to be recruited. TFIIE facilitates the
separation of dsDNA while TFIIH phosphorylates serine 5 in the CTD of POLR2A. After the
GTFs prepare DNA and POLR2A for active transcription, if they do not dissociate from the
complex then transcript synthesis will be aborted shortly after. Once p-TEFb, a complex which
includes CDK®9, associates with POLR2A to phosphorylate both NELF and serine 2 in the CTD,
NELF dissociates from the complex and POLR2A is released from a paused state.
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Transcriptional response at the Arf promoter in response to TGF3

When | started this project, | made a decision to investigate complex mechanisms in
which TGF induces ARF expression and whether | could identify faults in this pathway. Taking
a step back, | decided to address a basic, fundamental question of what happens at the ARF
promoter itself. The Skapek lab had previously shown that in MEFs, Polr2a is recruited to the
proximal promoter after 24hr in the presence of Tgfp2, the same timepoint that increases in
transcript levels are detected, demonstrating that increase in Arf expression positively correlates
with increased Polr2a occupation (Fig 4.2) (Zheng et al., 2010). | have shown previously that in
Hela cells, ARF transcript and protein levels increase at the 24 hr timepoint after treatment with
TGFB1. This led to the question that is it only TGFB-dependent ARF transcript and protein

induction that is identical in HelLa, or is POLR2A recruited in a similar fashion to MEFs.
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Figure 4.3: Polr2a is recruited to the Arf promoter in MEFs at 24 hr. A) In Tgfff2 treated
MEFs, ChIP for Polr2a demonstrates that recruitment increases significantly after 24 hr. B)
This recruitment of Polr2a is at the same timepoint that increases in both primary and mature
Arf transcript can be observed by RT-qPCR (modified from Zheng et al., 2010).
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In addition to data demonstrating that in MEFs Arf induction and Polr2A recruitment is
delayed in response to Tgf32, the Skapek lab showed that Smad2/3 is recruited to the promoter
within 1.5 hr of treatment with Tgf2. This is an interesting observation as it shows that while
Smad?2/3 is recruited to the promoter of Arf early in response to Tgff3, Polr2a recruitment does
not take place until increases in transcript levels are detectable. What this suggests is that there
was another mode of regulation independent of Smad2/3 activation. Using these data, | asked
whether these same changes occur in HelLa cells in addition to how these changes compared to

HCC1833, a cell line that activates SMAD2 in response to TGFf3, but does not induce ARF.

Smad 2/3 (1.5 hr) Figure 4.4: Smad2/3 binds at the

proximal promoter of Arf within 90 min

# of Tgfp2 treatment. In MEFs, ChIP for

Smad2/3 binding shows that binding to

the Arf proximal promoter occurs quickly,

within 90 min after incubation with Tgfp2.

This is in contrast to the delayed

recruitment of Polr2a to same region
(modified from Zheng et al., 2010).

»
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Methods

Cell lines

HelLa and HCC1833 cell lines were cultured as described previously in chapter 3. Cells
were cultured and split into 10 cm culture plates and allowed to adhere overnight. The following
day, cells were treated with either TGFB1 or vehicle in fresh media, at concentrations previously

described, for 0 or 24 hr. Cells were harvested on plate after washing twice with cold, 1X PBS.

Primer design and validation

Primers were designed for the first intron of ARF, the promoter region of POLR2A, and a
gene desert region within the short arm of chromosome 4. Primers were validated by both PCR

and gPCR using HeLa genomic DNA to ensure specificity. For primer list, see appendix.

Chromatin immunoprecipitation

HelLa and HCC1833 cells were treated with either TGF31 at a final concentration of 5
ng/mL or equivalent volume of vehicle (10uM HCI, 25ug/mL BSA) for 24 hr. After incubation,
cells were harvested and ChIP was performed according to the manufacture’s protocol (Santa

Cruz; Protein A/G PLUS-Agarose).

Real-time quantitative PCR and western blotting

Both techniques were carried out as outlined in chapter 4 with the exception that gPCR

was not subject to reverse transcriptase treatment due to genomic DNA being used.
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Results

POLRZ2A occupancy at the ARF promoter does not increase in response to TGF1

| used ChIP with a POLR2A specific antibody to observe whether recruitment was
increased in the presence of TGFf1 as compared to vehicle treated HeLa and HCC1833 cells.
In addition, | measured POLR2A occupancy at the first intron of ARF while using the POLR2A
promoter as the positive control and a gene desert region (GDR) in the short arm of
chromosome 4 as the negative control. There was no POLR2A recruitment observed for HelLa
and HCC1833 cells after incubating for 24 hr with TGFB1 (Fig 4.4). Interestingly, POLR2A

occupancy levels decreased at the ARF promoter in HeLa while levels at the first ARF intron
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Figure 4.4: POLR2A occupancy at ARF promoter does not increase in response to
TGFBI. A) In HeLa cells, ChIP for POLR2A does not show increased occupancy after 24 hr
of incubation with TGFB1 though overall occupancy at all regions except for the first of Arf
decreases. B) HCC1833 cells do not show significant POLR2A changes at any region in
response to TGFB1 after 24 hr when compared to vehicle treated cells at the same timepoint.

52



remained the same (Fig 4.4A). Furthermore in HCC1833, basal POLR2A occupancy levels at

the ARF promoter were similar to that observed in HelLa cells.

To better visualize the dynamics of POLR2A occupancy, | compared the relative levels
at the ARF promoter and first ARF intron for HeLa and HCC1833. In TGFB1 treated Hela cells,
there is a significant increase in the relative amount of POLR2A at the first intron of ARF
compared to the promoter. In HCC1833 which shows SMAD2 activation in response to TGF1
but ARF expression is not induced, no change was observed. Together these data demonstrate
that in HelLa there is a positive correlation in the relative amount of POLR2A at the first intron of
ARF in response to TGFB1 while HCC1833, a cell line in which ARF is not induced, this

correlation does not exist.
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Figure 4.5: TGFB1 increases the relative amount of POLR2A at the first intron. A) When
compared to the occupancy at the ARF promoter, the amount of POLR2A increases at the
first intron of ARF in response to TGFB1 in HeLa cells at 24 hr. B) In contrast to HelLa cells,
HCC1833 cells show no significant increase in relative amounts of POLR2A. (*) p<0.05
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Concluding Remarks

| have shown that in contrast to MEFs, HelLa cells do not demonstrate POLR2A
recruitment in response to TGFB as a mechanism of direct transcriptional regulation of ARF.
This preliminary data suggests that for HelLa cells, the induction of ARF in response to TGF( is
regulated in part by POLR2A being released from a paused state to initiate processive
transcription. Though there is a decrease in the occupancy of POLR2A at its own promoter, this

has been previously observed by others in response to signaling factors (Kininis et al., 2009).

To confirm these findings, it is important to expand the interrogation of POLR2A
occupancy across the ARF locus in addition to other reference genes, the ideal method to
pursue this being ChIP-seq. It is known that POLR2A occupancy can vary greatly even at basal
levels in many genes (reviewed here Adelman and Lis, 2012). This could indicate why there is

not a significant increase in POLR2A occupancy at the first intron of ARF.

In addition to mapping changes in POLR2A in response to TGFf, investigating the
phosphorylation states of the CTD will provide additional support to a pause and release
mechanism. Using antibodies targeting phosphorylated serine 5, it would be hypothesized that
this modification is not present until after incubation with TGFf. This could be further verified
through observing CDK9 recruitment, indicating that p-TEFb has been assembled along with

POLR2A in the active transcriptional complex.
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CHAPTER &:

Discussion and Future Directions
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In an attempt to better understand the mechanisms by which TGF@ induces ARF, | first
set out to identify distal, cis acting regulatory elements in the mouse orthologous 9p21.3 CAD
risk locus. Even though technical issues prevented me from gathering data definitely showing
interaction in conserved sequences in the risk locus with the Arf promoter, Bglll digest
efficiencies did indicate that regions within the risk locus were more accessible, and thus open,
than others suggesting that this region could contain important regulatory elements. In addition
to these data, when translating data from the Skapek lab from HelLa to a panel of NSCLC cells, |
was able to determine a pattern for TGFB signaling that led to ARF induction in Hela.
Furthermore, forcing activation of p38 did not result in induction or increased p142RF levels,
showing that p38 is necessary but not sufficient for ARF induction. At the ARF promoter, | have
shown that TGF is not responsible for the recruitment of POLR2A as is seen in MEFs, but that

it is involved in the release of POLR2A from a paused state to induce transcription.

In further exploration of the 9p21.3 CAD risk locus, it would be prudent to approach the

preliminary identification of potential regulatory elements using a non-biased approach in
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Figure 5.1: The 9p21.3 CAD risk interval contains enhancer associated chromatin
modifications. Histone marks, as measured by ChlP-seq, indicative of enhancer elements are
found at high levels within the 9p21.3 CAD risk interval in humans. These marks are in addition
to transcription factor and DNase clusters displaying open regions within the risk locus at which
many different transcription factor binding sites can be found (Benson et al., 2013; Galperin et
al., 2015; Kent et al., 2002; Lander et al., 2001).
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contrast to my first attempt. Mapping by the ENCODE project clearly shows that regions within
the risk locus are open and contain histone modifications indicative of enhancer elements (Fig
5.1) (Benson et al., 2013; Galperin et al., 2015; Kent et al., 2002; Lander et al., 2001). Others
have shown that this region can interact with the CDKN2A/ARF/CDKNZ2B locus in response to
interferon-y and that certain SNPs impair this (Harismendy et al., 2011). Thus one approach
towards identifying cis-acting regulatory elements would be by using ChlP-seq analysis of
histone markers in the 9p21.3 CAD risk locus that are indicative of enhancer regions (e.g.

H3K4me3 and H3K27ac) and iffhow these marks change in response to TGF}.

Though | have established the timing of activation of SMAD2 and p38, along with p38’s
necessity but not sufficiency in ARF induction, there remains many components of the TGFf
pathway that have not been explored in regards to activation and involvement. There are a
plethora of resources available to study TGFf signaling, including ELISA protein arrays used to
detect phosphorylation of proteins downstream of the receptor, allowing for a better
characterization of the signaling involved. In addition to ELISA arrays, siRNA libraries
specifically focusing on TGFB pathway proteins and targets could be used in conjunction or
separately to observe what proteins are necessary for ARF induction, for example using Hela
cells in a 384-well plate siRNA screen. These experiments would add a vast amount of
knowledge to the intricacies involved between TGF[( receptor activation and the eventual

binding of the transcriptionally active SMAD complex to the ARF promoter.

As | have shown the preliminary evidence for POLR2A pause and release in response to
TGFB1 leading to induction of ARF, a clear path forward is to firmly establish this mechanism. In
addition to the sites that were assayed for POLR2A occupancy, expanding both control regions
and the ARF locus itself by using ChlP-seq would provide a comprehensive view of POLR2A

processivity increase in response to TGFB. As | described in the conclusion to chapter 4, there
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remains the open questions of what changes in phosphorylation occur at the C-terminal domain
of POLR2A which could be determined by using ChIP antibodies specific for these different
modifications and how they change at different time points. Intimately tied to these changes in
phosphorylation states is the recruitment of the p-TEFb complex containing CDK9, providing

further ChIP targets in the same experimental approach as the C-terminal domain of POLR2A.

The regulation and expression of ARF remains an important area of research, especially
when considering its role in cell cycle arrest and tumor suppression. Though the effects of Arf
loss and cancer progression in mice are clear, these same effects have been harder to
elucidate in humans. As the focus of my dissertation work, | have attempted to clarify TGFB’s
role in ARF expression at both protein signaling and transcriptional levels of regulation. This
research contributes to the understanding of ARF induction and works toward the ultimate goal

of utilizing this knowledge to open new therapeutic options towards cancer treatment.
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Table 1A: Primers used for 3C experiment.

Name Sequence (5'-3) Target Product Size
p19Arf-Con 2 TTCTGTGTCTGAAGTGCA 1st Bglll Site US of Arf
CNS1-UpSt 2.2 | ACCTGAGTGTAGATTCCCAG 1st Bglll Site US of CNS1 155
CNS2-Upst 2.2 | TCTGAAAGCTAGATTTACAAGG | 1st Bglll Site US of CNS2 118
CNS3-Upst 2.1 | ACTATTCTTTCAGCATCCTC Bglll Site US of CNS3 121
CNS3-Mid 2.1 | CACAGTTTCAAGTTCCAGATG Bglll Site in CNS3 113
CNS4-Upst 2.1 | CAGATGCAGAAAGACCAACC Bglll Site US of CNS4 146
CNS4-Mid3 2.1 | CATGAGATTCGGGAGTCAAG 3rd US Bglll Site in CNS4 115
Gapdh1 CTTCATCTGCCTCCCTAAG
Gapdh2 ACACAGGCAAAATACCAATG
Internal Gapdh Bglll Site
Gapdh3 CTGCGCCTCAGAATCCTG
Gapdh4 GAATGCTTGGATGTACAACC
Gapdh-F1 ACAGTCCATGCCATCACTGCC
Gapdh Loading Control 266
Gapdh-R1 GCCTGCTTCACCACCTTCTTG
Table 2A: Primers used for 3C Bglll digest efficiency experiments.
Product
Name Sequence (5'-3') Target
Size
p19Arf-Con 1 CTGGCCTCTCTGCTTCTG
1st Bglll Site us of Arf 597
Arf Con1 Fwd TGGTGGCAAGGGAGGAAATC
CNS1-UpSt 2.2 ACCTGAGTGTAGATTCCCAG
1st Bglll Site US of CNS1 469
CNS1-U-2.2 Fwd | TGATCTAAGTGCCTTCCCAC
CNS2-Upst 2.2 TCTGAAAGCTAGATTTACAAGG
1st Bglll Site US of CNS2 342
CNS2-U-2.2 Fwd | AAAGAGCCAGTACAGTACGG
CNS3-Upst 2.1 ACTATTCTTTCAGCATCCTC
Bglll Site US of CNS3 260
CNS3-U-2.1 Fwd | CCCATCTGTTTGTAACTCCA
CNS3-Mid 2.1 CACAGTTTCAAGTTCCAGATG
Bglll Site in CNS3 373
CNS3-M-2.1 Fwd | CTTCCGAAAACAGTGTCCAT
CNS4-Upst 2.1 CAGATGCAGAAAGACCAACC
Bglll Site US of CNS4 232
CNS4-U-2.1 Fwd | GTTGTTCTCCCTCCTTGCTC
CNS4-Mid3 2.1 CATGAGATTCGGGAGTCAAG 3rd US Bglll Site in CNS4 336
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CNS4-M3-2.1 Fwd | AACTCTGCGTGTGTCTCTTC
CNS4-Mid4 1.2 TACTGACCATCTTGCCTTCC

4th Bglll Site US of CNS4 447
CNS4-M4-1.2 Fwd | CACGGTCAGGTTTGTCACAG
Gapdh1F CTTCATCTGCCTCCCTAAG 171
Gapdh1R ACACAGGCAAAATACCAATG
Gapdh3F CTGCGCCTCAGAATCCTG 669
Gapdh3R GAATGCTTGGATGTACAACC

Table 3A: Primers used for confirming presence of ARF exons in human cell line panel.

Name

Sequence (5'-3) Product Size

p14 ARF Exon 1B 226 S

CCGCGTGCGCAGGGCTCAG

341

p14 ARF Exon 1B 226 AS

CGCGGGATGTGAACCACGAAAAC

p14 ARF Exon 2 S

GTGGGGGTCTGCTTGGCGGTGAG

p14 ARF Exon 2 AS

TGGCGGGGCAGGGCGATAG

570

p14 ARF Exon 3-1 S

CGCCTGTTTTCTTTCTGCCCTCT

431

p14 ARF Exon 3-1 AS

CCCCCTGAGCTTCCCTAGTTCAC

Table 4A: Primers used for POLR2A recruitment and occupancy ChIP experiments.

Product
Name Sequence (5'-3") Target
Size

hARFprox-2F ACACAGGGCGGGAAAGTG ARF Prox Promoter 142
hARFprox-2R GACCTCCAAGATCTCGGAAC
hARFintr-1F TGCTCTTACCACCCACATTG | ARF 1stintron 91
hARFintr-1R ATTGTGGTTTAGCCCCGAAG
hPOL2pro-1F GCTGAAGATGAAACCGTTGTC | POLR2A Promoter region 82
hPOL2pro-1R GCGACCTTTTGAAGTGACAG
hGAPDHpro-3F | CAACTTTCCCGCCTCTCAG GAPDH Promoter region 138
hGAPDHpro-3R | ACACGCTTGGATGAAACAGG
hGDRchr4p-2F | CCATTTCCTTGGGGCTTCTG Gene Desert Region: 139
hGDRchr4p-2R | ATGAGCAGTGAGAGGTCAGG | Chromosome 4p
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