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ABSTRACT

AN EFFORT TO IDENTIFY NOVEL PROTEINS
IN
ALTERNATIVE POLYADENYLATION

Cigek, Mustafa
Doctor of Philosophy, Biotechnology
Supervisor: Prof. Dr. Ayse Elif Erson Bensan
Co-Supervisor: Assoc. Prof. Dr. Nurcan Tungbag

January 2020, 81 pages

Polyadenylation, the addition of a poly (A) tail to a nascent messenger RNA
(mRNA), is a tightly regulated process occurring co-transcriptionally. Human pre-
mRNA 3’ processing complex is a multi-protein machinery: Core complexes of this
machinery can be listed as; i) Cleavage and Polyadenylation Specificity Factor
(CPSF), ii) Cleavage Stimulatory Factor (CSTF), and iii) Cleavage Factors Im and
IIm (CFIm and CFIIm).

Majority of the human genes have multiple poly(A) signals which emphasizes the
significance of alternative polyadenylation (APA), which is the regulated selection
of alternate polyadenylation signals on mRNAs. APA may change the post-
transcriptional fate of a eukaryotic mRNA by affecting its stability, localization and
translational activity through altering availability of cis-regulatory elements on
mRNA molecule. It is known that proliferative factors alter poly(A) signal selection
in normal and cancer cells with a tendency towards increased 3° UTR shortening.

Avoiding negative regulatory trans-factors such as microRNAs, these shortened



3’UTRs have been linked to increased protein levels. These events may explain how
certain proteins are upregulated in cancer cells despite the lack of activating
mutations. However, it is not yet fully understood how proximal signals are selected

in proliferative cells.

At this point we hypothesize that, along with core subunits of polyadenylation
machinery there may be other proteins which may play a role in selection of poly
(A) signals. Aim of this thesis was to identify new proteins that may play a role in
APA. For this purpose, we chose proximity-dependent biotin identification coupled
with mass spectrometry analysis to identify interacting partners of CSTF2 to better

understand how specific poly (A) sites are selected.

Keywords: mRNA, Poly (A) Tail, Alternative Polyadenylation, Proximity-

Dependent Biotin Identification
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ALTERNATIF POLIADENILASYONDA ROL OYNAYAN YENi
PROTEINLERIN KESFEDILMESI UZERINE BIR CALISMA

Cigek, Mustafa
Doktora, Biyoteknoloji
Tez Yoneticisi: Prof. Dr. Ayse Elif Erson Bensan
Ortak Tez Yoneticisi: Dog. Dr. Nurcan Tungbag

Ocak 2020, 81 sayfa

Poliadenilasyon, yeni sentezlenmekte olan bir mesajc1 RNA (mRNA) molekiiliine
poli (A) kuyrugunun eklenmesi olarak tanimlanan, oldukga siki bir bi¢imde kontrol
edilen ve transkripsiyon ile es zamanl gerceklesen bir siiregtir. Onciil mRNA’larin
3°-U¢ bolgelerinin islenmesini kapsayan bu siire¢ ¢ok sayida proteinin katilimiyla

olusan biiyiik bir protein kompleksi tarafindan koordine edilmektedir.

Alternatif poliadenilasyon (APA) ise bir mRNA molekiilii tizerinde yer alan
alternatif poli (A) sinyallerinden birinin se¢ilmesi olarak tanimlanmaktadir. Insan
genomunda yer alan genlerin biiylik ¢ogunlugunun birden fazla poli (A) sinyali
tasidigr  gergegi alternatif poliadenilasyonun (APA) fonksiyonel Onemini
vurgulamaktadir. APA, farkli cis-regiilator bolgelere sahip 3 UTR izoformlari
olusturarak mRNA’larin stabilitesini, lokalizasyonunu ve transkripsiyonel
aktivitesini etkilemekte ve sonug¢ olarak s6z konusu mRNA molekiillerinin post-
transkripsiyonel kaderini degistirmektedir. Proliferatif sinyallerin normal hiicrelerde
ve kanser hiicrelerinde poli (A) sinyal sec¢ilimini etkiledigi ve genel olarak
transkriptlerin 3°UTR uzunluklarinda kisalmaya neden oldugu bilinmektedir. Daha

kisa 3’UTR bolgesine sahip olan bu transkriptler, mikroRNA’lar gibi negatif-

vii



diizenleyici etkiye sahip trans-faktorlerden kagabilmekte ve bu durum kodlanan
protein miktarinin artmasina neden olabilmektedir. Gergeklesen bu olaylar, kanser
hiicrelerinde, aktivasyon mutasyonlarindan bagimsiz bir sekilde anlatimi artan kimi
proteinler igin bir agiklama olusturabilmektedir. Ote yandan, proksimal poli (A)

sinyal se¢iliminin ardinda yatan mekanizma heniiz tam anlami ile izah edilememistir.

Poliadenilasyon stirecinde rol oynadig: bilinen temel proteinlerin yan1 sira poli (A)
sinyal seciliminde rol oynayan, heniiz tanimlanamamis yeni proteinlerin de mevcut
olabilecegi diisiiniilmektedir. Bu tezin amaci alternatif poliadenilasyonda rol
oynamasi muhtemel, yeni aday proteinlerin tespit edilmesidir. Bu hedefle, yakinlik-
temelli biyotin tanimlamasin1 miimkiin kilan yontemlerin kiitle spektormetresi ile
birlestirilmesinden faydalanilarak CSTF2 proteini ile etkilesim halinde olan yeni
proteinlerin tespit edilmesi amag¢lanmistir. Elde edilecek sonuglarin specifik poli (A)
sinyallerinin  secilmesinin  arkasinda yatan mekanizmay1r aydinlatacagi

diistiniilmektedir.

Anahtar Kelimeler: mRNA, Poli (A) Kuyrugu, Alternatif Poliadenilasyon,

Yakinlik-Temelli Biotin Tanimlamasi
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CHAPTER 1

INTRODUCTION

1.1 Alternative Polyadenylation

1.1.1 3’-End Processing of pre-mRNA in Eukaryotes

Mature eukaryotic messenger RNAs (mRNA) are produced from pre-mRNAs, the
primary products of RNA polymerase II. The generation of mRNAs from these
precursors requires a number of processing events, all occurring in the nucleus. 3°-
end processing is one of these essential processes. With the exception of replication-
dependent histone mRNAs, all eukaryotic pre-mRNAs undergo an endonucleolytic
cleavage and lose sequences from 3’-ends and subsequently receive a poly (A) tail

(Krieg and Melton, 1984; Wahle and Riiegsegger, 1999).

The poly (A) tail affects the fate of the mRNA molecule in various aspects: 1) It can
affect translation rate of an mRNA because a protein-mediated interaction between
5’-cap and the poly (A) tail is essential for initiation of translation (Sachs ef al.,
1997), 2) Since the rate-limiting stage of the mRNA decay process is deadenylation,
the poly (A) tail also has effects on mRNA stability (Beelman and Parker, 1995). In
addition, the poly(A) tails aid the transportation of the mRNAs from the nucleus to
the cytoplasm (Huang and Carmichael, 1996).



1.1.2 Mechanism of Cleavage and Polyadenylation

1.1.2.1 Sequence Elements of Cleavage and Polyadenylation

The cleavage and polyadenylation reactions require the presence of three sequence
elements in pre-mRNA. The first sequence element is the poly (A) signal, which is
located nearly 10 — 30 nucleotides upstream of the actual cleavage sites. The
canonical hexanucleotide AAUAAA is highly conserved in mammalian species.
Most of the other mRNA molecules that do not have a perfect match to this canonical
signal differ by only an A-to-U nucleotide conversion at the second position. There
are also other signal variants (e.g. AUAAAA, CAAUAA, AUAAAC) that are
utilized throughout the genome with lower frequencies (Colgan and Manley, 1997;

Derti et al., 2012).

The second sequence element is located generally 20 — 40 nucleotides downstream
of the cleavage site but also can be located further downstream (Takagaki and
Manley, 1997). In contrast to poly (A) signal, there is no consensus for this
downstream-element and the sequence is generally referred as “uridine-rich” (U-
rich) and/or “guanine/uridine-rich” (GU-rich) since it is mostly characterized by
stretches of five sequential U-residues, generally interrupted by single G nucleotides
(MacDonald et al. 1994; Takagaki and Manley, 1997). The sequence composition
of these two elements and the distance between them determines the strength of poly
(A) signal and also specifies the site of cleavage and poly (A) addition. Changing the
distance between these two core elements causes a shift in the precise site of the
endonucleolytic attack (MacDonald ef al. 1994; Chen et al., 1995; Colgan and
Manley, 1997).

Another sequence element is located 10-35 nucleotides upstream of the poly (A)
signal and its function is help to position the polyadenylation machinery.

Recognition of the poly (A) signal primarily depends on the presence of this



upstream U-rich (e.g. UGUA) element (Brown and Gilmartin, 2003; Millevoi and
Vagner, 2009).

1.1.2.2 The Polyadenylation Machinery

The recognition of the poly (A) signal, cleavage and polyadenylation of the nascent
mRNA is coordinated by a multi-protein machinery. This machinery (Figure 1.1) is
mainly composed of three protein complexes including i) Cleavage and
Polyadenylation Stimulatory Factor (CPSF), ii) Cleavage Stimulatory Factor
(CSTF), and iii) Cleavage Factors Im and I[Im (CFIm and CFIIm). In addition to
these complexes, symplekin functions as a scaffold protein. The untemplated
adenosines are added by poly(A) polymerases (PAPs) but the stimulation of PAPs
and regulation of the length of the poly (A) tail is performed by poly (A)-binding
proteins (PABPs) (Kiihn et al., 2009).

The sequence specificity of the process is provided by the recognition of
polyadenylation signal AAUAAA by the CPSF complex. This complex is composed
of CPSF30, CPPSF73, CPSF100, CPSF160, hFipl and WRD33 subunits (Kaufmann
et al., 2004; Mandel et al., 2007). WRD33 is the binding subunit to the AAUAAA
signal (Chan et al., 2014; Schénemann ef al., 2014) and CPSF73 is the endonuclease
which cleaves the pre-mRNA at poly (A) site (Mandel et al., 2006).

CSTF complex consists of CSTF1, CSFT2 and CSTF3 subunits (Millevoi and
Vagner, 2009). This complex binds to the downstream region of the cleavage site
and is necessary for the accuracy of cleavage reaction (Wilusz and Shenk, 1990).
The CSTF2 subunit of the complex interacts with downstream GU-rich regions
directly (Takagaki and Manley, 2000; Yao et al., 2002) whereas CSTF1 and CSTF3
subunits interact with C-terminus of RNA pol II (Cevher and Kleiman, 2010).

CFIm complex, which consists of CFIm25, CFIm59, and CFIm68 subunits, binds to
the upstream elements (Brown and Gilmartin, 2003). Binding of CFIm to upstream

UGUA elements is thought to role in poly (A) site recognition (Yang and Doublie,



2011). On the other hand, the CFIIm complex, consisting of CLP1 and PCF11
subunits, may have a role in RNA Pol II-mediated termination of the transcription

(Birse et al., 1998).

Cleavage reaction is immediately followed with polyadenylation of the nascent
mRNA. This situation suggests that these two processes are closely related and
binding of the CPSF complex to the polyadenylation signal recruits PAPs
(Kaufmann et al., 2004). PAPs have multiple alternatively spliced isoforms (Colgan
and Manley, 1997) and their activity is linked to poor prognosis in breast cancer and

leukemia (Scorilas, 2002).

Besides the mentioned complexes of polyadenylation machinery, RNA-binding
protein (RBPs) can also affect the cleavage and polyadenylation of target mRNAs.
These proteins can enhance the binding of polyadenylation machinery to their targets

or can compete with this machinery (Erson-Bensan and Can, 2016).
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Figure 1.1. A schematic representation of the polyadenylation complex. Boxed regions are
polyadenylation signal sequences (upstream U-rich/UGUA, AAUAAA poly (A) signal, and
downstream U-/GU-rich region). Figure retrieved from (Erson-Bensan and Can, 2016).

1.1.3 Types of Alternative Polyadenylation

Most of the human genes harbor multiple poly (A) signals which emphasize the
significance of alternative polyadenylation (APA), the selection of alternate
polyadenylation signals. APA has been reported to alter the post-transcriptional fate
of a eukaryotic mRNA by affecting its degradation rate, localization, nuclear export
and translational efficiency (Moore, 2005). According to the genomic location of the
selected poly (A) signal APA can be classitied into four groups (Figure 1.2). The
first group, named “Tandem 3’UTR APA” can be defined as the simplest and most
common form of APA events (Figure 1.2 A). In this type of APA, the mRNA harbors
multiple poly (A) signals in its terminal exon and the selection of alternate signals
do not alter the coding potential, instead, it generates isoforms that differ in only
3’UTR length. The second most common class is named “Alternative Terminal Exon
APA” (Figure 1.2 B). In this group, alternative splicing results in skipping of an

internal exon and the use of a distinct poly (A) signal located within the new terminal



exon. “Intronic APA” constitutes the third group of APA events. During intronic
APA (Figure 1.2 C), mRNA is cleaved upon selection of a cryptic intronic poly (A)
signal which results in the extension of an internal exon and making it the new

terminal one.

The final group of APA events, named “Internal Exon APA” (Figure 1.2 D), involves
premature polyadenylation within the coding region which can lead to the production
of truncated proteins (Elkon ef al., 2013; Akman & Erson-Bensan, 2014; Yuan ef al.,
2019).
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Figure 1.2. Types of alternative polyadenylation events. Type 1: Tandem 3” UTR APA, Type

2: Alternative terminal exon APA, Type 3: Intronic APA, Type 4: Internal exon APA. Figure
retrieved from (Yuan et al., 2019).



1.14 Molecular Consequences of APA

Approximately 70% of known human genes have multiple poly(A) sites in their 3°-
UTRs (Derti ef al., 2012) and APA may generate multiple mRNA isoforms from
these genes. However, the relationship between the usage of alternate signals and
the functional importance of generated isoforms still remains unclear. To clarify the
consequences of APA, it would be convenient to examine under four categories

(Figure 1.3):

a) Impact of APA on mRNA stability: Cis-regulatory elements localized in
3°-UTRs of mRNA specifically are recognized by RNA-binding proteins
(RBPs), microRNAs (miRNAs) and long non-coding RNAs (IncRNAs).
miRNAs, which are ~22 nt small RNA molecules, can affect the stability
and/or translation efficiency of complementary mRNAs. Most miRNA
binding sites are located in 3°’UTR regions of mRNAs and nearly 50% of
miRNA target sites in mRNAs are affected by APA (Sandberg et al., 2008;
Jietal.,2009). There are numerous studies creating a link between increased
mRNA half-life and 3°UTR shortening, especially in cancer cells (Mayr and
Bartel, 2009; Xia et al., 2014). On the other hand, there are some recent
studies showing that a small fraction of shortened mRNA isoforms exhibits
expression differences (Nam et al., 2014; Brumbaugh et al., 2018). This
situation can be explained by alterations in miRNA binding efficiency: the
selection of proximal APA signal results in 3°’UTR shortening, which in turn
affects the availability of some miRNA binding elements, but also can
increase the binding efficiency of some miRNAs that bind upstream of the
proximal poly (A) signal. In conclusion, shortening of 3’UTR may cause loss
of'some miRNA target sites and increased stability of mRNA or may enhance
binding efficiency of miRNAs that are targeting sites upstream of the
proximal PAS and promote degradation of the 3’UTR shortened mRNA
(Figure 1.3 B) (Yuan et al., 2019).



b) Impact of APA on mRNA translation: Regulation of translation can be also

modulated by changes in 3" UTR length of target mRNAs. A study that
focuses on APA events during T cell activation demonstrated that shortened
3’-UTR length, resulting from selection of proximal poly (A) signal, gives
rise to increased expression of an array of genes. This upregulated expression
profile is reversed upon forced selection of distal poly (A) signals (Sandberg
et al., 2008). According to another study performed by Chang et al. (2015)
activation of mammalian target of rapamycin (mTOR) results in 3° UTR
shortening of mRNA molecules. A group of these transcripts exhibits
increased translation profiles. Fu er al. (2018) also revealed that mRNA
isoforms with shorter 3" UTRs were bound with more polysomes in a variety
of cell lines and lead to a higher gene translational efficiency. On the
contrary, there are some studies indicating that mRNA isoforms with longer
3°-UTRs are often associated with polysome fractions and display a higher
translation efficiency. For instance, longer 3°UTR isoform of Drosophila
transcript polo, encoding a Polo-like kinase, has a higher translational
efficiency in comparison to its shorter isoform. Also, during development of
the fly loss of the distal poly (A) signal of polo shows lethal effects at the
pupa stage due to a failure in the proliferation of the precursor cells of the
abdomen, the histoblasts, whereas loss of the proximal signal does not result
in a phenotypic effect (Pinto et al., 2011). These conflicting results suggest

that APA affects mRNA translation in a gene- and cell-specific manner.

Impact of APA on mRNA nuclear export and localization: 3°’UTR regions
of mRNAs also include sequence elements that are targeted by motor proteins
and RNA-binding proteins (RBPs) which facilitates mobilization of these
transcripts to different cellular compartments (An et al., 2008; Bertrant et al.,
1998; Niedner ef al., 2014; Ephrussi et al., 1991). Recent studies indicated
that nearly 10% of APA isoforms display localization differences between

nucleus and cytoplasm, with long 3°-UTR isoforms generally enriched in the



d)

nucleus relative to cytoplasm (Chen and Carmichael, 2009; Neve et al., 2015;
Yuan et al., 2019). However, it is difficult to assess whether this is due to the
differences in 3 'UTR length or the cytoplasmic degradation of longer
isoforms. Length of 3’UTR can also affect the localization of transcripts
within the cytoplasm. For example, lengthened 3’UTRs may facilitate
localization of mRNAs in endoplasmic reticulum which in turn results in
increased expression profiles of membrane proteins (Loya ef al., 2008; Reid
and Nicchitta, 2015). A specific example which represents the effect of 3’
length on mRNA localization comes from neural cells: The short 3°’'UTR
isoform of brain-derived neurotrophic factor (BDNF) localizes in the soma
of neurons, whereas the longer isoform is found in dendrites (Figure 1.3 C)
(Lau et al., 2010). These examples may indicate the importance of 3’'UTR
length in subcellular localization of mRNAs but further investigations are

needed to elucidate mechanisms behind the process.

Impact of APA on protein localization: The results obtained in recent
studies indicated that alterations in 3 'UTR lengths of transcripts may affect
localizations of encoded proteins independently of localization of mRNAs.
For instance, protein products coded by different 3°UTR isoforms of “cluster
of differentiation 47 (CD47) exhibits difference in localization: Protein that
is encoded by shorter 3’UTR isoform localizes to the ER, while the longer
3°’UTR isoform encoded protein localizes to plasma membrane via
interactions of RNA-binding protein Hur and effector protein SET with
RACT (Figure 1.3 D) (Berkovits and Mayr, 2015). Integrin A1 (ITGA1) and
TNF receptor superfamily member 13C (TNFRSF13C) generated by 3’UTR
isoforms are also other examples that exhibit differential cellular localization
(Berkovits and Mayr, 2015). There is a requirement of further studies for
investigating the global effects of APA on protein localization which may

lead to altered function of proteins according to their cellular settlement.
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Figure 1.3. Summary of potential consequences of APA. A) APA can affect the post-
transcriptional fate of transcripts in various ways. B) Long 3> UTR isoforms generally harbor
more cis-regulatory elements in comparison to shorter 3° UTR isoforms which may alter
translation rates and stabilities of transcripts. In a pathway presence of more cis-regulatory
elements (i.e. miRNA binding sites) promotes degradation of long 3 UTR isoforms. In f
pathway 3” UTR shortening results in increased miRNA binding efficiency, thus decreasing
the stability of shorter isoform. Also, the presence of cis-regulatory elements in 3> UTRs
may alter the translation efficiency of shorter and longer isoforms. C) APA can affect mRNA
localization within the cell. D) Cis-regulatory elements of 3°UTRs can alter the subcellular
localization of the encoded protein. Figure retrieved from (Yuan ef al., 2019).

1.1.5 Possible Induction Mechanisms of APA

The exact mechanism of APA regulation in normal and cancer cells is unknown but
there are some mechanistic explanations. These explanations are illustrated in Figure

1.4 and summarized below.

Some subunits of polyadenylation machinery have active roles in APA. CSTF2
subunit of the CSTF complex can be mentioned as the strongest candidate to be an
APA regulator. The depletion of this protein induces the selection of distal poly (A)
sites in HeLa cells (Yao ef al, 2012). Another study performed with mouse
embryonic stem cells (ESCs) that do not express the Cs#f2 gene resulted in the loss
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of differentiation potential toward the endodermal lineage while some other
differentiation pathways were unaffected (Youngblood et al., 2014). This result
suggests that CSTF2 does not basically alter 3 UTR lengths of all genes in a cell
type. CFIm complex seems to be another regulator of APA. According to the studies
performed by Gruber et al. (2012, 2013) and Martin ef al. (2012) CFIm25 and
CFImo68 depletion resulted in the selection of proximal poly (A) sites in the HEK293
cell line. Besides, RNA-sequencing studies showed that CFIm25 knockdown
resulted in shortening of mRNAs of Hela cells (Masamha et al., 2014). Another
study revealed a link between the Fipl subunit of CPSF complex and APA where
the distance between the poly (A) signals and the level of Fipl activity affects the
selection of proximal and distal poly (A) sites over each other (Lackford ef al., 2014).

Since polyadenylation occurs co-transcriptionally, transcriptional machinery may
also have a regulatory role in APA. This machinery effects efficiency and specificity
of polyadenylation by controlling the initiation, the rate of RNA polymerase and
splicing processes (Proudfoot et al., 2002). Some recent studies have linked the
RNA-binding proteins (RBPs) to the APA. One of these studies is performed by
Hilgers et al. (2012) and showed that ELAV (embryonic-lethal abnormal visual
system) hinders short isoform formation by directly binding to the proximal poly (A)

signals.

Oktaba ef al. (2015) showed that inhibition of short isoform formation by ELAV
may be related to the promoter sequence of target genes. Their data suggest that
promoter regions of target genes carrying Trl-binding GAGA element tend to halt
RNA Pol II and recruit ELAV to the site of proximal poly (A) signal on the nascent
mRNA.

In addition, studies focusing on the analysis of different human tissues and cell line
transcriptomes showed a strong relation between APA and alternative splicing
patterns which suggest that these processes may be regulated coordinately (Wang et
al., 2008). For example, the depletion of Ul snRNP (small nuclear

ribonucleoprotein), which is an important component of the spliceosome, leads to
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the activation of intronic poly (A) signals and causes APA in a genome-wide manner

(Spraggon and Cartegni, 2013).

Sequence composition of the poly (A) motif may also affect APA. For example, a
single nucleotide polymorphism (SNP) modifies the AATAAA to AATACA in the
3> UTR of a known tumor suppressor, TP53. This nucleotide substitution results in
the lengthening of the corresponding transcript. This SNP is associated with various
cancers including; prostate cancer, colorectal adenoma, and glioma (Stacey et al.,
2011). There are potentially many other SNPs disrupting poly (A) signals, to affect
the 3 UTR length, miRNA regulation and mRNA levels (Thomas and Saetrom,
2012).

Chromatin structure and epigenetic marks may also be listed among the regulators
of APA. The relation between histone positioning and polyadenylation was initially
reported in S. cerevisiae. Studies showed that the 3° region near the poly (A) site was
depleted of nucleosomes (Mavrich ef al., 2008; Shivaswamy et al., 2008; Spies et
al., 2009). This may be due to; i) the lower intrinsic affinity of the nucleotide
sequence of interest for nucleosomes, or ii) the presence of a nucleosome-excluding

DNA-binding protein that binds near poly(A) site (Di Giammartino et al., 2011).

On the other hand, there is also a link between the proliferative signaling pathways
and APA in breast cancer cells. A study performed by our group has indicated that
epidermal growth factor (EGF) and estrogen (E2) treatment of EGF- and E2-
responsive breast cancer cells, respectively, resulted in increased 3’ UTR shortening

of several mRNAs (Akman et al., 2012 and 2015).
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Figure 1.4. Potential APA regulators. APA can be regulated by changes in expression
profiles of polyadenylation machinery proteins, sequence compositions of promoter regions,
rate of transcription, integrities of poly (A) signal sequences, splicing patterns of transcripts
and local chromatin structures. Figure retrieved from (Erson-Bensan and Can, 2016).

1.2 Aim of the Study

Alternative polyadenylation is gaining importance in regulation of gene expression.
In this thesis, to better understand how APA operates in context specific manner, we

aimed to identify CSTF2-interacting proteins in a breast cancer cell model.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Culture Conditions for MCF7 Cells

MCF7 breast cancer cell line was cultured in Dulbecco's Modified Eagle Medium
(DMEM) (01-052-1A, BI) supplemented with 10% Fetal Bovine Serum (FBS)
(S1810-500, Biowest), 2% L-Glutamine (01-115-1A, BI), 1% Sodium Pyruvate
Solution (03-042-1B, BI) and 1% Penicillin/Streptomycin (Pen/Strep) (03-031-1B,
BI). Cells were incubated at 37 °C with 95% humidified air and 5% CO, and were

grown as monolayers.

Before hormone stimulation experiments, cells were grown in phenol red free
medium (01-053-1A, BI) supplemented with 10% charcoal-dextran treated FBS
(CD-FBS), 2% L-Glutamine, 1% Sodium Pyruvate solution and 1% Pen/Strep
solution for 72 hours. MCF7 cells were treated with 100 nM 17 B-Estradiol (E2)
(Sigma-Aldrich) or with ethanol (vehicle control) for 45 minute, 3 hours and 12

hours after reaching 70 — 80 % confluency (Lee and Sheen, 1997).

2.2 Preparation of CD-FBS for Hormone Treatment Experiments

Preparation of CD-FBS were performed according to the protocol provided by Dr.
Mesut Mutan (METU, Ankara). Briefly; 10 g of dextran-coated charcoal (C6241,
Sigma-Aldrich) were added to 500 ml FBS and incubated overnight at 4°C on a
magnetic stirrer. The following day FBS-charcoal mixture were divided into two
sterile centrifuge tubes and centrifuged at 10800xg for 30 minutes at 4°C. In a
biological safety cabinet, the supernatants were carefully transferred into a 0.45 pum
filter unit (CLS430770, Sigma-Aldrich) and filtered. The filtrate again mixed with
10 g dextran-coated charcoal and incubated at 4°C for 4 — 6 hours on a magnetic

stirrer. The mixture again divided into two sterile centrifuge tubes and centrifuged at
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10800xg for 30 minutes at 4°C. In a biological safety cabinet, the supernatants again
were carefully transferred into a 0.45 pum filter unit and filtered. The filtrate aliquoted

into 50 ml sterile falcon tubes and stored at -20°C.

2.3  Expression Analysis

MIQE Guidelines and checklist (Bustin et al., 2009) were followed during
expression analysis experiments including RNA isolation, RNA quantification,

cDNA synthesis and RT-qPCR analysis.

2.3.1 RNA Isolation

Total RNA was isolated with High Pure RNA Isolation Kit (11828665001, Roche)
according to the instructions of the manufacturer. To eliminate DNA contamination,
the isolated total RNA samples were incubated with DNase I (04716728001, Roche)

at 37°C for 2 hours according to the given conditions in Table 2.1.

Table 2.1 DNase I Treatment Reaction Conditions

Components Amount
Total RNA 75 ul
10x Incubation Buffer 10 pl
DNase I recombinant, RNase-free (10 units/ul) Sul
mgH>O 10 pl
Total Reaction Volume 100 pl

At the end of the incubation period for DNase treatment, equal amount of (100 pl)
Phenol:Chloroform:Isoamyl alcohol (25:24:1) (pH 4.0) were added on the samples.
The tubes were vortexed at highest speed for 30 seconds and incubated 10 minutes
on ice. Following centrifugation at 14000xg for 20 minutes at 4°C, 80 ul of the upper

phase, containing RNAs, were transferred into a fresh tube. 240 pl of molecular
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grade ethanol (EtOH) and 8 pl of 3M Sodium Acetate (NaAc) were added to samples
and the mixtures were incubated at -20°C, overnight. Following the centrifugation at
14000xg for 30 minutes at 4°C, the supernatants were removed. The pellets were
washed with 600 pl of 70% molecular grade EtOH. Following the centrifugation at
14000xg for 15 minutes at 4°C the supernatants were removed and the pellet,

containing extracted RNAs, were dissolved in 25 ul mgH»O.

Following DNase I treatment and phenol-chloroform extraction, elimination of DNA
contamination confirmed by Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
specific  Polymerase Chain Reaction (PCR) with GAPDH_ F: 5°-
GGGAGCCAAAAGGGTCATCA-3’ and GAPDH_R: 5°-
TTTCTAGACGGCAGGTCAGGT-3’ primer pair. PCR performed according to the
given conditions: initial denaturation at 95°C for 3 minutes, 40 cycles of 95°C for 30
seconds, 56°C for 30 seconds and 72°C for 60 seconds, and a final extension at 72°C

for 5 minutes. MCF7 genomic DNA was used as positive control for PCR reactions.

Following the confirmation of DNA contamination elimination, RNA samples were
spectrophotometrically quantified by using NanoDrop (MN-913, Maestrogen).
Purity of RNA samples were determined by evaluation of A260/A280 and
A260/A230 ratios. A representative result is given in Appendix showing a proper
RNA samples with appropriate A260/A280 and A260/A230 ratios. All RNA samples

that were used in this study were fitting the purity criteria.

2.3.2 c¢DNA Synthesis from RNA Samples

cDNA synthesis performed by using RevertAid First Strand cDNA Synthesis Kit
(K1622, Thermo Fisher Scientific) using oligo_dT primers and 1000 ng total RNA.

Reaction conditions given in Table 2.2 were followed for cDNA synthesis.
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Table 2.2 cDNA Synthesis Reaction Conditions

Components Amount

Total RNA 1000 ng

Oligo(dT)ig Primer, 100 uM 1 ul

mgH>O upto 12 ul
Mix thoroughly, spin down, incubate at 65 °C for 5 minutes

10 mM dNTP Mix 2 ul

5X Reaction Buffer 4 ul

(250 mM Tris-HCI (pH 8.3), 250 mM
KCIL, 20 mM MgCl2, 50 mM DTT)

Ribolock RNase Inhibitor (20U/pul) 1ul
Revertaid Reverse Transcriptase 1wl
(200U/ul)

Total Volume 20 pl

Incubate at 42 °C for 60 minutes and 70 °C for 5 minutes. Store synthesized

cDNA samples at -20 °C.

233 Expression Analysis for TFF1 Gene

Trefoil factor 1 (TFF1, also known as pS2) is a known E2 responsive gene (Brown
et al., 1984). E2 stimulated expression of this gene was evaluated by PCR as a
positive control for E2 treatment experiments. The following primer pair was used
for PCR analysis TFFI F: 5-CCATGGAGAACAAGGTGATCTGC-3" and
TFFI R: 5’-GTCAATCTGTGTTGTGAGCCGAG-3’ (product size: 399 bp). PCR
performed according to the given conditions: initial denaturation at 95°C for 3
minutes, 18 cycles of 95°C for 30 seconds, 61°C for 30 seconds and 72°C for 60

seconds, and a final extension at 72°C for 5 minutes.
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2.4  Immunocytochemistry

For immunocytochemistry (ICC) experiments, MCF7 cells grown on coverslips.
Following the incubation period (24 hours for transfected cells, 45 minutes and 3
hours for E2/H202 treated cells), the coverslips were washed three times with D-
PBS. Fixation of the samples were performed with 3.7 % formaldehyde with 30
minutes incubation at room temperature. The cells were again washed with DPBS
for 3 times and permeabilized by incubation with 0,4% Triton X-100 in DPBS at
room temperature for 10 minutes. Following the permeabilization step, 10% BSA
(11943.01, Serva) in PBS was used as a blocking reagent. The cells were incubated
in this solution for 1 hour at room temperature. Primary antibodies diluted in 1x D-
PBS supplemented with 3% BSA were added on cells and incubated for 2 hours at
room temperature. Concentrations of the primary antibodies were as follows: 2pug/ml
for anti-HA antibody (ab9110, Abcam) and lpg/ml for anti-CSTF2 antibody
(ab72297, Abcam). Subsequently, cells were again washed 3 times with 1x D-PBS
and incubated with Alexa Fluor 488-conjugated secondary antibodies (ab150077,
Abcam; for anti-CSTF2 and anti-HA tag antibodies) for 30 minutes at room
temperature. Secondary antibodies were 1:1000 diluted in 1xD-PBS supplemented
with 3% BSA. The cells were washed 3 times with 1xD-PBS and mounted on slides
using DAPI-containing mounting medium (ab104139, Abcam) for nuclear staining
and visualized under a Leica Laser Scanning Confocal Microscope equipped with a
Leica 63x/1.32 HCX PL. APO OilDIC objective, VT-Hawk 2D array laser scanning
confocal microscopy system (Visitech International, UK) with an Olympus IX-83
inverted microscope equipped with 100x/1.49 Oil UAPO lens (Olympus) and EM-
CCD digital camera (Hamamatsu) (Department of Microbiology and Department of
Biochemistry, Cell, and Molecular Biology, University of Tennessee, Knoxville,
Tennessee) and Leica DMI4000 with Andor DSD2Spinning Disc Confocal
Microscope equipped with a Leica 100%/1.490il DIC objective (Department of
Biological Sciences, Middle EastTechnical University, Ankara, Turkey)
(Cevheroglu et al., 2017)
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2.5 Cloning Coding Sequence of CSTF2 Gene into pcDNA3.1 mycBiolD

Vector

Coding sequence of CSTF2 gene was retrieved from NCBI (National Center for
Biotechnology) with the accession number: NM 001325.2. Specific forward and
reverse primers harboring Notl and Kpnl restriction enzyme recognition sites,
respectively, were designed for PCR amplification of 1734 bp long full coding
sequence and cloning into pcDNA 3.1 mycBiolD (#35700, Addgene) to generate
myc_BirA* CSTF2 fusion plasmid. The generated plasmid encodes for CSTF2
protein fused to C-terminus of promiscuous biotin ligase BirA* [or BirA(R118G)],
a mutated form of bacterial “DNA-binding transcriptional repressor/biotin-[acetyl-
CoA-carboxylase] ligase Bir4, for proximity dependent biotin identification (BiolD)
of potential interacting partners of CSTF2. Vector map of pcDNA 3.1 mycBiolD is
given in Appendix. Sequences of the cloning primers are shown in the Table 2.3:
the underlined letters indicate recognition aiding sites, bold letters indicate restriction
enzyme recognition sites, lowercase letters in forward primer are additional

nucleotides to maintain the open reading frame of CSTF2.

Table 2.3 Primers for Cloning CSTF?2 Gene into pcDNA3.1 mycBiolD Vector

BirA (R118G)- | CGCATGCGGCCGCaaATGGCGGGTTTGACTGTGA
CSTF2 Fusion
Forward
BirA (R118G)- | CGCATGGTACCTCAAGGTGCTCCAGTGGATTT
CSTF2 Fusion

Reverse

PCR mixture was prepared as indicated in Table 2.4. Amplification of the gene was
performed using Phusion High-Fidelity DNA Polymerase (F530L, Thermo Fisher

Scientific) and the conditions for amplification were as follows: initial denaturation
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at 98 °C for 3 minutes; 35 cycles of 98 °C for 30 seconds, 61 °C for 25 seconds, 72

°C for 45 seconds; and final extension at 72 °C for 5 minutes.

Table 2.4 PCR Mixture Preparation for Amplification of Desired Sequences

1x PCR Mixture
5x Phusion HF Buffer 4 ul
10 mM dNTPs 2 ul
5 uM Forward Primer 2 ul
5 uM Reverse Primer 2 ul
Template DNA variable
Phusion DNA Polymerase (2U/ul) 0.2 ul
Molecular grade water (mgH>0) to 20 ul

PCR products were loaded on 1% agarose gel. After running at 100V and
visualization under UV-light, the DNA fragments with expected band sizes were cut
and isolated from agarose gel by using Zymoclean Gel DNA Recovery Kit (D4008,
Zymo Research) according to the instructions of the manufacturer. Purified DNA
fragments and pcDNA 3.1 mycBiolD empty vector were quantified with NanoDrop
(MN-913, Maestrogen). Eluted PCR products and empty pcDNA 3.1 mycBiolD
vector (5 pg) were double digested with Notl and Kpnl restriction enzymes
(respectively, FD0594 and FD0524, Thermo Fisher Scientific) for 4 hours at 37 °C.
Digested PCR fragments and empty vector were loaded on 1% agarose gel and the
end of the running period, purified from agarose gel. Eluted restriction fragments

were quantified by NanoDrop again.

Digested pcDNA 3.1 mycBiolD empty vector and PCR products were mixed with
different ratios and ligated with using T4 DNA Ligase (ELO011, Thermo Fisher
Scientific). Calculations for different mixture ratios were performed according to the

following formula:
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vector amount (ng)x insert size (kb) insert
, X
vector size (kb) vector

= insert amount to be used (ng)

For example, to get 3:1 ratio;

100 ng vector x 1734 kb 3 82 ng i ttob d
=110 7 X7 = ng insert to be used.

Ligation mixtures were incubated at 16 °C for 16h. At the end of the incubation
period, ligation products were transformed into competent E. coli TOP10 cells as

explained in Section 2.10.

2.6 Cloning CSTF2 Gene into pcDNA3.1 MCS-BirA(R118G)-HA Vector

Specific forward and reverse primers harboring Nhel (FD0974, Thermo Scientific
Fisher) and AfIIT (FD0834, Thermo Scientific Fisher) restriction enzyme recognition
sites, respectively, were designed for PCR amplification of CSTF2 gene
(NM_001325.2) and cloning into pcDNA3.1 MCS-BirA(R118G)-HA Vector
(#36047, Addgene) to generate CSTF2_BirA* HA fusion plasmid. The full coding
sequence of the gene was 1734 bp long, but during PCR amplification last 2
nucleotides of the gene was deleted for disruption of stop codon and also
conservation of the open reading frame for production of CSTF2 protein fused to N-
terminus of promiscuous biotin ligase BirA* (CSTF2-BirA* fusion). The 1732 bp
long coding sequence of CSTF2 was PCR amplified with cloning primers using
Phusion High-Fidelity DNA Polymerase. Vector map of pcDNA3.1 MCS-
BirA(R118G)-HA is given in Appendix. Sequences of the cloning primers are given
in the Table 2.5: as in Table 2.3 recognition enhancer sites are given with underlined

letters and restriction enzyme recognition sites are given in bold letters.
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Table 2.5 Primers for Cloning CSTF2 gene into pcDNA3.1 MCS-BirA(R118G)-
HA Vector

CSTF2-BirA CGCATGCTAGCATGGCGGGTTTGACTGTGA
Fusion Forward

CSTF2-BirA CGCATCTTAAGCAAGGTGCTCCAGTGGATTT

Fusion Reverse

The conditions used for PCR amplification were as follows: initial denaturation at
98 °C for 3 minutes; 35 cycles of 98 °C for 30 seconds, 64 °C for 25 seconds, 72 °C

for 45 seconds; and final extension at 72 °C for 5 minutes.

After PCR amplification, agarose gel electrophoresis, gel extraction, double
digestion and ligation steps were performed as described in Section 2.1, except for
minor differences in used restriction enzymes and empty vectors. The ligation
products were transformed into competent E£. coli TOP10 cells as explained in

Section 2.10.

2.7 Cloning CSTF?2 Gene into pcDNA3.1 (-) Vector

Specific forward and reverse primers harboring Xbal (FD0684, Thermo Fisher
Scientific) and EcoRV (FDO0303, Thermo Fisher Scientific) restriction enzyme
recognition sites, respectively, were designed for PCR amplification of CSTF2 gene
(NM_001325.2) with Phusion High-Fidelity DNA Polymerase. During PCR, last 3
nucleotides of the gene was deleted to disrupt stop codon for subsequent cloning
experiments and 1731 bp of the coding sequence was cloned into mammalian
expression vector pcDNA 3.1(-) (Life Technologies) to generate CSTF2_pcDNA3.1
(-) plasmid. Vector map of pcDNA 3.1 (-) was given in Appendix. Sequences of the
cloning primers are given in the Table 2.6: as in Table 2.3, the underlined letters
indicate recognition enhancer sites, the bold letters indicate restriction enzyme
recognition sites, and the lowercase letters in forward primer indicates Kozak’s

sequence added to increase expression levels.
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Table 2.6 Primers for Cloning CSTF2 Gene into pcDNA3.1 (-) Vector

CSTF2- 5'-CGCATTCTAGAaaaatgATGGCGGGTTTGACTGTGAG-
TurboID-HA | 3'

Fusion
Forward
CSTF2- 5'-CGCATGATATCAGGTGCTCCAGTGGATTTCTG-3'

TurboID-HA

Fusion

Reverse

Following conditions were used for PCR amplification CSTF2 gene: initial
denaturation at 98 °C for 3 minutes; 35 cycles of 98 °C for 10 seconds, 57 °C for 25

seconds, 72 °C for 45 seconds; and final extension at 72 °C for 5 minutes.

After PCR amplification, agarose gel electrophoresis, gel extraction, double
digestion and ligation steps were performed as described in Section 2.1, except for
minor differences in used restriction enzymes and empty vectors. The ligation
products were transformed into competent E£. coli TOP10 cells as explained in

Section 2.10.

2.8 Cloning TurbolD into CSTF2_pcDNA3.1 (-) Vector

Promiscuous biotin ligase TurboID (Branon et al., 2018), another mutated form of
bacterial “DNA-binding transcriptional repressor/biotin-[acetyl-CoA-carboxylase]
ligase BirA” with a higher catalytic activity in comparison to BirA*, was PCR
amplified with cloning primers using Phusion High-Fidelity DNA Polymerase and
cloned downstream of CSTF2 in pcDNA 3.1 (-) to generate CSTF2_TurboID HA
plasmid. Plasmid used as template for PCR amplification of TurboID was a kind gift
from Dr. Mesut Muyan (METU, Ankara). Sequences of forward and reverse cloning

primers harboring Kpnl and AflII recognition sites, respectively are given in Table

24



2.7: the underlined letters indicate recognition enhancer sites and the bold letters

indicate restriction enzyme recognition sites.

Table 2.7 Primers for Cloning TurboID into CSTF2_pcDNA3.1(-) Vector

TurbolID Cloning

5’ CGCATGGTACCGCGGCCGCAGGCGGCA-3
Forward -

TurbolID Cloning | 5>~-CGCATCTTAAGTTTATTAAGCGTAATCTGGAACATC
Reverse GTATGGGTAAC-3’

Following PCR conditions were used for amplification of TurbolD: initial
denaturation at 98 °C for 3 minutes; 35 cycles of 98 °C for 10 seconds, 59 °C for 25

seconds, 72 °C for 30 seconds; and final extension at 72 °C for 5 minutes.

After PCR amplification, agarose gel electrophoresis, gel extraction, double
digestion and ligation steps were performed as described in Section 2.1, except for
minor differences in used restriction enzymes and empty vectors. The ligation
products were transformed into competent E. coli TOP10 cells as explained in

Section 2.10.

2.9 Transformation of Competent E. coli TOP10 Cells

Transformation of competent E. coli TOP10 cells were performed as described
(Green and Sambrook, 2012). Briefly; 50 ul competent cells were thawed on ice,
mixed with 2 pl ligation product and incubated on ice for 30 minutes. Following heat
shock step performed at 42 °C for 5 minutes, the cells again incubated on ice for 5
minutes. 500 pl Nutrient Broth (NB) medium was added on reaction mixture and
cells were incubated at 37 °C for 90 minutes. NB agar plates supplemented with 100
ug/ml ampicillin were inoculated with 100 pl of transformed bacteria and overnight

incubated at 37 °C.
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Overnight grown colonies were screened by colony PCR using cloning primers.
After PCR confirmation, positive colonies carrying the desired vector were selected
for inoculation of NB media and incubated overnight at 37 °C with 180 rpm shaking.
The following day, plasmids were isolated using GeneJET Plasmid Miniprep Kit

(K0502, Thermo Fisher Scientific) according to the instructions of the manufacturer.

The transformation and colony PCR steps explained above were performed for all

cloning/ligation products mentioned in Sections 2.6 —2.9.

2.10 Transient Transfection of MCF7 Cells

Before transfection of MCF7 breast cancer cells with myc BirA* CSTF2,
CSTF2_BirA* HA or CSTF2_TurbolD HA plasmids and control vectors of these
plasmids the cells were seeded in flasks and incubated at 37 °C with 95% humidified
air and 5% CO; to reach 70-80% confluency. TurboFect Transfection Reagent
(R0532, Thermo Fisher Scientific) was used 1:2 (plasmid:TurboFect) ratio. For
instance, for transfecting cells grown in a T25 flask; 5 ug plasmid was diluted in 500
ul DMEM and mixed with 10 pl transfection reagent. Whole mixture was incubated
at room temperature for 15-20 minutes and then was added to each flask drop wise.
The flasks were gently rocked and cells were incubated at 37 °C with 95%
humidified air and 5% COx.

At the end of the incubation period, cells were either collected directly for RNA and
protein isolation or treated with 50 ug D-Biotin (B-4639, Sigma Aldrich) and 1mM
ATP (A2383, Sigma-Aldrich) for 3 hours before harvesting (Branon ef al., 2018).

2.11 Proximity-Dependent Biotinylation and Biotin Affinity Capture

Proximity-dependent biotinylation approach, which utilizes a promiscuous biotin
ligase to detect protein-protein interactions within living cells, was utilized for
identification of interacting partners of CSTF2 protein in MCF7 cells. Biotinylated
proteins were obtained with streptavidin-affinity capture and identified by nano-

liquid chromatography mass spectrometry (n-LC MS/MS). BiolD experiments were
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performed using myc BirA CSTF2 and CSTF2 BirA HA plasmids, whereas
CSTF2_TurboID_HA plasmid was used for TurbolD experiments. MCF7 cells were
transfected with vectors carrying CSTF2-coding sequence fused with
BirA*/TurbolD or empty vector carrying only the BirA*/TurbolD. 24 hours after
transfection 50 png D-Biotin (B-4639, Sigma Aldrich) and 1mM ATP (adenosine 5°-
triphosphate disodium salt hydrate) (A2383, Sigma-Aldrich) were included to the
medium. At the end of the incubation period (3 hours for TurboID plasmid, 18 hours
for BiolD plasmids) existing medium were removed, cells were collected and
washed twice with ice-cold DPBS (Dulbecco's Phosphate Buffered Saline) (02-023-
1A, Biological Industries). Nuclear lysate isolation from these cells were performed
using NE-PER Nuclear and Cytoplasmic Extraction Reagents (78835, Thermo
Scientific). Obtained lysates were incubated with adjusted volumes of high capacity
neutravidin agarose resin (29204, Thermo Fisher Scientific) overnight. The
following day, beads were collected with centrifugation at 2500 rpm for 5 minutes
and washed twice with Wash Buffer I [2 % Sodium Dodecyl Sulfate (SDS)], once
with Wash Buffer II (2% deoxycholate, 1% Triton-X, 50 mM NaCl, 50 mM Hepes,
pH=7.5,1 mM EDTA), once with Wash Bufter III (0.5% NP-40, 0.5% deoxycholate,
1% Triton-X, 500 mM NaCl, 1 mM EDTA, 10mM Tris, pH=8.1), and once with
Wash Buffer IV (50mM Tris, pH=7.4, 50 mM NaCl). All washing steps were carried
out room temperature for 10 minutes. 10% of the beads were separated and mixed
with 50 pl of Laemmli buffer containing 500 nM D-Biotin and incubated at 100 °C
for 10 minutes. Following the incubation, supernatant containing the bound proteins

were used for western blot analysis.

2.12 Mass Spectrometry Analysis

The remaining 90% of the beads were sent to Mass Spectrometry analysis at Kog
University Proteomics Facility (Istanbul, Turkey). The bead-bound proteins were
digested with trypsin (Pierce™ Trypsin Protease, MS Grade, Thermo Scientific).
Peptide analysis was performed with Thermo Scientific Q Exactive Quadrupole-

Orbitrap Mass Spectrometer with nano Liquid Chromatography, UltiMate 3000
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NCS-3500RS (n-LC MS/MS). Thermo Discoverer 2.3 software was used to identify

proteins.

2.13 Western Blot Analysis

2.13.1 Nuclear Lysate Isolation

Nuclear lysates of E2 treated MCF7 cells were isolated either by using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (78835, Thermo Scientific) according
to the instructions of the manufacturer or following the protocol described (Akman
et al.,2012). Briefly; MCF7 cells were washed two times with D-PBS, collected into
1.5 ml tubes and centrifuged at 1500 rpm for 5 minutes at 4°C. Supernatants were
removed and the cell pellets were resuspended in Lysis Buffer A (composition given
in Table 2.8) and incubated on ice for 30 minutes. Cells were vortexed at the highest
speed for 15 seconds. NP-40 was added on cell suspensions at a final concentration
0f 0,15% and cells were again incubated on ice for 5 minutes. Cell suspensions were
vortexed at the highest speed for 5 seconds and centrifuged at 12000xg for 1 minute
at 4°C. Supernatants containing cytoplasmic proteins were transferred into a clean
tube and stored on ice for concentration measurement. Pelleted nuclei were washed
3 times with Lysis Buffer A for removal of residual cytoplasmic proteins and
resuspended in Lysis Buffer B (composition given in Table 2.8). Following the
incubation on ice for 30 minutes, the tubes were centrifuged at 12000xg for 10
minutes at 4°C. BCA Protein Assay Kit (23225, Pierce) was used for quantification

of lysates. Isolated nuclear and cytoplasmic lysates were stored at -80°C.
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Table 2.8 Compositions of Lysis Buffers

Lysis Buffer  Lysis Buffer

A B
HEPES* 30mM 30mM
KCI* 10mM 10mM
MgCly* 1.5mM 1.5mM
EDTA* 0.1lmM 0.IlmM
DTT* ImM ImM
NaCl* - 500mM
Glycerol - 25%

* HEPES, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid; KCI, potassium chloride;
MgCl2, magnesium chloride; EDTA, Ethylenediaminetetraacetic acid; DTT, 1,4-
dithiothreitol; NaCl, sodium chloride.

**Both buffers were supplemented with a tablet of protease inhibitor coctail
(11873580001, Sigma-Aldrich).

2.13.2 Western Blotting

Nuclear lysates were mixed with 6X Laemmli Buffer (60% Glycerol, 12% SDS, 30%
2-mercaptoethanol, 0.375 M Tris and 0.012% bromophenol blue) and denatured by
incubating at 100 °C for 10 minutes. Denatured lysates were separated on 10%
polyacrylamide gel and transferred to a nitrocellulose membrane (Bio-Rad). The
membranes were blocked with 5% skimmed milk or bovine serum albumin (BSA)
(11943, Serva) in Tris Buffered Saline supplemented with 0.1% Tween 20 (0.1%
TBS-T) for 1 hour at room temperature and overnight incubated with appropriate
primary antibodies (antibodies used western blot analyses performed in this study
are collectively listed in Table 2.9.). At the end of the incubation period, membranes
were washed 3 times with 0,1% TBS-T for 10 minutes and incubated with
appropriate HRP-conjugated secondary antibodies at room temperature for 1 hour.
Proteins were visualized using western blotting detection kit (WestBright ECL,

Advansta) according to the manufacturer’s instructions.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 An Investigation of APA in ER+ Breast Cancer Cells

This section will summarize findings on how APA may operate in response to E2.
To begin understanding APA, we wanted to identify proteins that may interact with
the polyadenylation machinery. We took the proximity-dependent biotin
identification and mass spectroscopy (MS) approach to discover poly (A) machinery

interacting proteins.

3.2 Investigation on Interacting Partners of CSTF2 via Proximity-

Dependent Biotin Identification

3.2.1 Expression of BirA*-Fused CSTF2 Protein in HEK293 Cells

Proximity-dependent biotin identification (BiolD) method utilizes a promiscuous
biotin ligase for biotinylation of proteins in a proximity-dependent fashion. A protein
of interest is fused to the promiscuous biotin ligase and expressed in cells, where it
biotinylates proteins in close-proximity, with a ~10nm of labelling radius (Kim et
al., 2014). Following the biotinylation process, affinity-capture method enables
selective isolation and identification of the biotinylated proteins. These proteins are
considered as potential interacting partners of the protein of interest. The biotin
retention protein A (BirA, also known as biotin protein ligase) of E. coli is a bi-
functional protein which acts as the biotin operon repressor and as the enzyme
catalyzing the biotinylation of a subunit of acetyl-CoA carboxylase (Buoncristiani et
al., 1986; Satiaputra et al., 2019). The wild-type BirA enzyme catalyzes biotin
addition in two steps: first, generates reactive biotinoyl-5’-AMP (bioAMP) from
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ATP and biotin and second, attaches this bioAMP to a specific lysine residue on
acetyl-CoA carboxylase (Roux ef al., 2018). BirA mutant (R118G, also known as
BirA*), which is defective in both self-association and DNA-binding, displays an
affinity for bioAMP two orders of magnitude less than its wild-type form (Kwon et
al., 2009; Kwon and Beckett, 2000). This results in a premature release of bioAMP,
which will covalently react with adjacent primary amines (Roux et al., 2018).
Humanized form of the BirA* (Mechold et al., 2005) is used for biotinylation of

proteins in live mammalian cells in BioID approaches (Roux ef al., 2012).

To perform proximity dependent biotinylation of potential interactors of CSTF2
protein we genetically fused CSTF2 ¢cDNA to BirA*. Figure 3.1 and 3.2 shows the
schematic representation of constructs generated for production of C-terminally and

N-terminally fused proteins.

—] CSTF2 = BirA HA

Figure 3.1. Cloning CSTF2 coding sequence into pcDNA3.1 MCS-BirA(R118G)-HA
(addgene, plasmid #36047) vector for creating CSTF2 C-terminal fusion with BirA4.

BirA CSTF2

Figure 3.2. Cloning CSTF2 coding sequence into pcDNA3.1 mycBiolD (addgene, plasmid
#35700) vector for creating CSTF2 N-terminal fusion with Bir4.
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After cloning the CSTF2 coding sequence into pcDNA3.1 MCS-BirA(R118G)-HA
and pcDNA3.1 mycBiolD plasmids, these constructs were used for transfection into
HEK?293 cells (Figure 3). Transfected HEK293 cells were collected after 24 and 72
hours of transfection and used for nuclear and cytoplasmic protein extraction with
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (78835, Thermo
Scientific). Isolated lysates were subjected to western blot analysis for evaluation of

expression patterns and investigation of subcellular localization of the fused proteins

(Figure 3.3).
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CSTF2 fusion with
Endogenous CSTF2 == — — — — — BirA*
~70kDa <= — — — — —— ~105 kDa

Figure 3.3. Transfection of HEK293 cells with CSTF2 and BirA* fusion constructs. Lysates
isolated from transfected HEK293 cells 24-hour post-transfection and western blotting
performed by using anti-CSTF2 antibody (ab72297, Abcam). CSTF2-BirA: CSTF2 in
pcDNA3.1 MCS-BirA(R118G)-HA; BirA-CSTF2: CSTF2 in pcDNA3.1 mycBiolD;
MycBiolD: pcDNA3.1 mycBiolD Empty Vector; BirAHA: pcDNA3.1 MCS-BirA(R118G)-
HA.

This result indicated that transfected cells are capable of using these recombinant
constructs for producing fusion CSTF2-BirA* and/or BirA*-CSTF2 proteins. Then,
the membranes were stripped for visualization using anti-HDACI1 antibody to

control the loaded amounts of proteins (Figure 3.4)
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Untransf. HEK293 Cyto.

! Protein Ladder
Untransf. HEK293 Nuc.
CSTF2-BirA* Nuc.
BirA*-CSTF2 Nuc.
MycBioID EV Nuc.
BirA* HA EV Nuc.
CSTEF2-BirA* Cyto.
BirA*-CSTF2 Cyto
MycBioID EV Cyto.

!
!

HDAC1
~68kDa_ T w—— W —

e oor

Figure 3.4. Transfection of HEK293 cells with CSTF2 and BirA* fusion constructs. Lysates
isolated from transfected HEK293 cells 24-hour post-transfection and western blotting
performed by using anti-HDACT1 antibody (Santa Cruz, sc-81598). CSTF2-BirA: CSTF2 in
pcDNA3.1 MCS-BirA(R118G)-HA; BirA-CSTF2: CSTF2 in pcDNA3.1 mycBiolD;
MycBiolD: pcDNA3.1 mycBiolD Empty Vector; BirAHA: pcDNA3.1 MCS-BirA(R118G)-
HA.

This result showed that the loaded amounts of nuclear proteins isolated from
HEK?293 cells transfected with different plasmids were nearly equal and also
indicated that there is a minimal nuclear-to-cytoplasmic leakage during fractionated

lysate isolation.

After taking western blot results of 24h post-transfection samples we performed the

same experiments with lysates isolated 72-hour transfection set of HEK293 cells

(Figure 3.5).
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Figure 3.5. Transfection of HEK293 cells with CSTF2 and BirA* fusion constructs. Lysates
isolated from transfected HEK293 cells 72-hour post-transfection and western blotting
performed by using anti-CSTF2 antibody (ab72297, Abcam). CSTF2-BirA: CSTF2 in
pcDNA3.1 MCS-BirA(R118G)-HA; BirA-CSTF2: CSTF2 in pcDNA3.1 mycBiolD;
MycBiolD: pcDNA3.1 mycBiolD Empty Vector; BirAHA: pcDNA3.1 MCS-BirA(R118G)-
HA.

~105kDa

The results shown in Figure 3.3 and Figure 3.5 indicated that some of the fusion
CSTEF2 protein remained in the cytoplasmic fraction of cell lysates. This situation
can be explained with the structure of CSTF2 protein. CSTF2 protein does not harbor
a nuclear localization signal which targets it for nuclear localization. Nuclear
transport of CSTF2 protein is achieved by interaction of CSTF2 protein with
CSTF77 (aka, CSTF3). The two plasmids (pcDNA3.1 mycBiolD, pcDNA3.1 and
MCS-BirA(R118G)-HA) are mammalian expression plasmids harboring
cytomegalovirus (CMV) promoter for overexpression of recombinant proteins. In
our case, CSTF2 protein is over-produced but CSTF77 protein is not. In this case, it
is possible that the endogenous CSTF77 protein can carry some of the over-produced

CSTF?2 into the nucleus, and it is possible for the rest to remain in the cytosol.

Then, the biotin addition activity of CSTF2-fused BirA* protein was evaluated to
determine if the fused protein was capable of biotinylating potential interacting
partners of CSTF2 or not. For this purpose, HEK293 cells were transfected with
recombinant vectors and divided into two groups as: “+ Biotin” and “- Biotin”
groups. 24 hours after transfection, existing media of the “+Biotin” group replaced
with fresh media including 50 uM Biotin and 1mM ATP. Media of “-Biotin” group
is replaced with fresh media including only ImM ATP. 18 hours after addition of
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biotin these cells are harvested and used for nuclear and cytoplasmic lysate isolation
with a manual protocol described elsewhere (Akman ef al., 2012). Isolated nuclear
lysates used for western blot with anti-Biotin (ab52494, Abcam) antibody to evaluate

if the biotinylation process worked or not (Figure 3.6).

HEK293 Nuclear Lysates

+ BirA-CSTF2
BirA-CSTF2
!
CSTF2-BirA
,! ‘ + MycBiolD EV
MycBioID EV
+ BitA_ HAEV
BirA HA EV

Ladder
+ Untransf

+ CSTF2-BirA

18h, 50uM Biotin
-

anti-Biotin

Figure 3.6. Biotinylation of potentially interacting partners of CSTF2. HEK293 cells were
transfected with CSTF2 and BirA* fusion constructs. After 24 hours, transfected cells
incubated with 1 mM ATP in the presence/absence of 50 uM Biotin for 18 hours and western
blotting performed by using anti-Biotin antibody (ab53494, Abcam). CSTF2-BirA*: CSTF2
in pcDNA3.1 MCS-BirA(R118G)-HA; BirA*-CSTF2: CSTF2 in pcDNA3.1 mycBiolD;
MycBiolD: pcDNA3.1 mycBiolD Empty Vector; BirAHA: pcDNA3.1 MCS-BirA(R118G)-
HA.

According to the result, the promiscuous biotin ligase “BirA” protein is capable of
covalently adding biotin molecules to the proteins depending on proximity even it is
produced in fusion with CSTF2 protein. Especially myc CSTF2 pcDNA3.1
plasmid (BirA* CSTF2 fusion) showed a higher efficiency of biotinylation in
comparison to CSTF2_BirA* HA plasmid. On the other hand, empty vector control
of this plasmid pcDNA3.1 mycBiolD (designated as MycBiolD EV) resulted an

unexpected and strong biotinylation of nuclear proteins. BirA* protein coded by
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pcDNA 3.1 mycBiolD empty vector does not have a nuclear localization signal and
the produced protein was not expected to localize in the nucleus and biotinylate
nuclear proteins. This situation could be a result of leakage of biotinylated proteins
from cytoplasm to nucleus during fractionated lysate isolation. This situation
suggested that NE-PER Nuclear and Cytoplasmic Extraction Reagents (78835,
Thermo Scientific) provided a better fractionation with lower amounts of leakage of
cytoplasmic proteins and manual extraction protocol (Akman et al., 2012) needed
more optimization for decreasing the cross-contamination between cytoplasmic and

nuclear proteins.

Despite the leaky isolation, streptavidin pull-down efficiency of the biotinylated
proteins was tested. For this purpose, lysates isolated from “+Biotin” and “-Biotin™
groups of MCF7 cells transfected with BirA*-CSTF2 fusion plasmids were used and
pull-down was performed as described (Dong et al., 2015). 200 pg of lysates were
diluted in lysis buffer by completing the volume up to 400 ul and incubated with 35
ul (Iml/6mg lysate, as indicated in the manual of the product) of Streptavidin
Sepharose High Performance (GE Life Sciences, 17511301) for 16 hours with gentle
agitation. Then streptavidin beads were collected by centrifugation (7000 x g) and
washed 4 times with lysis buffer at 4 °C. Bead-bound proteins are eluted via
incubation at 95 °C in 2x Laemmli sample buffer (Dong e al., 2015). Eluted proteins
were resolved in 10% SDS-PAGE gel for western blot analysis (Figure 3.7 and 3.8).
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Figure 3.7. Streptavidin affinity capture of biotinylated proteins. HEK293 cells were
transfected with CSTF2 and BirA fusion constructs. After 24 hours, transfected cells
incubated with 1 mM ATP in the presence/absence of 50 pM Biotin for 18 hours. Isolated
lysates used for affinity capture with streptavidin beads. Eluted proteins used for western
blot analysis with anti-Biotin antibody (ab53494, Abcam). BirA-CSTF2: CSTF2 in
pcDNA3.1 mycBiolD.

This blot showed that all of the biotinylated proteins were probably captured and
eluted efficiently since there wasn’t any biotinylated protein in “supernatant” and
“wash” fractions of “+Biotin” group. Also, in “-Biotin” group there were no

biotinylated protein as expected.

To test whether biotinylation and streptavidin pull-down was successful, CSTF2 and
CFIm25, 25 kDA subunit of CFIm complex of polyadenylation machinery,

antibodies were used for immunblotting (Figure 3.8).
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Figure 3.8. Streptavidin affinity capture of biotinylated proteins. HEK293 cells were
transfected with CSTF2 and BirA* fusion constructs. After 24 hours, transfected cells
incubated with 1 mM ATP in the presence/absence of 50 pM Biotin for 18 hours. Isolated
lysates used for affinity capture with streptavidin beads. Eluted proteins used for western
blot analysis with anti-CSTF2 (ab72297, Abcam) and anti-CFIm25 (10322-1-AP,
Proteintech).

However, as results clearly showed; conditions for streptavidin affinity capture was
not suitable, because we can also observe CSTF2 and CFIm25 bands on “-Biotin”

group which means unbiotinylated proteins also pulled-down under these conditions.

This situation suggested that centrifugation speed (7000 x g) indicated in the
reference article (Dong et al., 2015) may be too high for collecting streptavidin beads
(high speed may cause settling of unbound proteins) and decided to lower it. The
experiment repeated with exactly under same conditions except the centrifugation
speed (Figure 3.9). For the repeated pull-down experiment, I set the centrifugation
speed to 2500 x g, as indicated manual of a different manufacturer (20347, Thermo

Fischer Scientific).
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Figure 3.9. Streptavidin affinity capture of biotinylated proteins. HEK293 cells were
transfected with CSTF2 and BirA fusion constructs. After 24 hours, transfected cells
incubated with 1 mM ATP in the presence/absence of 50 pM Biotin for 18 hours. Isolated
lysates used for affinity capture with streptavidin beads. Eluted proteins used for western
blot analysis with anti-CSTF2 (ab72297, Abcam) and anti-CFIm25 (10322-1-AP,
Proteintech).

According to the results, a significant portion of BirA*-CSTF2 fusion protein, along
with some endogenous CSTF2 was captured via streptavidin pull-down. On the other
hand, CFIm25, a component of polyadenylation machinery was not pulled-down
with CSTF2 protein. This may be due to inefficient streptavidin-capture resulting
from insufficient amount of bead usage. To evaluate this possibility membrane used
for visualization of CSTF2 protein was stripped and immunoblotted with anti-Biotin

antibody (Ab53494, Abcam) (Figure 3.10).
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Figure 3.10. Streptavidin affinity capture of biotinylated proteins. HEK293 cells were
transfected with CSTF2 and BirA fusion constructs. After 24 hours, transfected cells
incubated with 1 mM ATP in the presence/absence of 50 pM Biotin for 18 hours. Isolated
lysates used for affinity capture with streptavidin beads. Eluted proteins used for western
blot analysis with anti-Biotin (Ab53494, Abcam).

The results indicated that for “+Biotin” group, most of the biotinylated proteins were
pulled-down during affinity capture, and only a driblet of biotinylated proteins was
remained in “supernatant” fraction. For “-Biotin™ group and “untransfected” control
group some bands were observed, which may be resulting from non-specific binding

of the antibody.

When evaluated together these results (Figure 3.9 and 3.10) indicated three important
points: 1) decreased centrifugation speed (2500 x g) was high enough for settling of
beads and bound proteins. 2) for “+Biotin” group, most of the BirA*-CSTF2 fusion
proteins were precipitated during affinity-capture but a small fraction of fusion
proteins was lost during first washing step and visualizing the same blot with anti-
Biotin antibody suggested the same conclusion (Figure 3.10). This could be due to
insufficient amount of streptavidin beads so bead/lysate ratio were decided to be
increased to 1ml/4mg for later affinity-capture experiments. The last and most

important point was that CFIm25, a protein which is a component of polyadenylation
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machinery, was not biotinylated and pulled-down with CSTF2 protein. This situation
suggested that BiolD approach may not be efficient enough for our case to detect
dynamic and transient interactions of CSTF2 and led the idea to utilize a more rapid

method for identification of potential interacting partners of CSTF2.

3.2.2 Expression of TurbolD-Fused CSTF2 Protein in HEK293 and
MCF7 Cells

As indicated before, BiolD approach requires 18 hour of incubation time in the
presence of 50 uM D-Biotin. This long duration is required because of the relatively
low catalytic activity of promiscuous biotin protein ligase BirA (R118G), but
dynamic and transient interactions of CSTF2 with its interacting partners were not
detected due to this low catalytic activity. A mutant of BirA called TurbolD is
capable of adding biotin molecules depending on proximity in a much shorter
duration (i.e. 10 min) (Brannon ef al., 2018). Hence, to capture transient interactions
of CSTF2 protein, fusion CSTF2 and TurbolD was generated in pcDNA3.1 (-)
(Invitrogen, V79520), a mammalian expression vector. Figure 3.11 shows the
schematic representation of construct generated for production of CSTF2 C-

terminally fused with TurbolD.

CSTF2 TurboID HA

Figure 3.11. Cloning CSTF2 coding sequence and TurbolD sequence into pcDNA3.1 (-)
(Invitrogen, V79520) vector for creating CSTF2 C-terminal fusion with TurbolD.

After cloning the coding sequences of both genes into pcDNA 3.1 (-) vector and

verification via sequence analysis, we used this construct for transfection of HEK293
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cells. Transfected HEK293 cells were collected after 24 and 48 hours of transfection
and used for nuclear and cytoplasmic protein extraction following the protocol

described (Akman ef al., 2012). Isolated lysates resolved in 10% SDS-PAGE gel for

western blot analysis (Figure 3.12).
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Figure 3.12. Transfection of HEK293 cells with CSTF2-TurbolD fusion construct. Lysates
isolated from transfected HEK293 cells 24- and 48-hour post-transfection and western
blotting performed by using anti-CSTF2 antibody (ab72297, Abcam). EV: TurbolD in
pcDNA 3.1 (-); CSTF2-T: CSTF2-TurbolD in pcDNA 3.1 (-).

The results showed that the CSTF2-TurbolD fusion protein amount was quite low in
nuclear lysate isolated from 48-hour transfection samples of HEK293 cells in
comparison to those of 24-hour transfection samples. Since it is known that the
extraction method followed for nuclear/cytoplasmic protein isolation (Akman et al.,
2012) was not effective enough for separation nuclear and cytoplasmic proteins, it

was thought that this difference may be a result of leaky isolation.

Despite the leaky protein isolation problem, we wanted to test whether CSTF2-fused
TurboIlD protein was capable of biotinylating potential interacting partners of
CSTF2. For this purpose, HEK293 cells were transfected with recombinant vectors
and divided into two groups as “+ Biotin” and “- Biotin” groups. 24 hours after
transfection, existing media of the “+ Biotin” group was replaced with fresh media
including 50 uM Biotin and ImM ATP. Media of “- Biotin” group is replaced with
fresh media including only 1mM ATP. 30-, 60- and 360-minutes after addition of

biotin these cells were harvested and used for manual nuclear and cytoplasmic lysate
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isolation according to the protocol described elsewhere (Akman er al., 2012).
Isolated nuclear lysates used for western blot with anti-Biotin antibody to evaluate

biotinylation levels of the samples (Figure 3.13).
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Figure 3.13. Time-dependent biotinylation of potentially interacting partners of CSTF2.
HEK?293 cells were transfected with CSTF2-TurbolD fusion constructs. After 24 hours,
transfected cells incubated with 1 mM ATP in the presence/absence of 50 uM Biotin for 30-

, 60- and 360-minutes and western blotting performed by using anti-Biotin antibody
(ab53494, Abcam).

Results showed that the CSTF2-fused TurbolD protein can indeed efficiently add
biotin within minutes as opposed to BirA. However, we detected biotinylated protein
in nuclear lysates isolated from empty vector (only TurboID in pcDNA 3.1 (-)),

suggesting a continuing issue of leakage during nuclear/cytoplasmic lysate isolation.

Then, streptavidin affinity capture was performed to separate biotinylated proteins
from others. Lysates isolated from “+Biotin” and “-Biotin” groups of transfection
experiment used for this purpose. 200 pg of lysates were diluted in lysis buffer by
completing the volume up to 400 ul and incubated with 50 pl of Streptavidin
Sepharose High Performance (GE Life Sciences, 17511301) for 16 hours with gentle
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agitation. Then streptavidin beads were collected by centrifugation (2500 rpm) and
washed 4 times with lysis buffer. Bead-bound proteins were eluted via incubation at
100 °C in 2x Laemmli sample buffer (Dong et al., 2015). Eluted protein used for
western blot analysis with anti-Biotin antibody (ab53494, Abcam) to evaluate the
efficiency of streptavidin pull-down (Figure 3.14).
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Figure 3.14. Streptavidin affinity capture of biotinylated proteins. HEK293 cells were
transfected with CSTF2-TurbolD fusion constructs. After 24 hours, transfected cells
incubated with 1 mM ATP in the presence/absence of 50 pM Biotin for 360-minutes.
Isolated lysates used for affinity capture with streptavidin beads. Eluted proteins used for
western blot analysis with anti-Biotin antibody (ab53494, Abcam).

This result showed that increasing bead amount 1.5-fold (in comparison to BiolD
pull-down) was not enough for capturing all of the biotinylated proteins since most
of these proteins remained in supernatant fraction. We decided to repeat this
experiment by even increasing the bead amount by 2-folds (adjusted according to the
lysate amount) and trying different buffer compositions. For this set of experiment;

50 pg of lysates diluted in lysis buffer (Buffer B), SSHP Buffer, 1xPBS or 0,1%

45



TBST by completing the volume to 400 pl and incubated with 25 pl of Streptavidin
Sepharose High Performance (1ml/2mg lysate) (GE Life Sciences, 17511301) for 16
hours with gentle agitation. Then streptavidin beads were collected by centrifugation
(2500 rpm) and washed twice with Wash Buffer I [2 % Sodium Dodecyl Sulfate
(SDS)], once with Wash Buffer II (2% deoxycholate, 1% Triton-X, 50 mM NacCl, 50
mM Hepes, pH=7.5, 1 mM EDTA), once with Wash Buffer III (0.5% NP-40, 0.5%
deoxycholate, 1% Triton-X, 500 mM NaCl, I mM EDTA, 10mM Tris, pH=8.1), and
once with Wash Buffer IV (50mM Tris, pH=7.4, 50 mM NaCl). (Figure 3.15).

HEK293 Nuclear Lysates

IP Sup.

= &

Q a

B o = e E

< 5 8 B s B .

=} = & 2] S & E %) =

& 2 = 1) M = = 17 [os} ~

— = m %) [~ o m %] (-9 o

60min., 50pM Biotin + + + + + g + + +

-—— - - -

anti-Biotin

: . '
Figure 3.15. Effects of buffer composition on streptavidin affinity capture. HEK293 cells
were transfected with CSTF2-TurbolD fusion constructs. After 24 hours, transfected cells
incubated with 1 mM ATP in the presence/absence of 50 uM Biotin for 60-minutes. [solated

lysates used for affinity capture with streptavidin beads. Eluted proteins used for western
blot analysis with anti-Biotin antibody (ab53494, Abcam).

This result showed that changing the buffer compositions and increasing bead
amounts was a promising strategy for optimization of streptavidin affinity capture.
Using especially 0.1% TBST instead of lysis buffer (Buffer B) provided an important

improvement for capturing most of the biotinylated proteins.

Another important point was localization of produced CSTF2-TurbolD protein. So,

we also checked nuclear localizations of CSTF2-TurbolID fusion protein along with
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those of TurbolD protein coded by control empty vector and endogenous CSTF2
protein. For this purpose, HEK293 cells seeded on coverslips were transfected with
CSTF2_TurboID_HA or TurbolD HA empty vector. Also, untransfected MCF7
cells were used for visualization of endogenous CSTF2 protein. 24-hours and 48-
hours after the transfection coverslips were used for visualization under microscope

(Figure 3.16).
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Figure 3.16. Cellular localization of fusion CSTF2-TurboID proteins. HEK293 cells
transfected with CSTF2_TurbolD_HA or TurbolD HA plasmids were used for
investigating nuclear localizations of the encoded proteins. Untransfected HEK293 cells
used as control group for visualization of endogenous CSTF2 protein. Anti-HA primary
antibody (ab9119, Abcam) and anti-CSTF2 antibody (ab72297, Abcam) used as primary
antibodies. Alexa Fluor 488-conjugated goat anti-rabbit IgG (ab150077, Abcam) used as
secondary antibody.

Immunocytochemistry results indicated that TurbolD protein coded by control
vector (designated as TurboID E.V.) was stacking in the cytosol as expected since
the encoded protein did not have a nuclear localization signal peptide. Most of the
CSTF2-TurbolD fusion protein coded by CSTF2_TurboID HA plasmid (designated
as CSTF’-TurbolID) remained in the cytoplasm and a small fraction of the protein
was translocated to nucleus as expected since interacting partner of CSTF2, CSTF77,

which was responsible for nuclear localization of CSTF2, was not over-expressed.
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The results also showed that endogenous CSTF2 protein is localized in the nucleus

of the cells.

Then we performed the same experiment with MCF7 breast cancer cells. For this
purpose, cells were transfected with CSTF2_TurbolD HA or TurbolD HA empty
vector. 24 hours after transfection cells were divided into two sub-groups as:
“+Biotin” and “-Biotin” and existing media of the “+Biotin” group replaced with
fresh media including 50 uM Biotin and ImM ATP. Media of “-Biotin™ group is
replaced with fresh media including only ImM ATP. 3 hours after addition of biotin
these cells are harvested and used for nuclear and cytoplasmic lysate isolation
according to the protocol described (Akman ef al., 2012). 200 pg of lysates were
diluted in 0.1 % TBST by completing the volume up to 400 ul and incubated with
100 pul (1ml/2mg lysate) of Streptavidin Sepharose High Performance (GE Life
Sciences, 17511301) for 16 hours with gentle agitation. Then streptavidin beads were
collected by centrifugation (2500 rpm) and washed with wash buffers. Bead-bound
proteins were eluted via incubation at 100 °C in 2x Laemmli sample buffer (Dong et
al., 2015). Eluted protein used for western blot analysis with anti-Biotin antibody

(ab53494, Abcam) to evaluate the efficiency of streptavidin pull-down (Figure 3.17).
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Figure 3.17. Streptavidin affinity capture of potentially interacting partners of CSTF2.
MCEF7 cells were transfected with CSTF2_TurboID fusion and TurbolD empty vector
constructs. After 24 hours, transfected cells incubated with 1 mM ATP in the
presence/absence of 50 uM Biotin for 3 hours and western blotting performed by using anti-
Biotin antibody (ab53494, Abcam). CSTF2-TurbolD + Biotin, transfected with
CSTF2_TurbolD HA plasmid and incubated with 50 uM Biotin and ImM ATP; TurbolD
EV + Biotin, transfected with TurbolD HA plasmid control plasmid and incubated with 50
uM Biotin and ImM ATP, CSTF2-TurbolD — Biotin, transfected with CSTF2_TurbolD_HA
plasmid and incubated with ImM ATP only.

As the results indicated, MCF7 cells were transfected with CSTF2 TurbolD HA
and TurbolID empty vector plasmids and the biotinylation process was working very
efficiently in 3 hours incubation duration. In addition, all biotinylated proteins of
“CSTF2-TurboID +Biotin” group (cells were transfected with CSTF2_TurbolD HA
plasmid and incubated with 50 uM Biotin, ImM ATP) were captured in the elution
fraction during pull-down experiment and no biotinylated protein was observed in
“Supernatant” and “Wash” fractions. Again, there was leakage of biotinylated
proteins form cytoplasm to nucleus in “TurboIlD EV +Biotin™ group (cells were
transfected with TurbolD HA control plasmid and incubated with 50 uM Biotin,
ImM ATP). Also, there was no considerable amount of biotinylated and captured

proteins in “CTSF2-TurbolD —Biotin” group as expected.

Next, we tested whether TurbolD fused to CSTF2 was capable of biotinylating itself
and captured during affinity capture (Figure 3.18).
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Figure 3.18. Streptavidin affinity capture of biotinylated CSTF2 proteins. MCF7 cells were
transfected with CSTF2-TurbolD fusion constructs. After 24 hours, transfected cells
incubated with 1 mM ATP in the presence/absence of 50 uM Biotin for 3 hours. Isolated
lysates used for affinity capture with streptavidin beads. Eluted proteins used for western
blot analysis with anti-CSTF2 antibody (ab72297, Abcam). CSTF2-TurbolD + Biotin,
transfected with CSTF2_TurbolD_HA plasmid and incubated with 50 pM Biotin and 1mM
ATP; TurbolD EV + Biotin, transfected with TurbolD_HA plasmid control plasmid and
incubated with 50 uM Biotin and ImM ATP, CSTF2-TurbolD — Biotin, transfected with
CSTF2_TurbolD HA plasmid and incubated with ImM ATP only.

—p ~105 kDA

- pr— —p ~70 kDA

As the results indicated, for “CSTF2-TurbolD +Biotin” sample group nearly all of
the CSTF2-TurbolD fusion proteins were biotinylated and captured with streptavidin
affinity capture. This results also proved that followed pull-down protocol was
efficient enough to capture a remarkable portion of the biotinylated proteins since
we did not observe any unbiotinylated CSTF2-TurbolID fusion in “Supernatant” and
“Wash” fractions. Also, it appears that some of the endogenous CSTF2 proteins

cannot be captured and remained in “Supernatant” and “Wash” fractions.

Next, we checked the pulldown status of CSTF77 protein, a known interacting
partner of CSTF2, to evaluate if the CSTF2-TurbolD fusion protein was capable of
conserving natural interactions of endogenous CSTF2 during dynamic
polyadenylation. For this purpose, the same experimental conditions were followed
and at the end of the affinity capture process, eluted proteins were used for western

blot analysis (Figure 3.19).
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Figure 3.19. Streptavidin affinity capture of biotinylated CSTF77 proteins. MCF7 cells were
transfected with CSTF2-TurbolD fusion constructs. After 24 hours, transfected cells
incubated with 1 mM ATP in the presence/absence of 50 uM Biotin for 3 hours. Isolated
lysates used for affinity capture with streptavidin beads. Eluted proteins used for western
blot analysis with anti-CSTF77 antibody (sc-376553, Santa Cruz Biotechnology). CSTF2-
TurboID + Biotin, transfected with CSTF2_TurboID_HA plasmid and incubated with 50
uM Biotin and 1mM ATP; TurbolD EV + Biotin, transfected with TurbolD_HA plasmid
control plasmid and incubated with 50 pM Biotin and ImM ATP, CSTF2-TurbolD — Biotin,
transfected with CSTF2_TurbolD HA plasmid and incubated with ImM ATP only.

As the result indicated that some of the CSTF77 proteins, a known interacting partner
of endogenous CSTF2, was biotinylated by CSTF2-TurbolD fusion protein and
pulled-down by streptavidin affinity capture. On the other hand, a significant portion
of the proteins were remained in the “Supernatant” and “Wash” fractions of the
samples. It is possible that some of the endogenous CSTF77 proteins mediate nuclear
translocation of the CSTF2-TurbolID fusion protein, while other CSTF77 proteins
are likely to mediate transport of the endogenous CST{2 protein to the nucleus. In
this case, it is possible that the CSTF77 proteins converging with the endogenous
CSTF?2 proteins could not be biotinylated and could not be captured by downstream
streptavidin pull-down. There are some CSTF77 proteins biotinylated by TurbolD
protein encoded by TurbolD HA control plasmid but when we compared the band
intensities with CSTF2_TurbolD HA sample group it is clear that the amount of
CSTF77 protein specifically biotinylated by CSTF2-TurboID fusion protein is

higher with proteins that were biotinylated by random interactions of TurbolID alone.
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In light of these findings; since the CSTF2-TurboID fusion protein capable of
biotinylating potential interacting partners of CSTF2 and the followed streptavidin-
affinity pulldown protocol was finally optimized to capture nearly all biotinylated
proteins, we performed these experiments in a larger scale for Mass Spectrometry
analysis. Also, to optimize our lysate isolation, we tried a commercial kit, NE-PER
Nuclear and Cytoplasmic Extraction Reagents (78835, Thermo Scientific), for the

next experiments.

3.23 Identification of Potential Interacting Partners of CSTF2 with Mass
Spectrometry

Before performing large scale experiments for Mass Spectrometry analysis we
evaluated the efficiency of commercial NE-PER Nuclear and Cytoplasmic
Extraction Reagents (78835, Thermo Scientific) for separation of nuclear and
cytoplasmic lysates. For this purpose, nuclear and cytoplasmic lysates isolated from
MCF7 cells using NE-PER kit, used for western blot analysis with HDAC1 and
alpha-Tubulin antibodies (Figure 3.20).
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Figure 3.20. Seperation of nuclear and cytoplasmic lysates. MCF7 cells were used for
nuclear and cytolasmic lysate isolation using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (78835, Thermo Scientific). Isolated lysates used for western blot analysis with
anti-HDAC1 antibody (sc-81598, Santa Cruz) and anti-Alpha Tubulin antibody (HRP-

66031, Proteintech).
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Results showed that the used commercial kit was performing a better seperation of
cytoplasmic and nuclear lysates in comparison to manual protocol described (Akman
etal.,2012). However, a weak band of HDAC1 was observed in cytoplasmic fraction
of lysates and a very slight band of alpha-Tubulin was observed in nuclear fraction.
This situation was also expected since a 10% of leakage was stated to be normal in
the manual of the kit. This issue was noted for the future mass spectrometry
experiments as this group of biontynlated proteins would have to be substracted from

the actual sample list of proteins.

Then we performed large scale experiments for mass spectrometry analysis. To
perform TurbolD assay MCF7 cells were grown until they reach to the optimal
confluency. Then, these sells were incubated in phenol-red free DMEM
supplemented with 10% CD-FBS, 2% L-Glutamine, 1% Sodium Pyruvate solution
and 1% Pen/Strep solution for 72 hours. At 48" hour of incubation, cells were
divided into 3 subgroups. 2 subgroups were transfected with CSTF2_TurboID HA
plasmid and 1 subgroup with TurbolD HA control plasmid. At the end of the 72-
hour incubation duration; one of the CSTF2 TurboIlD HA transfected subgroups
were treated with 100nM E2 along with 50 uM Biotin and 1mM ATP. On the other
hand, remaining CSTF2_TurboID HA subgroup and TurboIlD HA control vector
subgroup were treated with 50 uM Biotin, ImM ATP and EtOH instead of E2. After
3-hour incubation duration cells were collected for RNA and nuclear/cytoplasmic
lysate isolation. RNAs isolated from these cells were used for evaluation of
efficiency of E2 treatment by comparison of TFFI expression between sample
groups, while nuclear lysates were used for neutravidin (29204, Thermo Scientific)
affinity capture followed by nanoLC-MS/MS analysis. Before sending the samples
to Ko¢ University for mass spectrometry analysis, efficiencies of E2 treatment and

transient transfection of MCF7 cells were evaluated (Figure 3.21 A, B).
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Figure 3.21. Characterization of Mass Spectrometry analysis samples. A) TFFI PCR of
cDNA samples synthesized from RNAs isolated from transfected and E2 or EtOH treated
MCEF7 cells B) Expression of fusion CSTF2-TurbolD protein encoded by fusion plasmid
and TurbolD protein encoded by control vector evaluated with western blot analysis using

anti-HA antibody (ab9110, Abcam).

The effeciency of E2 treatment was confirmed with the observation of a significant
upregulation in 7FF1 expression in E2 treated sample group in comparison to EtOH
treated and 72h starvation control groups (Figure 3.21 A). Also, detecting CSTF2-

TurbolD fusion proteins in nuclear and cytoplasmic lysates indicated that these cells
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were efficiently transfected with the plasmid encoding for the fusion protein.
Besides, detecting TurbolID protein encoded by the control vector in cytoplasmic
lysates, but not in the nuclear fraction of the control group indicated that; i) these
cells were efficiently transfected with the control plasmid and ii) the encoded protein
stuck in the cytosol, which proves the succesful fractination of the lysates with NE-

PER kit (Figure 3.21 B).

Then, we performed neutravidin affinity capture with the isolated nuclear proteins
and used 10% of the captured proteins to check the pulldown status of biotinylated
proteins, CSTF2 and CSTF77 (Figure 3.22).
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Figure 3.22. Characterization of Mass Spectrometry analysis samples. Pull-down status of
biotinylated proteins, CSTF2 and CSTF77 visualized with anti-Biotin (ab-53494), anti-
CSTF2 (ab-72297) and anti-CSTF77 (sc-376553) antibodies, respectively.

As the results indicated, nearly all of the biotinylated proteins were captured in the

elution fraction during pull-down experiment and no biotinylated protein was
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observed in “Supernatant” and “Wash” fractions. When we checked the pull-down
status of CSTF2 protein; we detected a CSTF2-TurbolD fusion protein band in
elution fractions of CSTF2_ TurboID HA transfected and E2/EtOH treated sample
groups. Since we did not observe any unbiotinylated CSTF2-TurbolD fusion protein
in “Supernatant” and “Wash” fractions this result suggested that CSTF2-TurbolD
fusion protein was biotinylated and efficiently captured during pulldown experiment.
Also, it appears that some of the endogenous CSTF2 proteins could not be captured
and remained in “Supernatant” and “Wash” fractions as observed in the previous
experiments. Also, some of the CSTF77 proteins was biotinylated by CSTF2-
TurbolD fusion protein and pulled-down by neutravidin affinity capture. On the
other hand, a significant portion of the proteins were remained in the “Supernatant™
and “Wash” fractions of the samples which supports the earlier results. This time we
did not detect CSTF77 band in elution fraction of empty vector (TurbolD HA)
control group which further proves the successful fractination of lysates during

protein isolation.

For the mass spectrometry analysis there were two technical replicates for each group
of samples. The common proteins obtained from two different technical replicates
of “CSTF2_TurboID HA transfected and E2 treated” group were compared with
overall protein lists of other two groups (sum of both technical replicates). Based on
results there were 16 proteins that were specific for “CSTF2_TurboID HA + E2”
group (Figure 3.23 A). Then I decided to utilize STRING network database to
evaluate if there is a potential network that links these 16 proteins to known
polyadenylation machinery subunits. For this purpose, 6 proteins are listed which
were precipitated with CSTF2_TurbolID fusion protein and identified with mass
spectrometry (Figure 3.23 B).
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TurboID_HA + EtOH

Figure 3.23. Proteins identified by nLC-MS/MS. A) Venndiagram showing the overlap of
proteins  from  “CSTF2_TurbolD HA+E2”, “CSTF2_TurbolD HA+EtOH” and
“TurbolD_HA+EtOH” transfected groups. B) STRING network analysis of 15
CSTF2_TurbolD_HA+E2-specific =~ proteins  along  with  nLC-MS/MS-detected
polyadenylation machinery subunits. Red line-the presence of fusion evidence; green line-
neighborhood evidence; Blue line-cooccurrence evidence; Purple line-experimental
evidence; Yellow line-textmining evidence; Light blue line-database evidence; Black line-
coexpression evidence.
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As a result of STRING network, we identified two candidate proteins as KHSRP
(KH-Type Splicing Regulatory Protein) and SAFB (Scaffold attachment factor B)
for evaluating their potential interactions between CSTF2 and also their effects of on
polyadenylation machinery with the presence of E2. Future experiments will have to
be performed to verify the interactions with these candidates and to test whether these

interactions do affect the polyadenylation choices.
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CHAPTER 4

CONCLUSION AND FUTURE DIRECTIONS

Alternative polyadenylation (APA), selection of alternative poly (A) signals on a
single mRNA, contributes the transcript diversity via production of isoforms
exhibiting variations either in their 3°’UTR region and/or in their coding sequence,
thus regulating the stability, function, translation efficiency and localization of the
target RNAs. The exact mechanism behind regulation of APA in normal cells and
cancer cells is not fully uncovered, but there are some mechanistic explanations.
Among the components of polyadenylation machinery, CSTF2, a subunit of CSTF
complex which directly interacts with the downstream UG-rich sequence elements,
is considered as the strongest candidate to be an APA regulator. For example;
depletion of this protein results in preferential usage of the distal poly (A) signals in
HeLa cells (Yao ef al., 2012). There are reports to suggest altered expression of poly
(A) machinery proteins to change poly (A) site usage decisions. However, changes
in poly (A) machinery proteins may not always explain contect-dependent and
specific poly (A) site usage cases. Therefore, we aimed to identify novel
interactors/regulators of poly (A) machinery proteins. To do this, we focused on
potential interacting partners of CSTF2 to better understand the regulation of APA

in breast cancer cells.

To identify interacting partners of CSTF2 we performed proximity-dependent biotin
identification (BioID) and TurboID methods. Promiscuous biotin ligase BirA* used
in BiolD, has a lower catalytic activity in comparison to that of the mutant biotin
ligase used in TurboID. As a consequence, the biotinylation duration is very long in
BioID (18 hours) when compared to TurboID (i.e 10 minutes). Our first biotin-
labeling trials were performed with BioID. BirA* fused to CSTF2 was capable of

biotinylating some nuclear proteins during 18-hour incubation period. However,
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CFIm25, a subunit of polyadenylation machinery, was not among the biotinylated
proteins. This led to the idea that low catalytic activity of the BirA* may not be
enough for labeling potential interacting partners CSTF2, if the interaction was in a
transient and rapid nature. Then we switched to a more rapid labeling method,
TurbolD, for detecting these transient interactions. Following the optimization steps
for streptavidin affinity capture mass spectrometry analysis, we observed that both
CFIm25 (based on Mass Spectrometry data) and CSTF77 (western blot proved) were
biotinylated in TurboID, with 3-hour incubation period. Besides these known
components of polyadenylation machinery, we identified 2 candidate proteins as
KHSRP and SAFB that seem to be E2-stimulation specific interacting partners of
CSTEF2. In the future studies we will be focusing on these proteins for verification of
their interaction with CSTF2 in the presence/absence of E2-stimulation. Also RNA
interference studies may be performed for evaluation of these potential interactions

on poly (A) site selections.
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80.0
27.0
27.0

27.0
27.0
80.0

30.0
30.0
30.0

30.0

1.7% TopVidon™ LE GQ Agarose (#R0491)

0.5 padane, 8 cm length gel,
1XTBE 5Viem,1h

Figure B.1. GeneRuler 100 bp Plus DNA Ladder (SM0321, Thermo Scientific)
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Figure B.2. PageRuler™ Plus Prestained Protein Ladder, (26619, Thermo Scientific)
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C. Buffers

6x Laemmli Buffer

0.375 M Tris

60% Glycerol

12% SDS

0.012% bromophenol blue

30% 2-mercaptoethanol

0.1% TBS-T
137 mM NaCl
20 mM Tris, pH: 7.6

0.1% Tween 20

Lysis Buffer A:

HEPES 30 mM
KCl 10 mM
MgCl, 1.5 mM
EDTA 0.1 mM
DTT I mM

Protease inhibitor cocktail
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Lysis Buffer B:

HEPES
KCl
EDTA
DTT
MgCl,
NaCl

Glycerol

30 mM

10 mM

0.1 mM

1 mM

1.5 mM

500 mM

25%

Protease inhibitor cocktail
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