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ABSTRACT

ABSTRACT

Mammalian Tfcp2ll and Tfcp2 are grouped into the CP2 subfamily of the grainyhead/CP2
(Grh/CP2) transcription factors involved in pluripotency maintenance and self-renewal of
embryonic stem cells. In addition, Tfcp2I1 has been implicated in a variety of cancers such as
breast cancer, thyroid cancer, and clear cell renal cell carcinoma. Recent studies also reveal that
the mammalian transcription factors Grhll and Grhl2 display a similar tertiary structure as the
tumor suppressor TP53, although the protein sequences share only 10% identical residues.
Despite the conserved tertiary structure, Grhl1/2 and TP53 have a different mode of DNA binding.
This thesis presents structures of the ligand-free Tfcp2l1 and Tfcp2 DNA-binding domains (DBDs)
and the DNA-bound Tfcp2l1 DBD. These structures provide insight into protein DNA recognition.

The Tfcp2l1 DBD and Tfcp2 DBD structures are similar, and they belong to the immunoglobulin-
(Ig-) like fold, which is shared by the Grhl1/2 DBD structures. The study confirmed that the DBD
structure is highly conserved within the Grh/CP2 family. Tfcp2l1 DBD binds to a 12-mer target
DNA fragment in a parsimonious binding mode, which is similar to the Grhl1-DBD:DNA complex.
The specific contacts performed by residues Arg225 and Gly183 interacting with guanosine G8
supply the selectivity of protein DNA recognition. Unspecific contacts play an additional role in

anchoring the protein to DNA via residue interaction with DNA phosphate groups.

Tfcp2l1 DBD prefers to bind to the AAAACsCGGsTTTT sequence rather than the CsCAGs
sequence. The conserved nucleotides cytosine C5 and guanosine G8 of the duplex DNA play a
primary role in the readout of the DNA sequence by the protein, and the DNA shape supplies
additional selectivity for Tfcp2l1 to readout the DNA sequence. The conformation of the target

DNA may fine-tune the protein:DNA interaction.

The SAM domain of Tfcp2lI1 is involved in protein tetramerization, and Tfcp2l1 binds to the DNA
sequence of AAACCAGNeCCAGTTT in a mode of four DBDs binding to two consensus DNA
motifs. The spacing of the CCAG core motifs recognized by Tfcp2lI1 is not fixed at 6 bps, but may

be reduced to 5 bps without generating spatial clashes.

The work described in this thesis reveals the mechanism of target DNA recognition by CP2
subfamily transcription factors. Crystal structure analyses and biophysical experiments provide
insight into protein:DNA interaction involving CP2 factors and open up novel avenues for diagnosis

and therapies of various epithelial cancers and kidney diseases.
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ZUSAMMENFASSUNG

Tfcp2l1l und Tfcp2 aus Saugern werden der CP2-Unterfamilie der Grainyhead/CP2 (Grh/CP2)
Transkriptionsfaktoren zugeordnet, die an der Pluripotenzerhaltung und Selbsterneuerung
embryonaler Stammzellen beteiligt sind. Darliber hinaus wurde Tfcp2l1 mit einer Vielzahl von
Krebsarten wie Brustkrebs, Schilddrisenkrebs und klarzelligem Nierenzellkarzinom in Verbindung
gebracht. Neuere Studien zeigen auch, dass die Sauger-Transkriptionsfaktoren Grhll und Grhi2
eine &hnliche Tertiarstruktur aufweisen wie der Tumorsuppressor TP53, obwohl die
Proteinsequenzen nur 10% identische Reste aufweisen. Trotz der konservierten Tertidrstruktur
weisen Grhll/2 und TP53 einen unterschiedlichen DNA-Bindungsmodus auf. Diese Arbeit
prasentiert Strukturen der ligandenfreien Tfcp2l1- und Tfcp2-DNA-Bindungsdoménen (DBDs) und
der DNA-gebundenen Tfcp2l1-DBD. Diese Strukturen geben einen Einblick in die Protein-DNA-

Erkennung.

Die Tfcp2I1-DBD- und Tfcp2-DBD-Strukturen sind &hnlich und weisen eine Immunglobulin- (1g-)
ahnliche Faltung auf, die von den Grhl1/2-DBD-Strukturen geteilt wird. Die Studie bestétigte, dass
die DBD-Struktur innerhalb der Grh/CP2-Familie hoch konserviert ist. Tfcp211 DBD bindet an ein
12-mer DNA-Zielfragment in einem ,sparsamen® Bindungsmodus, der dem Grhl1-DBD:DNA-
Komplex ahnelt. Die spezifischen Kontakte, die von den mit Guanosin-G8 wechselwirkenden
Resten Arg225 und Gly183 ausgebildet werden, bestimmen die Selektivitat der Protein-DNA-
Erkennung. Unspezifische Kontakte spielen eine zusatzliche Rolle bei der Verankerung des

Proteins an DNA Uber die Wechselwirkung von Resten mit DNA-Phosphatgruppen.

Tfcp211 DBD bindet bevorzugt an die AAAACsCGGgTTTT-Sequenz anstatt an die CsCAGs-
Sequenz. Die konservierten Nukleotide Cytidin C5 und Guanosin G8 der Duplex-DNA spielen eine
Hauptrolle beim Auslesen der DNA-Sequenz durch das Protein, und Geometrie der DNA bietet
zusatzliche Selektivitat fur Tfcp2l1 beim Auslesen der DNA-Sequenz. Die Konformation der Ziel-

DNA kann die Protein:DNA-Interaktion feinsteuern.

Die SAM-Doméane von Tfcp2ll tragt entscheidend zur Tetramerisierung des Proteins bei, und
Tfcp2l1 bindet an die DNA-Sequenz von AAACCAGNsCCAGTTT in einem Modus von vier DBDs,
die an zwei Konsensus-DNA-Motive binden. Der Abstand der von Tfcp2ll erkannten CCAG-
Kernmotive ist nicht strikt auf 6 bps festgelegt, sondern kann auf 5 bps reduziert werden, ohne

raumliche Kollisionen zu erzeugen.



ABSTRACT

Die in dieser Dissertation beschriebene Arbeit enthillt den Mechanismus der Ziel-DNA-Erkennung
durch Transkriptionsfaktoren der CP2-Unterfamilie. Kristallstrukturanalysen und biophysikalische
Experimente geben Einblicke in die Protein-DNA-Interaktion mit CP2-Faktoren und erdffnen neue

Wege flr Diagnose und Therapie verschiedener epithelialer Krebsarten und Nierenerkrankungen.
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INTRODUCTION

1. INTRODUCTION

Transcription factors (TFs) are essential for gene transcription. Through coordination with the
general transcription machinery and chromatin regulators, TFs control gene expression,
culminating in cell fate determination®. Overexpressed or dysfunctional TFs may cause various
cancers and diseases?®. The Grainyhead/CP2 (Grh/CP2) TF family is highly conserved from fly
to human®. Its members play critical roles in regulating embryonic development, maintaining
epithelial integrity and proper function of the epidermis®®. The Grh/CP2 transcription factor family
is divided into two main branches: the CP2 subfamily (Tfcp2, Tfcp2l, and Ubpl)®> and the
Grainyhead-like (Grhl) subfamily (Grhl1, Grhl2 and, Grhi3)*. The CP2 subfamily TFs are involved
in the development of a variety of cancers. The biological functions of CP2 subfamily members
have been well documented. However, it is still unclear how the CP2 factors interact with DNA
recognition sites. Knowledge of the structural basis and molecular details of protein:DNA
interactions, will contribute to understanding the impact of modifications on members of the CP2
TF subfamily. Therefore, in this thesis, | focus on analyzing the three-dimensional structures of
CP2 family members through X-ray crystallography and applying biochemical and biophysical
methods to elucidate the molecular basis of the Tfcp2l1-DNA interaction and target sequence
recognition. | expect to clarify a new DNA binding pattern in the CP2 subfamily transcription factors,
which may open up novel avenues for diagnosing and treating various epithelial cancers as well

as kidney diseases.

1.1 Evolution of the Grh/CP2 transcription factor family

The late simian virus (SV) 40 transcription factor (LSF) was first described in HeLa cells extracts
in 1987, where it served as a transcriptional activator binding specifically to the SV40 21-bp repeat
promoter region”8. LSF was independently identified by different laboratories and assigned
various synonyms: TFCP2c (transcription factor CP2c)?, LBP-1c (leader binding protein-1c), and
LBP-1d%%11, The CCAAT binding protein 2 (CP2, targeting the murine a-globin promoter) was
identified in 1988 and suggested to be identical to LSF. However, later studies reported that LSF
does not bind to the CCAAT DNA sequence?!?. Therefore, the authentic CCAAT binding protein 2
and LSF are unrelated, which causes some confusion in the term “CP2"13. The CP2 subfamily TFs

studied in this thesis are unrelated to CCAAT binding protein 2.



INTRODUCTION

The term “Grh” was used to describe the grainyhead gene mutant in Drosophila embryos
displaying a phenotype with flimsy cuticles, grainy and discontinuous head skeletons and patchy
tracheal tubes'4. The Grh protein was first identified in the Drosophila melanogaster central
nervous system in 1988, where it binds to the dopa decarboxylase (Ddc) gene®®. Grh was
independently identified by different laboratories and assigned the synonyms neuronal

transcription factor 1 (NTF-1)!¢17 and cis-acting element factor 1 (EIf-1)418,

The Grh/CP2 TF family shares an immunoglobulin-like DNA binding domain and is highly
conserved from Drosophila to humans in evolution®*3. In mammalian species, the Grh/CP2 TF
family is divided into two main branches: the CP2 subfamily (Tfcp2, Tfcp2l1, and Ubp1)® and the
Grainyhead-like (Grhl) subfamily (Grhl1, Grhl2, and Grhi3)*, depending on whether they are more
closely related to the Drosophila protein CP2 or Grh® (Fig. 1-1). The split of the Grh/CP2 family
occurred around 700 million years ago®. Although the Grh/CP2 family proteins may have evolved
from the common ancestor TP53%°, there are many differences in biological function and protein

structure between the Grhl and the CP2 subfamily.
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Figure 1-1. Phylogenetic tree of the Grh/CP2 family transcription factors. The Grh/CP2
transcription factor family is divided into two main branches: the CP2 subfamily (Tfcp2, Tfcp2I1
and Ubpl) and the Grainyhead-like (Grhl) subfamily (Grhll, Grhl2 and Grhi3). Ce,
Caenorhabditis elegans; d, Drosophila melanogaster; g, Gallus gallus; h, Homo sapiens; m,
Mus musculus, x, Xenopus laevis; z, zebrafish, Danio rerio®.
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The Grhl subfamily has been well studied in terms of both function and structure. Grhl subfamily
genes are predominantly expressed during embryogenesis, in the central nervous system, and
cuticular tissues essential for epidermal development and regeneration and wound repair®.
Several reviews have reported on the Grhl subfamily®2122, In 2018, Heinemann’s group
determined crystal structures of the DNA binding domain of Grhl1 and Grhl2, which share a similar
structure with tumor suppressor TP5323. For the CP2 subfamily, many reports have focused on
the biological function of its three members, Tfcp2, Tfcp2l1 and Ubp15132425 The work described

in this thesis is also focused on the CP2 subfamily proteins.

1.2 Transcription factor CP2 subfamily

1.2.1 Identification of the CP2 gene in Drosophila

Unlike the Grhl subfamily, the first Grh gene was identified in Drosophilal’?6, and its homologous
genes were subsequently found in animals ranging from nematodes to humans*2?728, In CP2
subfamily, the CP2 gene was identified after its homologous genes. Expression and functional
analysis indicated that compared with the Grhl subfamily and Drosophila Grh protein, Tfcp2,
Tfcp2l1, and Ubpl displayed distinct functions. Wilanowski and colleagues predicted that there
would be a gene in Drosophila, which was closely related to Tfcp2, Tfcp2ll, and Ubpl. By
screening a cDNA library from Drosophila embryos, they identified the novel gene and named it
Drosophila CP2 (dCP2)%.

1.2.2 Mammalian CP2 subfamily

1.2.2.1 Location of mammalian CP2 subfamily genes in the genome

Three members of CP2 subfamily genes are located on the human genome:

e The Tfcp2 gene resides on chromosome (Chr) 12g13 and contains 15 exons.
e The Ubpl gene maps to Chr 3g22 (16 exons).
e The Tfcp2l1l gene is located on Chr 2q14 (15 exons)?°.

In mice, these three genes are also located on different chromosomes: mTfcp2 — Chr 15gF1 (16
exons), mUbpl — Chr 9gF3 (16 exons), and mTfcp2l1 — Chr 1gE2.3 (15 exons). Like Tfcp2, Tfcp2l1
and Ubpl have different synonyms in non-human mammals. The Tfcp2l1 is referred to as CP2

related transcriptional repressor-1 (CRTR-1)3° or long terminal repeat binding protein-9 (LBP-9)3.

3
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Upstream binding protein 1 (Ubpl) is also known as LBP1, which contains two isoforms: LBP-1a

and LBP-1b?!, and is also referred to as nuclear factor 2d9 (NF2d9)32.

1.2.2.2 Expression of mammalian CP2 subfamily genes

As previously described, Tfcp2 was first found in humans that could bind to a promoter element
of SV40 gene’ and orthologous mouse Tfcp2 could bind to a promoter element of the murine a-
globin gene®3. From early embryonic development to terminal cell differentiation, Tfcp2 is involved
in regulating the expression of specific target genes®. Ubpl was initially found at the human
immunodeficiency virus type 1 (HIV-1) gene transcription initiation site and could repress HIV-1
gene transcription®. Nevertheless, Ubpl could interact with Tfcp2 to activate the a-globin gene
transcription in erythroid cells that functions as a transcriptional activator. Both Tfcp2 and Ubpl

mRNA are ubiquitously expressed in fetal and all adult mouse tissue and all human cell lines*3:36:37,

Tfcp2l1l (Mouse Genome Informatics, referred to as LBP-9) was first discovered to bind to the
promoter region of the gene P450scc (-155/-131)3. In human JEG-3 cells, Tfcp2ll suppresses
the transcriptional activation effect of Ubpl on P450scc in a co-expression assay3%. In mice,
Tfcp2l1 was also named CRTR-1%, expressed spatiotemporally in pluripotent epithelial cells and
adult kidney distal convoluted tubules (DCT)%. In early mouse embryos, the expression of Tfcp2l1
was constant from 3.5 days post coitum (dpc) to 4.5 dpc, while the expression was decreasing
from 4.5 dpc to 4.75 dpc, and after 5.0 dpc, Tfcp2l1 expression could not be detected*®. The down-
regulation of Tfcp2ll expression during 4.5-4.75 dpc revealed a transient pluripotent cell
population®°. Although Tfcp2I1 is highly expressed in the embryonic epithelial monolayer derived
from distal kidney tubules, Tfcp2l1 is not expressed in the proximal convoluted tubules of the

kidney®°. Overall, Tfcp2l1 is expressed in a developmental and tissue-specific manner.

1.2.3 Structure and function analysis of CP2 subfamily members

1.2.3.1 Functional domain of CP2 subfamily factors

The three members of the CP2 subgroup, Tfcp2, Tfcp2l1l and Ubpl, are closely related. Protein
sequence alignment showed that Tfcp2l1 (Uniprot code QINZI6) and Tfcp2 (Q12800) share 74.4%
residue identity, Tfcp2l1 and Ubpl (Q9NZI7) have 63.3% identity. Mouse Tfcp2 and human Tfcp2
share 96% identity in amino acid sequence as do Tfcp2l1 and Ubp1l. All three proteins have the
same domain structure: a very N-terminal sequence: an intermediate DNA binding

immunoglobulin fold, which is homologous to the TP53 core DNA binding domain (DBD), and a
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sterile alpha motif (SAM) domain and a C-terminal domain (CTD), SAM and CTD might involve in

protein tetramerization or oligomerization function'® (Fig. 1-2).

1 Tfcp2 oz
e [SAMJ} cTo
4 | 280 324 381 79
Tfcp2ll
CTD
19 260 300 365
Ubpl 0
Bl — [SAMF cto
38 270 363 421

Figure 1-2. Schematic illustration of human CP2-subfamily transcription factor domain
organization. Blue, red, and gray boxes indicate the DNA-binding domain (DBD), sterile alpha
motif domain (SAM), and C-terminal domain (CTD), respectively.

1.2.3.2 Transcriptional repression or activation domain

Compared with the Grhl subfamily members, the CP2 subfamily factors lack an N-terminal
transactivation domain (TAD). In general, Tfcp2 acts as a transcriptional activator, and the N-
terminal 40 amino acids of Tfcp2 are sufficient to stimulate transcription'3. Tfcp2 directly interacts
with TATA-binding protein and TFIIB to increase TFIIB binding with the DNA sequence*!. Tfcp2
can also act as a transcriptional repressor. For example, Tfcp2 represses the human
immunodeficiency virus type-1 (HIV-1) long terminal repeat (LTR) transcription*2. Amino acids
266-396 of Tfcp2 are sufficient for transcriptional repression?®. Tfcp2 activates or inhibits the target

gene’s transcription in a context-dependent manner.

Tfcp2ll was first discovered to be a transcriptional repressor, and the N-terminal 52 amino acids
(AAs) of Tfcp2ll are necessary and sufficient to maintain this activity®°. Further studies reported
that AAs 48-200 of LBP-9 conferred a suppressive response independent of the 52 AAs region at
the N-terminus*3. Gal4 transactivation assays showed that Tfcp2l1 lacks the classical activation
domain to maintain the transactivation function343, The transcription activation activity may be

attributed to post-translational modification or coordination with other factors.

Ubp1l also binds to the HIV-1 LTR region and regulates its transcription in a sequence-specific

manner, either by activation or repression®44, The 60 AAs at the N-terminus of Ubp1 share a high
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(85%) similarity with Tfcp2, while AAs 266-396 share only 44% identity. So far, only few studies

have reported on the classic transcriptional activation or repression on Ubp1l.

1.2.3.3 DNA-binding domain

Tfcp2 was initially described to recognize the DNA sequence CNRGNgCNRG (N = any nucleotide,
R = purine nucleotide)*. A later compilation provides the more precise 16-mer target sequence
(GCTGGTTTGTGCTTGC)*. And C and G are strictly conserved. Several studies have reported
that the spacing between the (G)CTGG and CTTG(C) motifs is important, but the central 6 base
pairs’ identity is not so important3>4748, The DNA recognition sequences of the CP2 and Grhl
subfamilies are highly related. Ming et al. established that the Grhl subfamily binds to a
symmetrical 12-mer DNA?3. Based on ChIPSeq analysis, Tfcp2I1 will bind to a 14-mer DNA motif,
while Tfcp2 will bind to 12-mer DNA fragments, which is highly similar to the Grhl subfamily*® (Fig.
1-3). Further experiments are required to determine the correct target DNA sequence bound by
Tfcp2.
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Figure 1-3. DNA recognition sequences for CP2 and Grhl subfamily members. DNA sequences
are shown as position weight matrices.

The boundaries of the Tfcp2 DNA-binding domain (DBD) were first determined to extend from
residues 63 to 270 which conveyed full DNA binding activity!?. A Tfcp2 fragment including AAs

133-383 binds the target DNA motif in the form of a tetramer, since this region includes the DBD
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and SAM domains®®. The C-terminal boundary of Tfpc2 DBD is located near residues 2725. Two
short conservative extensions comprising residues 205-216 and 233-246 of Tfcp2 are critical for
the DNA binding activity. Mutations in either one of these two regions can disrupt the binding of
Tfcp2 DBD to DNASL.

DNA binding assays have approximately delineated the Tfcp2l1 DBD region, and the N-terminal
region (AAs, 1-260) is predicted to be a CP2-like DBD%2. The precise boundary of the Tfcp2l1 DBD
has not been further tested. Among the Grh/CP2 family factors, the DNA binding domain is the
most conserved. Although the two subfamilies share approximately 20% sequence identity, the
DBD is highly conserved within the CP2 subfamily. Tfcp2 DBD and Tfcp2l1 DBD share 86%
sequence identity, and Tfcp2 and Ubpl DBD share 89% identity. For Ubp1, based on the protein
sequence profiles, it has a similar DBD boundary as Tfcp2.

1.2.3.4 Oligomerization domain and C-terminal domain

The CP2 subfamily factors contain a SAM domain and CTD domain at the C-terminus, which might
involve oligomerization functions®. The CTD domain of the CP2 subfamily only shares a 28%
sequence identity to DD domain of the Grhl subfamily. In contrast, the CTD is highly conserved
with 64% residue identity within the CP2 subfamily. Generally, a dimeric structure is essential for
any DNA-binding protein that recognizes palindromic target sequences'®. DBDs mediate the
interaction between transcription factor and DNA in a dimeric arrangement in Grhl subfamily, but

there is no structure evidence for the dimerization domain of the CP2 subfamily.

Initially, the oligomeric region of Tfcp2 was approximately delineated by Shirra et al.. They found
that protein residues from 133 to 383 bind to DNA in the form of tetramers®!. In vitro crosslinking
revealed that oligomerization was mediated by the protein region from AA 266 to 403 outside the
DBD, in a polypeptide region referred to as sterile alpha-motif (SAM) domain®. A SAM domain
located between DBD and CTD is also present in Tfcp2ll and Ubpl. SAM domains have
previously been found in many different proteins, such as protein kinases, lipid metabolism
regulators, and transcription factors!®*. SAM domains are involved in protein-protein homo-
oligomerization or hetero-oligomerization, which plays an essential role in many biological

processes®,

It seems that molecular evolution reduced the SAM domain present in the CP2 subfamily to a
flexible loop in the Grhl subfamily. The additional SAM domain inserted between DBD and CTD
leads to a more flexible DNA sequence recognition pattern for the CP2 subfamily factors®®. The
SAM domain itself is involved in the higher oligomerization of CP2 subfamily proteins that bind

DNA as tetramers. Apart from that, the SAM domain’s general function in the CP2 subfamily
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remains unclear, and the 3D structure of a SAM domain in the CP2 subfamily has not been

reported.

1.3 Tfcp2 biological functions

1.3.1 Lineage-specific functions of Tfcp2

Tfcp2 has been reported to serve specific functions in three hematopoietic lineages: erythrocytes,
T lymphocytes, and B lymphocytes?!3. Globin genes are expressed in a tissue- and development-
specific manner in the erythroid environment where globin proteins are responsible for transporting
oxygen. Tfcp2 was found to bind to the a-globin promoter region and stimulate globin gene
transcription®*. During mouse erythroleukemia cells differentiation, Tfcp2 is also required to induce
the expression of both a- and 3-globin genes®. Besides, Tfcp2 plays a critical role in regulating

the uroporphyrinogen Ill synthase gene® and hemoglobin synthesis in erythroid cells®®.

In B lymphocytes, highly repetitive sequences located upstream of the constant region’s coding
sequences confer variability and specificity on antibodies®’. Interestingly, the switch regions Sy
and Sa potentially form the Tfcp2 binding site. For example, the Spy tandem repeat region: 5'-
GAGCTGAGCTGGGGTGAGCTGAGCTGAGCTGGGGTGAG-CT-3' may form one and a half
Tfcp2 DNA-binding sites®®. Tfcp2 participates in regulating Ig heavy chain class switch
recombination (CSR); disruption of the Tfcp2 DNA binding activity induced the IgM to IgA
conversion in B cells®®. In this process, Tfcp2 interacts with histone deacetylase and the repressor

Sin3A to modify chromatin histone deacetylation to repress the occurrence of CSR13:58,

Tfcp2 DNA-binding activity to cellular promoters in primary T cells is strikingly regulated by
mitogenic signaling pathways during cell growth®. Mutational analysis demonstrated that
pp44(ERK1) could specifically phosphorylate Tfcp2 at Ser29 both in vitro and in vivo, and the
phosphorylation is a prerequisite for the activation of Tfcp2 DNA binding activity upon activation
of resting T cells®. However, this phosphorylation is insufficient for activating Tfcp2 DNA-binding
activity as detected in both in vitro and in mouse fibroblasts suggesting that in this cell type Erk
phosphorylation of Tfcp2 is necessary but not sufficient and that an additional signaling event
needs to cooperate with Erk to induce Tfcp2:DNA binding activity. Interleukin-4 (IL-4) was only
expressed in actively dividing T cells, where Tfcp2 binds the IL-4 promoter and activates IL-4 gene
expression®?, This activation was co-regulated by other T-cell specific Tfcp2 partner proteins

through a calcium-dependent signaling pathway?*36,
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1.3.2 Involvement of Tfcp2 in cancer

1.3.2.1 Role of Tfcp2 in hepatocellular carcinoma (HCC)

HCC is one of the five most common cancers worldwide®?. Intensive studies of various aspects of
HCC have been reported in recent years. Oncogene astrocyte elevated gene-1 (AEG-1) is
significantly overexpressed in more than 90% of human HCC cases and plays a critical role in
HCC pathogenesis®3t4. The overexpression of Tfcp2 was significantly correlated to AEG-16°.
AEG-1 targets the Tfcp2 promoter and enhances the expression of Tfcp2, which activates the
thymidylate synthase (TS) gene to generate thymidylate, in response to treatment with 5-FU®3,
The up-regulation of thymidylate levels by AEG-1 leads to the strong resistance of HCC to
chemotherapy with 5-FU53.65,

Besides direct oncogenic mutations, the expression of Tfcp2 can also be mediated by related
signaling pathways and ultimately induce human HCC. Analysis of liver cancer tissue from patients
showed that the receptor protein Notchl and Tfcp2 have a strong positive correlation in both their
expression level and their biological functions®’. Over-expression of the Notchl intracellular
domain could increase the expression of Tfcp2. Furthermore, blocking Notch signaling with its
inhibitor could also repress the expression of Tfcp2. In summary, the research identified Tfcp2 as
a crucial mediator of the Notch signaling pathway, and Tfcp2 mediates the Notchl induced HCC
carcinogenesis®”®. In addition, the cooperation between Notch and Ras signaling could also
upregulate Tfcp2 expression, which again confirmed the function of Tfcp2 during human

hepatocarcinogenesis®®.

Tfcp2 upregulates osteopontin (OPN) gene expression to mediate the aggressive progression of
HCC and metastasis®. c-Met is a hepatocyte growth factor receptor, which plays an essential role
in HCC"®71, Activated c-Met could initiate the epithelial-mesenchymal transition (EMT) and
promote tumor cell migration and invasive growth’>73, As a downstream target of Tfcp2, the
secreted OPN binds to the CD44 receptor, resulting in auto-phosphorylation of c-Met and
subsequently in activating its main downstream PI3K/Akt signaling pathway’374. Inhibition of c-

Met phosphorylation disrupts Tfcp2 mediated tumorigenesis and metastasis’.

As hallmarks of human cancer, matrix metalloproteinase (MMPSs) are upregulated in almost all

cancer types, and they play a major role in promoting cancer progression by stimulating the

proliferation, migration, invasion and metastasis of cancer cells, and tumor angiogenesis’ 7.

Among all members of the MMP family, the function of MMP9 in regulating hepatocellular

carcinoma cell migration and invasion has been well established”’. Interestingly, Tfcp2 is also

highly expressed in HCC and linked to stronger metastatic and angiogenesis potency of the
9
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tumor’3. The underlying molecular mechanism was investigated, and MMP9 was identified as a
direct target gene of Tfcp2 through chromatin immunoprecipitation on chip experiment (ChIPSeq).
Loss of function analysis showed that Tfcp2 binds to the promoter region of MMP-9, thus
upregulating MMP-9 expression and facilitating angiogenesis in HCC?. These findings
demonstrated a novel target of Tfcp2, which contributes to its carcinogenic properties.

AN

Figure 1-4. Proposed molecular mechanism of Tfcp2 involvement in hepatocarcinogenesis. Notchl
and AEG-1 promote the increase of the Tfcp2 expression level. AEG-1 also promotes Tfcp2 gene
expression via PI3K/Akt and ERK signaling pathways. Tfcp2 forms a tetramer that upregulates
osteopontin (OPN) and matrix metalloproteinase-9 (MMP-9), leading to cell proliferation, invasion,
angiogenesis, and metastasis. The secreted OPN binds to the CD44 receptor, thereby contributing
to auto-activation of c-Met, and then facilitating its downstream PI3K/Akt and ERK signaling
pathways. Tfcp2 also upregulates fibronectin 1 (FN1), which is involved in the EMT. Furthermore,
Tfcp2 promotes the expression of thymidylate synthase (TS), resulting in cell cycle progression and
chemoresistance’®.
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In addition to MMP9, during EMT the expression of fibronectin will also increase, and this increase
is also a hallmark of mesenchymal cells”. Studies showed that Tfcp2 is involved in Snaill-induced
fibronectin 1 (FN1) gene expression and EMT?®. Similar to this discovery, genome-wide Tfcp2
target gene detection in HCC by ChIP-seq followed by microarray analysis for gene expression
also identified FN1 as a direct Tfcp2 target gene in HCC®. This identification broadened the
understanding of how Tfcp2 contributes to the highly aggressive and metastatic phenotype during

hepatocarcinogenesis.

In summary, Tfcp2 is a target of the oncogene product AEG1 while also being regulated by the
tumor inducing Notch and Ras signaling pathways. Overexpressed Tfcp2 promotes expression of
its downstream target genes including TS, OPN, MMP-9, and FN1, which directly or indirectly
contributes to human hepatocarcinogenesis?+7381, Therefore, Tfcp2 is a viable drug target, and
inhibition of Tfcp2 in these signaling pathways might be exploited as a potential clinical therapeutic
option for HCC (Fig. 1-4).

Even though various underlying regulatory mechanisms of Tfcp2 during human HCC have been
identified as summarized above, there is still no available effective treatment directed against
Tfcp2 for the chemotherapy of HCC?4®5. Currently, as a tyrosine kinase and Raf inhibitor,
Sorafenib is the only approved standard agent for the treatment of advanced HCC patients®2.
Tfcp2 has no ligand-binding domain. To directly inhibit its function requires small molecules that
can specifically interfere with its protein:DNA interaction, and this is still a significant challenge.
Therefore, such transcription factors are often considered as “undruggable”®83, Using in vitro
fluorescence polarization assay, large-scale screening of commercially available compounds that
can repress the Tfcp2 DNA binding activity was carried out, followed by multiple electrophoretic
mobility shift assays (EMSA) and in vitro luciferase reporter assays. Finally, factor quinolinone
inhibitor 1 (FQI1) was identified as the most effective compound that can interact with Tfcp2 to
suppress its DNA binding activity®?. Further tests showed that FQI1 not only displayed anti-
proliferative activity in cultured HCC cells. Furthermore, FQI1 can also dramatically inhibit the
growth of HCC tumors in a mouse xenograft model without causing general tissue toxicity?+82,
This interesting finding suggests that FQIs may be further developed into a potential drug for the
treatment of HCC.

1.3.2.2 Role of Tfcp2 in breast cancer
Accounting for up to 25% of all cases, breast cancer is the leading type of cancer in women?&,
Several studies using cultured breast cancer cells indicated the important role of Tfcp2 in

regulating these cells’ proliferation, invasion, and metastasis through different molecular
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mechanisms. Ornithine decarboxylase (ODC) catalyzes the rate-limiting step of polyamine
biosynthesis, which is essential for both cell proliferation and differentiation, and overexpressed
ODC was detected in multiple types of tumors, including breast cancer®®. Cultured MCF7 breast
cancer cells showed that Tfcp2 was involved in estrogen-induced ODC gene expression through
a cAMP-dependent pathway®®. MicroRNAs (miRNAs) are non-coding RNA molecules; several
studies indicated that miRNAs could regulate the development and metastasis of breast cancer
by regulating their mRNA targets®. Previous studies demonstrated that miRNA-660-5p is
upregulated in breast cancer patients®”. Y.Shen et al. showed that Tfcp2 is a direct downstream
target of the microRNA miR-660-5p®. A decreased expression of miR-660-5p can dramatically
suppress MCF7 breast cancer cells proliferation, migration, and invasion through the repression
of Tfcp28s.

Except for cell culture studies, recent literature demonstrated the role of Tfcp2 as an oncogenic
driver in basal-type and triple-negative breast cancer (TNBC) using in vivo xenografts and
metastasis assays®®. Gene expression profiling interactive analysis (GEPIA) was used to
investigate the expression level of Tfcp2 in breast cancer tissues of 1085 patients; the results
showed that Tfcp2 was overexpressed in breast tumors compared with normal tissues®. Gene
set enrichment analysis (GSEA) suggested that Tfcp2 is well-correlated with aggressive basal
type breast cancer®®. In addition, Kaplan-Meier survival analysis indicated that increased
expression of Tfcp2 demonstrated basal, luminal, and HER2 subtype patients have poor survival
rates®®. Further studies revealed a novel pathological regulatory mechanism according to which
Tfcp2 could positively regulate gene expression of epidermal growth factor (EGF) and
transforming growth factor-a (TGF-a) through direct binding to their promoter regions and then
activating autocrine signaling through the EGF receptor (positive feedback loop), which ultimately
enhanced EMT, metastasis, and stemness of breast cancer cells®. These findings suggested that
for malignant breast cancer, Tfcp2 might be a new anti-metastatic treatment target for TNBC

patients.

1.3.2.3 Role of Tfcp2 in oral squamous cell carcinoma (OSCC)

Due to its association with environmental factors, oral cancer is one of the most common cancers
in Asia, with the highest incidence in South Asia®2. Aurora kinase A (AURKA, also known as STK6)
belongs to the serine/threonine kinase family and plays an essential role in centrosome function
and duplication, therefore regulating the mitotic process of cell growth®3. It was demonstrated that
AURKA was overexpressed in patient tissue samples by analysis of both mRNA and protein
levels®. As a first-line medication against type 2 diabetes, Metformin functions in repressing

hepatic gluconeogenesis, therefore reducing hyperglycemia®. Interestingly, a current
12



INTRODUCTION

investigation combining cell culture studies with xenograft animal model analysis showed that
Metformin changed OSCC malignant behavior and suppressed its development through a
Tfcp2/Aurora-A signaling pathway®®. The investigation suggested that as a novel mediator of

AURKA signaling, Tfcp2 also plays a pivotal role in human oral cancer tumorigenesis®*.

1.3.2.4 Role of Tfcp2 in other cancer types

There is evidence demonstrating that Tfcp2 is also involved in colorectal cancer (CRC), cervical
cancer and ovarian cancer. Tfcp2 was also reported to link to melanoma®’ and pancreatic cancer®
formation. However, the molecular mechanisms of Tfcp2 in these cancers currently is still unclear.

Further studies are required to elucidate the molecular mechanism of Tfcp2 in these cancers.

CRC is one of the three most common types of cancer in the world, and it is characterized by a
high mortality rate®®. Primary tumor tissues isolated from CRC patients were used to investigate
the expression level of Tfcp2 on both transcriptional and translational levels. Data analysis showed
that increased Tfcp2 has a positive correlation with CRC tumor size and poor prognosis®,
Compared with patients expressing Tfcp2 at low levels, the 5-year survival rates of patients with
high Tfcp2 expression was dramatically reduced. The study suggested Tfcp2 is a critical mediator
of CRC tumorigenesis and progression®. However, the pathological mechanism underlying the

detected phenotype is still unclear and needs to be clarified by further studies.

Human papillomavirus infection (HPV) contributes to more than 90% of cervical cancer cases'®.
The tumor susceptibility gene 101 product (TSG101) works as a negative regulator of cell growth
and differentiation, and decreased expression of the TSG101 gene was detected in HPV positive
cervical cancer cellst02103, Tfcp2 was detected to bind to the TSG101 gene promoter region based
on the specifically designed software Cis-element cluster finder (Cister)°2. The expression of
Tfcp2 and TSG101 was detected in patient tumor samples. Significantly increased Tfcp2
expression in HPV-positive cervical cancer cells leads to decreased expression of TSG101 and

also to HPV-dependent cervical carcinogenesist®*.

Due to limitations of early diagnosis and treatment, ovarian cancer (OC) is one of the leading
causes of cancer-related deaths in female patients'®. So far, there are only a few markers
available for early clinical tumor detection. Cancer antigen 125 (CA125) is expressed in more than
50% of early-stage ovarian cancer patients, and it is the most commonly used marker for OC
diagnosis?. With the help of bioinformatics tools, re-analysis of the published database generated
from OC patients identified multiple transcription factors that regulated OC-related gene
expression. Among them, Tfcp2, which was overexpressed in OC, was detected, and this protein
might be a new potential diagnostic biomarker for OC1%7,
13
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1.3.3 Biological functions of Tfcp2 in other areas

1.3.3.1 Tfcp2 in Alzheimer’s disease

Alzheimer’s disease (AD) is a chronic neurodegenerative disease that was identified more than
one century ago®. The cause of the disease is poorly understood, and there is still no effective
treatment to cure it. More than 30 years ago, the hypothesis of a deposition of 3-amyloid (AB)
peptide in plagues in patients’ brains driving the pathogenesis of AD was proposed, and it was
supported by subsequent research®®. Amyloid precursor protein (APP) belongs to the type-I family
trans-membrane proteins and can be cleaved into APP intracellular C-terminal domain (AICD) and
B-amyloid (AB) peptidel®. AR is responsible for plague formation in AD%°. Fe65 is a multi-domain
transcription co-regulator adaptor protein!®. A study reported that Fe65 interacts with AICD and
is prevented from further nuclear translocation and induction of apoptosis!*l. Besides, it was also
shown that Fe65 could interact with the Tfcp2 transcription factor with its protein-protein interaction
domain, which suggested that Tfcp2 might also be related to AD*312, Interestingly, the study could
only show that Fe65 interacts with AICD, which will inhibit Tfcp2 transactivation of the thymidylate
synthase (TS) gene followed by cell cycle progression in cultured fibroblasts but not in neuronal
cell lines!®3. The study suggested that Tfcp2 has a different gene expression regulation program

in neuronal cells.

In addition, it was also reported that APP plays a critical role in signal transduction, the aberration
of which leads to neuronal cell apoptosis and the loss of neurons in AD brain'4. A study with
neuroblastoma cells showed that APP could effectively decrease apoptosis through activation of
Tfcp2, which is a downstream target of the PI3BK/AKT signaling pathway!*?. APP-mediated nuclear
translocation and DNA binding activity of Tfcp2 is significantly enhanced by the increased
PISK/AKT signaling activity, and aberration Tfcp2 expression will result in neuronal loss in AD

brainiz,

Epidemiological studies reveal that Tfcp2 is involved in Alzheimer’s disease through dnTfcp2 (an
allele of Tfcp2)!*2. The Tfcp2 allele induced lower expression and activity of Tfcp2, which promotes
neuronal apoptosist'®. The Tfcp2 mMRNA 3’ untranslated region is also linked to a predisposition

to AD, but this phenomenon is observed in different human population cohorts*16,

1.3.3.2 Role of Tfcp2 in human immunodeficiency virus (HIV) infection

As mentioned above, Tfcp2 has an important lineage-specific function in both B cells and T cells
of the human immune system®8%°, Interestingly, a direct role of Tfcp2 in regulating HIV-1
transcription was also identified from both in vivo and in vitro assays''’''8, In vitro plus-chase

experiments showed that Tfcp2 prevents TFIID binding to a HIV-1 TATA promoter element and
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inhibits HIV-1 transcription elongation!'’. Besides, it was reported that human transcription factor
yingyang 1 (YY1) functions to inhibit HIV-1 production through repressing its long terminal repeat
(LTR) transcription. In vivo assay, Tfcp2, together with YY1 and HDAC1, form a heteromeric
nuclear protein complex that binds to the HIV-1 LTR transcription initiation site and inhibits LTR-
directed gene expression and virus production'!8, The repression may result in a reservoir of latent
virus in a pool of stably infected unproductive memory CD4+ cells, which might be reaching the

limit of clinical detection and make virus eradication impossible!®.

1.3.4 Summary

Tfcp2 activity is involved in many cellular signal transduction pathways. These involvements may
manifest itself in three ways: enhancement of Tfcp2 DNA binding activity, decrease of Tfcp2 DNA
binding activity, and modification of Tfcp2 post-translational phosphorylation. Tfcp2 functions as a
transcription activator mainly through an increase of Tfcp2 binding to target gene promoter regions.
This up-regulation contributes to cell proliferation, which leads to various cancers. By decreased
DNA-binding activity, Tfcp2 down-regulates target gene expression, which might be correlated to
some diseases, such as AD and HIV. Through ERK/Akt or other signaling pathways,
phosphorylation of Tfcp2 is required to activate Tfcp2, facilitating Tfcp2 tetramer formation to affect
gene expression. In addition, Tfcp2 could synergistically interact with other co-factors to regulate

gene expression.

1.4 Tfcp2ll biological functions

1.4.1 Role of Tfcp2l1 in embryonic stem (ES) cells

ES cells have a remarkable ability to maintain self-renewal and pluripotency'?°. During the gene
expression programs that sustain these capacities, transcription factors play crucial roles. To
investigate transcriptional regulatory networks, ChlP-seq experiments with antibodies against
specific transcription factors have been performed. Data analysis demonstrated how these
transcription factors define the ES cell identity*?!. Among them, Tfcp2l1 was shown to interact with
the core transcription factors Oct4, Nanog, Sox2, Esrrb, and Stat3 to form a transcriptional
regulatory network, which acts as either activator or repressor depending on the target'?2. Tfcp2l1
knockdown in cultured ES cells followed by qPCR analysis showed that Tfcp2l1 could repress
lineage marker expression and increase expression of genes conferring pluripotency, which

suggests that Tfcp2I1 plays a role in suppression of endoderm, mesoderm, and trophectoderm
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specification and pluripotency maintenance of mouse ES cells'?3. It was also demonstrated that
the N-terminal and CP2-like domain of Tfcp2l are necessary for ES cell self-renewal, and that
Tfcp2l1l suppresses formation of the three germ layers through inhibition of Lymphoid Enhancer
Binding Factor 1 (Lefl) expression, a component of the WNT signaling pathway. Besides, a study
focused on a zinc finger transcription factor, Snail, showed that Tfcp2l1 is a direct target of Snail.
Induced by retinoic acid, Snail binds to pluripotency gene promoters and represses their

expression, thus promoting ES cell exit from pluripotency and initiation of differentiation24125,
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Figure 1-5. Transcriptional regulatory network in ES cells. Nanog, Oct4, Sox2, KlIf4, Tbx3, and Esrrb
form the core pluripotency gene regulatory network. Tfcp2I1 is the downstream target of LIF/Stat3,
Whnt/B-catenin and ERK signaling pathways and is independently induced by LIF, CHIR, and PD03
through activation of Stat3, activation of Wnt/B-catenin and repression ERK pathways, respectively.
BMP4 impacts the regulatory network through the Smad1-Sox2 regulatory pathway.

Besides the nuclear transcription factors, extrinsic growth factors from the environment, also play
essential roles in the maintenance of the ES cells’ pluripotency by activating specific signaling
pathways. Among them, the leukemia inhibitory factor (LIF) and bone morphogenetic protein 4
(BMP4) signaling pathways were the first to be identified!?6. Interestingly, further study showed

that these signaling pathways could integrate into an Oct4, Sox2, and Nanog regulatory network
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via Smadl and STAT3'?. Transcriptome analysis of Stat3 null ES cells identified a group of
targeted signaling genes. Among them, Tfcp2l1 was the top regulated gene. Overexpression and
knockdown of Tfcp2I1 also showed a similar regulatory effect compared with LIF/Stat3 signaling.
Therefore, it was reconfirmed that Tfcp2I1 is a downstream target of the LIF/Stat3 signaling

pathway; overexpression of Tfcp2l1 promotes ES cell self-renewal'?®12® (Fig. 1-5).

Except for transcription factors and signaling pathways, the self-renewal and pluripotency ability
of ES cells is also controlled by genetic factors and chromatin state!*°. Silencing histone H3 Lys9
(H3K9) dimethylation and trimethylation leads to ES cell exit from self-renewal and initiation of
differentiation3%131, Jumonji domain containing 1A (Jmjdla) is the main demethylase targeting
H3K9Me2 and H3K9Me3. It was reported that Jmjdla specifically demethylates H3K9Me2 at the
promoter of Tfcp2l1, positively regulates its expression, and maintains the ES cells in a pluripotent
state. The study demonstrated an important role of Tfcp2I1 in regulating ES cells self-renew from

the chromatin modification level32,

1.4.2 Role of Tfcp2I1in the kidney

In the development of nephrons, mesenchymal stem cells (MSCs) give rise to renal epithelial cells
(NRESs) through the mesenchymal-epithelial transition (MET)133134, |n the reverse process, MSCs
can be generated from NREs through the epithelial-mesenchymal transition (EMT)4. With
aberrant EMT and adipogenic trans-differentiation, NREs develop into clear cell renal cell
carcinoma (ccRCC)®5. Tfcp2I1 and three additional transcription factors, GATA binding protein 3
(GATADR), transcription factor AP-2 beta (TFAP2B), and doublesex and Mab-3 related transcription
factor 2 (DMRTZ2) are significantly down-regulated in ccRCC, which indicated that Tfcp2l1 might
play a protective role in inhibiting ccRCC*%®. A further study using miRNA profiling in ccRCC,
showed that miR-489 is notably upregulated and able to directly bind to the Tfcp2l1 3’-UTR and
repress its expression, which suggested that the microRNA might be an upstream regulator of

Tfcp2l1. Therefore, both Tfcp2l1 and miR-489 play an important role in ccRCC*36,

In addition to nephron development, Tfcp2Il is required for kidney duct maturation. With the help
of a mouse model, a truncated form of Tfcp2l1l with incomplete DNA-binding domain was
generated by a homozygous gene-trap insertion in the Tfcp2l1 locus. The Tfcp2l @2 mutant mice
showed a defective maturation of the collecting duct and died within two days after birth'3’. The
results demonstrated thatTfcp2l1l plays a critical role in maintaining the proper physiological

function of the kidney. However, the underlying molecular mechanism is still unclear and needs
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further investigation. Recent research showed that the collecting duct has different developmental
stages with different cellular identities and that this tissue was composed mainly of two different
cell types, the acid-base regulator intercalated (IC) cells and salt-water regulator principal (PC)
cells'®8, Basically, at around E13 only PC marker proteins can be detected, followed by PC and
IC double-positive cells from E15-E18. During postnatal development, these cells will acquire their
identities and distribute in a rosette-like pattern. During this process, the deletion of Tfcp2I1 leads
to an induction of PC cell markers expression. Further analysis showed Tfcp2I1 induces gene
expression in ICs, which includes Jagl, a ligand of the Notch signaling pathway. Increased Jagl
expression stimulates Notch signaling in the adjacent PC cells; a combination of Tfcp2l1 with the
Notch target gene Hesl defines these cells’ identity. In summary, Tfcp2ll induces gene
expression in ICs and plays a critical role in regulating collecting duct progenitor plasticity. Deletion
of Tfcp2l1 in the kidney led to the loss of IC and PC cell identities and pattern'38139,

1.4.3 Role of Tfcp2l1in breast cancer

Landemaine and colleagues reported that Tfcp2l1, together with five other genes (DSC2, UGTS8,
ITGB8, ANP32E and FERMT1), was a prognostic marker for lung metastasis of breast cancer4.
However, further analysis of Landemanie’s data by Aedin showed that the “six-gene” signature
could be used to predict breast cancer subtypes, but not lung metastasis'*®'4!, Using
bioinformatics tools to compare the expression pattern of Tfcp2l1 in a specifically induced WAP-
T mouse model with human breast tumors showed that Tfcp2l1 gene expression was correlated

with a basal-like subtype of breast cancer!4?,

1.4.4 Role of Tfcp2l1 in other epithelial carcinomas

Ducts are essential epithelial features of tubular organs, such as the salivary and mammary glands,
the ovaries and thyroid*¥”. Similar to renal ducts, salivary glands also require Tfcp2I1 to maintain
their physiological functions!3’. A recent study reported that Tfcp2l1 works synergistically with five
prognostic genes (LRRC8D, BMBR1, EPOR, PARS2, and TTC30A) to promote the differentiation
of ovarian cancer stem cells. Therefore, Tfcp2I1 is a clinical marker for ovarian cancer4:. DNA
microarray analysis from five papillary thyroid cancer samples was performed by Hyun and
colleagues, and it was reported that Tfcp2l1 was downregulated in thyroid cancer'#*. However,

the mechanism by which Tfcp2l1 regulates or contributes to thyroid cancer is still unclear.
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1.4.5 Post-translational modification of Tfcp2l1

Tfcp2l1 was initially characterized as a transcriptional repressor, while Sarah and colleagues
reported that Tfcp2l1 could also act as a transcription activator. The activating activity is regulated
by sumoylation of the its Lys30 residue in Tfcp2l143. A recent study by Jinbeom and colleagues
reported that Tfcp2l1 Thrl77 could be phosphorylated by Cdkl1, and that this modification is
correlated with ES cell pluripotency and differentiation. In addition, the Tfcp2I1-CDK1 pathway
was associated with bladder carcinogenesis, and wild-type Tfcp2l1 will impair the tumorigenic

potency of bladder cancer cells4.

1.4.6 Summary

The down-regulated expression of Tfcp2l1, a transcriptional repressor, facilitates cell proliferation,
which contributes to ccRCC and thyroid cancer. Tfcp2ll is a downstream target of multiple
signaling pathways, and active Tfcp2l1 is involved in the core transcriptional regulatory network to
maintain cell pluripotency and stemness. Interestingly, through Thr177 sumoylation, Tfcp2l1 may

function as a transcriptional activator, thereby providing new insight into the function Tfcp2I1.

1.5 Ubp1l biological function

Compared to Tfcp2 and Tfcp2l1, the biological functions of Ubpl are not well documented. Ubpl
has been reported to serve an important function in the regulation of extraembryonic
angiogenesis!#¢. Ubp1 knockout mice displayed growth retardation at 10.5 dpc due to a deficiency
in allantoic blood vessel development!#6. Probably due to the failure to connect the yolk sac

vasculature with the surrounding vascular network, the Ubp1” mice died at 11.5 dpc4e.

As described before, Ubp1l acts as a transcriptional repressor or activator depending on promoter
context®>147. Ubp1 binds strongly to the HIV-1 initiation site, which inhibits the core factor TFIID
binding to the TATA box resulting in repression of HIV-1 transcription®. Ubp1 binds to the P450scc
gene promoter region (-155/-133) and upregulates P450scc expression3!. This up-regulation could
be repressed by Tfcp2ll. In addition, Ubpl can recognize the Tfcp2 consensus sites and

compensate for the loss of Tfcp2 expression in erythroid cells®’.

Both Tfcp2 and Ubpl are ubiquitously expressed. Furthermore, Tfcp2 and Ubpl can bind the
same target DNA motif. Ubpl might synergistically interact with Tfcp2 to regulate a-globin gene

expression. More studies are required to explain the function of Ubp1.
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1.6 Aim of the thesis

In the CP2 subfamily of transcription factors, Tfcp2 is a pro-oncogenic factor involved in a wide
variety of cancers. In addition, Tfcp2 plays a critical role in the regulation of cell cycle progress
and is linked to several diseases. Meanwhile, Tfcp2l1 plays critical roles in embryonic stem cell
pluripotency maintenance!?® and self-renewal'*®. Tfcp2l1 was also implicated in various kinds of
cancers. Therefore, the CP2 family members could act as transcriptional activators and repressors
depending on the promoter context. However, the molecular mechanisms that enable CP2
members to act as transcriptional repressors or activators in different tissues or development
stages are not completely understood. Therefore, | aimed to analyze the three-dimensional
structures of CP2 subfamily members by X-ray crystallography and to apply biochemical and
biophysical methods to elucidate the molecular basis of their DNA interaction and target sequence

recognition. The project will address the following topics.

Aim 1. Structure analysis of the Tfcp2I1 and Tfcp2 DNA binding domains.
Aim 2. Structure analysis of specific DNA motif binding by Tfcp2 and Tfcp2I1.
Aim 3. Structural basis for oligomerization of the intact Tfcp2 and Tfcp2l1 homologs.

Aim 4. How do mutations in the DNA-binding domain influence DNA binding?
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MATERIALS AND METHODS

2.1 Materials

Antibodies

Antibody Description Manufacturer
Anti-penta-His (mouse) Primary, 1: 1 000 Qiagen
Anti-mouse, IgG (H and L) Secondary; 1: 10 000, CST

HRP-linked antibody,

Antibiotics

Antibiotic

Stock concentration

Working concentration

Carbenicillin (Carb)

100 mg/ml in 50% ethanol

100 pg/ml

Chloramphenicol 34 mg/ml in 100% ethanol 34 pg/ml

Kanamycin (Kan) 50 mg/ml in water 50 ug/mi
Bacterial strains

Bacterial strain Genotype Manufacturer

E. coli DH5a T1R

E. coli Rosetta 2
BL21 (DE3) T1R

E.coli.BL21(DE3)
pLysS

F- ®80/acZAM15 A(lacZYA-argF) U169
recA1 endA1 hsdR17 (rk’, mk*) phoA
supE44 Nthir1 gyrA96 relA1

F- ompT hsdSB(rB- mB-) gal dcm (DE3)
pRARE2 (CamR), containing the tRNA
genes argU, argW, ileX, glyT, leuW, proL,
metT, thrT, tyrU and thrU

F- ompT hsdSs(rse'ms”) gal decm (DE3) pLysS
(CamR)

Invitrogen, Carlsbad, USA

Novagen, Darmstadt, D

Thermo Fisher

Chemicals
Chemical Description Manufacturer
Agar BD Difco agar, granulated Thermo Scientific
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Chemical Description Manufacturer
Ampicillin = 99% Roth
Bicine = 98% Roth
Bis-Tris 2 99% Roth
CaCl2 Dihydrate, pro analysis Merck
Carbenicillin = 88%, disodium Roth
Chloramphenicol 2 98.5% AppliChem
CHES 2 99% Roth
Dioxane = 99.8% Sigma-Aldrich
DTT DTT BioChemica AppliChem
Ethanol 96%, Ph. Eur. Roth
Glycerol 86% p.a. Rotipuran® Roth

99% p.a. Rotipuran® Roth
HCI Hydrochloric acid fuming 37% Roth
HEPES 99.5% p.a. Roth
Imidazole =2 99% p.a. Roth
IPTG = 99% (TLC), Sigma-Aldrich

<0.1% dioxane
Isopropanol = 99.95% LC-MS-grade Roth
Kanamycin 2750 IU / mg Roth
KCI = 99% Ph. Eur. Roth
KH2PO4 =99% p.a. Roth
K2HPO4 = 99% p.a. Roth
LiCl = 99%, p.a. Roth
Methanol = 99% Roth
MgCl2 Hexahydrate, = 98% Ph. Eur. Roth
MES = 99% Sigma-Aldrich
MOPS > 99.5% Sigma-Aldrich
NaAcetate =2 99.5% (NT) Sigma-Aldrich
Nascitrate Dihydrate, Ph. Eur. Merck
NacCl = 99.8% p.a. Roth
NaOH 299% p.a. Roth
(NH4)2S04 > 99.5% Roth
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Chemical Description Manufacturer
PEG400 Ph. Eur. Merck
PEG1500 Ph. Eur. Merck
PEG3350 Sigma-Aldrich
PEG4000 Sigma-Aldrich
PEG6000 Sigma-Aldrich
PEG8000 Sigma-Aldrich
PIPES 2 99% Roth
TCEP 98% p.a. Roth
Tris Pure, pharma grade AppliChem
Triton-X-100 ron-ionie, Roche
aqueous solution
Tryptone Tryptone BioChemica AppliChem
Tween-20 viscous liquid Sigma-Aldrich
Yeast extract powdered, for bacteriology Roth

Crystallization screen kits

Screen kit name

Manufacturer

Additive Screen HT
AmSO4 Suite
Basic HTS
Cations Suite
Classics Suite
Classics Il Suite
Classics Lite Suite
ComPAS Suite
JBS-JCSG

MPD Suite
Nuc-Pro

PACT Suite

PEG Suite

PEG Il Suite

Hampton Research
Qiagen, Hilden, D

Jena Bioscience, Jena, D
Qiagen, Hilden, D
Qiagen, Hilden, D
Qiagen, Hilden, D
Qiagen, Hilden, D
Qiagen, Hilden, D

Jena Bioscience, Jena, D
Qiagen, Hilden, D

Jena Bioscience, Jena, D
Qiagen, Hilden, D
Qiagen, Hilden, D
Qiagen, Hilden, D
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Screen kit name

Manufacturer

pHClear Suite
pHClear Il Suite

ProComplex Suite

Qiagen, Hilden, D
Qiagen, Hilden, D
Qiagen, Hilden, D

Enzymes
Enzyme Usage Manufacturer
BamHI/BahHI-HF Cloning NEB
DNase | Protein purification Roche
Dpnl Mutagenesis NEB
Notl/Notl-HF Cloning NEB
Phusion HF polymerase Initial mutagenesis and fusion PCR  NEB
Taq polymerase Colony PCR Roboklon/EURXx

TEV protease

Protein tag cleavage

Heinemann’s lab

T4 DNA ligase Cloning NEB

Xhol Cloning NEB
Instruments

Instrument Type Manufacturer

Agarose gel chamber HG370, HG330 Savant

Agarose gel imaging system GelDoc XR+ BioRad

Blotting device Mini Trans-Blot ®Cell Bio-Rad

Cap and vial
CD spectrometer

Centrifuges

Chromatography columns

CrystalCap HT
Chirascan
Avanti-J26 XP
Biofuge stratos
5417R

HisTrap FF 5ml
HiTrap SP FF 5ml
HiTrap Q HP 5ml

Superdex 75 10/300 GL

Hampton Research
Applied Photophysics
Beckman Coulter
Heraeus

Eppendorf

GE Healthcare

GE Healthcare

GE Healthcare

GE Healthcare
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Chromatography system

Concentrators

Column matrix
Cryo-loops

Crystal Clear sealing film

Crystallization plates

Crystallization robot
Crystallization storage and
observation system
Diffractometer
Disposable cuvettes
Electrophoresis power
supply

Finescreen designer
Finescreen dispensing
system

Fluidizer

Gel observation system
(protein gels)

Incubator

Isothermal titration
calorimeters
Microscope

Nanodrop

Nanodrop™ one

Native PAGE

Superdex 200 10/300 GL
Superdex S75 HiLoad 16/60
Superdex S200 HiLoad 16/60
Akta Explorer

Akta Pure

Amicon Ultra

Ni-NTA agarose matrix
Mounted CryoLoop

HR3

Crystalquick plate, 96 well
24-well hanging drop crystallization
plate

In Situ-1 crystallization plate
INTELLI-PLATE, 96-3 well
Gryphon

Rock Imager 1000

(4 °C and 20 °C)

XcaliburTM Nova O

PMMA

Power Pac 300

Rock maker

Formulator 16sp

Microfluidizer
LAS 400

MIR-153 (1.5 ml, 2 ml)
VP-ITC

PEAQ-ITC

Wild M3C/Wild M420

ND 1000 spectrophotometer
ND-ONE-W

NativePAGE Bis-Tris gels

GE Healthcare

GE Healthcare

GE Healthcare

GE Healthcare

GE Healthcare
Millipore

Qiagen, Hilden, D
Hampton Research
Hampton Research
Greiner Bio-one

MiTeGen

MiTeGen
Art Robbins Instruments
Art Robbins Instruments

Formulatrix

Oxford Diffraction
Brand
BioRad

Formulatrix

Formulatrix

Microfluidics

Fuijifilm

SANYO

GE Healthcare
Malvern Panalytical
Leica

Peqglab

Thermo Scientific

Thermo Scientific
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Instrument Type Manufacturer
Peristaltic pump P-1 Pharmacia
pH-meter FiveEasy Mettler Toledo
Pipettes 10 pl, 20 pl, 200 pl, 1 ml Gilson / Eppendorf
Power supply Power RAC300 Bio-Rad
Power Rack P25 Biometra
RALS system VES3580 RI Detector Viscotek
Rotator neolLab Rotator neolLab
Rotors JA-25.50 Beckman Coulter
JLA 8.1000 Beckman Coulter
Shaker incubator Innova New Brunswick Scientific
Small shaker incubator HT Infors

Sonicator

Thermal block

Thermocyclers

Vortex mixer

Water filtering system

Typ GM 2200 (HD2200) with

Sonotrode UW 2200 and titan plate

TT13
Thermomixer 5437
C1000 Touch
PTC-200

7-2020

Milli-Q® Academic

Bandelin Sonoplus

Eppendorf
BioRad

MJ Research
NeolLAB
Millipore

Internet database and source

Name Website

Uniprot https://www.uniprot.org/

PSIPRED workbench http://bioinf.cs.ucl.ac.uk/psipred/

XtalPred-RF http://xtalpred.godziklab.org/XtalPred-cgi/xtal.pl
JASPAR http://jaspar.genereqg.net/

OligoEvaluator

http://www.oligoevaluator.com/LoginServiet

Ladders
DNA standard Manufacturer
Perfect™ 100-1000 bp DNA Ladder EURXx
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PerfectTM Plus 1kb DNA ladder EURX

Protein standard Manufacturer

Precision Plus Protein™ Unstained Protein Standards BioRad

Precision Plus Protein™ Dual Color Standards BioRad

Pierce™ Unstained Protein MW Marker Thermo Fisher
Plasmids

Plasmid Property Manufacturer

pQlinkH N-terminal polyhistidine tag Heinemann’s lab

pQlinkG N-terminal GST tag Heinemann’s lab

pET28a-C-His C-terminal polyhistidine tag Heinemann’s lab

Reagent kits

Kit Manufacturer
GeneJET Gel Extraction Kit Thermo Scientific
GeneJET Plasmid Miniprep Kit Thermo Scientific
GeneJET PCR Purification Kit Thermo Scientific
Thermofluor Fundament Kit CS-332 Jena Bioscience
JBScreen Buffers Kit CS-214 Jena Bioscience

Software
Function Name Manufacturer
Processing of X-ray diffraction = CCP4 Rutherford Appleton
data Laboratory
Model refinement against X-ray Phenix University of Cambridge, Duke
diffraction data University, LANL, LBNL
Protein purification AKTA pure 25 GE Healthcare
Statistical analyses GraphPad Prism 5 Prism
Image processing Photoshop CS5 Adobe system
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Function Name Manufacturer

Data analysis and text Excel/Word/Powerpoint Microsoft Office
processing

Gene sequence operation SnapGene GSL

Structure visualization Pymol DelLano Scientific LLC

2.2 Molecular biological methods

A proper DNA construct is the prerequisite for recombinant expression of proteins for structural
and biochemical analysis. The following experiments were performed to construct expression
plasmids and bacterial strains based on the standard cloning protocol'#. In the first step, primers
were designed for the polymerase chain reaction (PCR) to amplify the target DNA. Secondly, both
target DNA and the vector were digested by restriction enzymes. Then the sample was subjected
to agarose gel electrophoresis and the pure digested DNA and vector were extracted from the gel
and subsequently used for ligation. Escherichia coli cells were transformed with the recombinant
plasmid, colonies were picked, and then plasmids were extracted and validated by sequencing.

2.2.1 Polymerase chain reaction (PCR)
Phusion High-Fidelity (HF) polymerase was used for PCR product amplification according to the

supplier’s instruction.

Reagent 50 ul reaction Final concentration
Nuclease-free water to 50 pl

5X Phusion HF or GC buffer 10 ul 1X

10 mM dNTPs 2 ul 200 uM

10 uM forward primer 2.5l 0.5 uM

10 yM reverse primer 2.5 ul 0.5 uM

Template DNA * 200 ng

Phusion DNA polymerase 0.5 ul 1.0 units/50 pl

**The volume of the template DNA solution is adjusted to the final concentration of 200 ng/50 pl.
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Step Temperature Time Cycle
Initial denaturation 98 °C 30s 1
Denaturation 98 °C 10s

Annealing 55-62 °C *** 30s 34
Extension 72°C 1kb/30 s

Final extension 72°C 7 min 1
Hold 4°C oo

**The primer annealing temperature is five degrees lower than the primer melting temperature.

2.2.2 Agarose gel electrophoresis

PCR products were analyzed by agarose gel electrophoresis. Based on the standard protocol, a
0.8% agarose gel was prepared by dissolving 0.48 g agarose into 60 ml TAE buffer (40 mM Tris,
20 mM Acetic acid, 1mM EDTA), supplemented with 0.5 pg/ml ethidium bromide. PCR product
mixed with 6X DNA purple loading dye was loaded onto a 0.8% agarose gel. The electrophoresis
was carried out 30 min at 120 V. The agarose gel was visualized by UV illumination, and PCR

product size was determined by comparison to the standard DNA ladder.

2.2.3 DNA purification

The GeneJET Gel Extraction Kit (Thermo Scientific) was employed to purify the DNA fragment.
After agarose gel electrophoresis, the DNA product band was excised from from the gel, and DNA
was purified according to the supplier's instruction. DNA purification was performed after
endonuclease digestion of DNA fragment and vector. The GeneJET PCR P