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SUMMARY

Transcription is ultimately driven by DNA-binding events involving regulatory proteins
known as transcription factors (ITFs). NF-Y is a ubiquitous eukaryotic TF composed by three
different subunits, all necessary to specifically recognize and bind CCAAT-box DNA. NF-Y plays
a central role in shaping the architecture of promoters and distal regulatory regions, both by
influencing local chromatin environment and working as a pioneering binding-platform for several
TFs in different genomic contexts. Still, the way NF-Y activity itself is modulated, and the
molecular determinants at the basis of NF-Y function as transcriptional organizer pose many open
questions.

The aims of my doctoral thesis were, in general, to provide new structure-function
correlations of NF-Y activity, and in specific to (I) uncover the molecular role of two NF-YA
subunit phosphorylation sites and (II) dissect the molecular interplay between NF-Y and the E-
box TF USF1 on different DNA configurations.

NF-YA was shown to be a cell-cycle modulated phospho-protein, with two C-terminal
residues (Ser320 and Ser326), located close to the conserved DNA-binding domain of the subunit,
targeted as phosphorylation sites by CDK2. Still, their molecular function remained elusive. We
designed a panel of NF-YA Ser320 and Ser326 phospho-ablative (Ser to Ala) and phospho-
mimicking (Ser to Glu) mutants, in order to assess the phosphorylation state of the protein i vivo,
and to characterize their behaviour in DNA-binding and transcriptional assays. First, we detected
Ser320-P as the major NF-YA phospho-isotype in asynchronous Hela cells, strongly increasing
upon nocodazole-induced mitotic arrest. Second, we found that while none of the phospho-mutant
recombinant proteins affected the overall affinity of the NF-Y heterotrimer for DNA, Ser320 (but
not Ser326) mutations kinetically destabilized the DNA-bound complex, greatly increasing its off-
rate. Third, Ser320 phospho-mutants impaired NF-Y dependent transcriptional activation of the
RHOB and MDRT target promoters in reporter assays. Taken together, our results point at Ser320-
phosphorylation as a major regulatory switch for NF-Y activity, directly affecting its residence time
on DNA.

In the second project we aimed to dissect the USF1 protein regions which mediate DNA-
binding cooperativity with NF-Y, in order to uncover the molecular bases of one of the genome-
wide NF-Y-directed regulatory modules. We detected transcriptional synergy in reporter assays
using four distinct target promoters characterized by the recurrent 10-12 bp spacing between E-
box and CCAAT-box elements. Moreover, we identified the USR, an intrinsically disordered domain
of USF1, as the region responsible for cooperative interaction with NF-Y on DNA. Notably,
depending on the underlying DNA configuration of the binding sites, distinct portions of this

context-specific transactivation domain mediate the protein-protein interactions.
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PART I

1.INTRODUCTION

In living organisms as we know them today, cell identity and function are the product of
several layers of regulation, now defined by holistic terms, as genome, transcriptome or proteome,
and their respective modifications. The genetic information stored in the form of DNA is
replicated in a highly efficient and tightly regulated manner by elegant protein machineries,
themselves encoded by the same genetic material they are specialized to copy. The very first step
by which the genetic information is ‘read” and decoded by living cells is transcription: the process
in which the genetic information stored in a DNA strand is converted into complementary RNA
copies. Transcription gives rise to a wide spectrum of RNA classes, some of which harbour coding
sequences that are in turn decoded by the protein synthesis apparatus through the process of
translation. This second fundamental step is the source of every protein a cell can build, thus linking
through an RNA intermediate the genetic information stored in DNA with protein machineries
responsible for the majority of biochemical processes within a living cell.

The entire RNA species content of a cell at a given moment is defined as its transcriptome,
a dynamic and heterogeneous layer of control of cell morphology, behaviour and differentiation.
Besides the ordered information flux that characterize gene expression, transcriptome actually
carries out functions both related to DNA as ‘information vehicle’, and to proteins as cellular
‘effector machineries’. As a matter of fact, within the multitude of RNA species that make up a
transcriptome we find molecules specialized to work as information vectors for protein
instructions, some that carry out structural functions as flexible scaffolds, others use the
information they contain to behave as guides for distinct molecular machineries, and some others
are designed to work as biological catalysers.

The crucial role of the transcriptome in a living cell demands an effective control system
to manage simultaneously the activity of tens of thousands of genes, and cells have evolved a vast
molecular toolkit to achieve this enormously complicated, yet vital task. Indeed, the study of both
the molecular details and the interactive networks that characterize gene regulation is fascinating
and would allow us to understand how living cells really work at the most basal level. Moreover, it
would provide us with an immense range of new opportunities to effectively and precisely prevent

ot treat the multitude of diseases characterized by deregulated gene expression [1].
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1.1 Basic Principles of Transcription

The process of transcription constitutes the first key step in the biological information flow
known as Central Dogma of molecular biology: the genetic information stored in DNA is
transcribed into RNA intermediates and translated into proteins. Transcription is the synthesis of
RNA using DNA as template. This reaction is catalysed by specialised enzymes called RNA
polymerases, whose enzymatic activity was first discovered by Weiss and Gladstone (1959).

Classically, a transcription cycle is composed of three main phases: initiation, elongation
and termination, each of them subjected to specific regulation. Transcription occurs on a double-
stranded DNA molecule which gets partially unwound (12-14 bp) in an ATP-dependent manner
within the RNA polymerase complex, resulting in exposed DNA nucleobases. RNA synthesis then
proceeds through a series of nucleotide addition cycles, in which the RNA polymerase presents a
DNA base belonging to the ‘template strand’, sterically selects a specific complementary nucleoside
triphosphate (N'TP) in its active site and catalyzes the formation of a phosphodiester bond between
the 3-OH of the previous nucleotide and the 5-a-phosphate of the incoming NTP, releasing
inorganic pyrophosphate (iPP) (Fig 1A). During elongation of the growing RNA molecule, RNA
polymerase moves through the template DNA along with the translocating transcription bubble,
while displacing the transient DNA/RNA heteroduplex (~ 8 nt) as new N'TPs are incorporated [2].

Transcription elongation is a very dynamic process which proceeds with rates of ~ 6-70
nt/sec, involving a plethora of associated proteins which carry out several co-transcriptional
functions. In eukaryotes RNA polymerase has to work in a chromatin-dominated DNA landscape,
in which nucleosomes render DNA less accessible to the elongating polymerase. In spite of the
energetic barrier imposed by nucleosomes in front of the transcription machinery, the average
transcription rate measured 7z vivo on transcribed genes closely matches the transcription rate on
nucleosome-free DNA 7 vitro |3][4][5]6]. In cells, indeed, RNA polymerase is associated with a
series of elongation factors, including histone chaperones, chromatin remodelers and modifiers
that assist its progression through arrays of nucleosomes |7].

Eukaryotes, distinctly from bacteria and archea, have acquired a higher degree of
specialization for the enzymes that transcribe their genes: they are equipped with three different

nuclear RNA polymerases specialized to transcribe distinct classes of genes (see Table 1).

RNA polymerase Localization Cellular transcripts Subunits
I nucleolus 288, 188, 5.8S tRNA 14
11 nucleoplasm  mRNA, snRNA, microRNA, IncRNA 12
111 nucleoplasm tRNA, 58 rRNA, snRNA 17

Table 1. Eukaryotic RNA polymerases localization, dedicated classes of transcribed RNAs and number of subunits.
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Despite the sharp differences in gene classes they transcribe, eukaryotic RNA polymerases
are big multiprotein complexes that share a conserved core composed of ten subunits (Fig 1B).
RNA polymerase I (Pol I) and III (Pol III) are devoted to rather housekeeping functions mainly
linked to protein synthesis, transcribing the three major classes of ribosomal RNAs (tRNA) and
transfer RNAs (tRNA), respectively. RNA polymerase II (Pol II) instead is responsible for
transcribing the most dynamic classes of transcripts, mainly protein coding RNAs (mRNA), but
including also mictoRNAs and long non-coding RNAs (IncRNA).

While in prokaryotes transcription is tightly coupled with translation, such that nascent
mRNAs start to be translated by ribosomes way before they are completely transcribed, in
eukaryotes these two fundamental steps of the Central Dogma (transcription and translation) are
kept separated by the nuclear envelope. Moreover, in the eukaryotic system the nascent pre-mRNA
undergoes a complex series of co-transcriptional processes that drive its maturation, including 7-
methylguanosine 5-capping, splicing, 3’-polyadenylation and specific types of RNA nucleobase
editing. The majority of the co-transcriptional RNA processing machineries are tethered to
elongating Pol II through its major subunit carboxy-terminal domain (CTD) (Fig 1C). This extended
tail is composed by heptad repeats and works as a ‘landing platform’ that selectively recruits
processing factors depending on its phosphorylation state, which in turn is modulated coherently
with the progression of the transcription cycle [8].

Co-transcriptional processing of new transcripts is crucial to determine RNA fate, including
stability, transport and determination of splicing variants. This regulation level represents a key
process to shape the transcriptome of a cell. This is not a trivial task, for instance at least ~95%
of human multi-exon genes can undergo alternative splicing [9], with an average of 6.3 isoforms
per gene [10], although in each given condition one isoform dominates over the others, usually
taking over a large fraction of the total gene output [11][12]. However, the principal step by which
a cell manage to regulate gene expression is by controlling transcription initiation. In the next
paragraph the main challenges a cell has to face to tightly control transcription initiation are

discussed.
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Figure 1. (A) Detailed view of Pol II active center occupied by the template DNA and the nascent RNA. Metal A
(Mg?*) is permanently bound by three conserved aspartate residues, while Metal B is recruited during catalysis (from
[2]). (B) Surface view of the three eukaryotic RNA polymerases. Homologous subunits among the three complexes
have the same color (from [13]). (C) The yeast Pol I C-terminal domain (CTD) constituted of 26 heptad repeats is
shown to scale with the core-structure of the complex. Human CTD include 52 heptad repeats. RNA processing and

transcription elongation complexes that are recruited by the CTD are indicated (from [8]).

1.2 The Complexity of Transcription Initiation Control

In living cells RNA polymerases are unable to start a productive transcription cycle without
assistance by other specialized members of the transcription machinery. This is actually a crucial
feature, common to all three domains of life (Bacteria, Archea and Enkarya) to orchestrate the activity
of their genetic information. Gene transcription has to be highly responsive to the demanding
environmental/developmental conditions of cellular life, entailing the necessity for specific
guidance by secondary factors. Indeed, a hypothetical living system where RNA polymerase was
intrinsically capable to give rise to any transcript without directed assistance would have been very
costly in energetic terms. Exceptions to this living world paradigm come from some viruses, which
evolved very specialized, single-polypeptide RNA polymerases capable to start transcription at viral
promoters without the aid of any other viral or host-cell specificity proteins [14], such as RNA
polymerases from bacteriophages T7, T3 and SP6 [15].

The fundamental unit of transcriptional regulation is itself encoded in the genome in the
form of specific recognition elements (REs), short stretches of DNA directly recognized and
bound by specialized classes of sequence-specific DNA-binding proteins, known as transcription

factors (TFs). At the most basic level, transcription initiation of a given gene can be achieved when
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RNA polymerase is recruited by TFs bound to the REs in the promoter region of the
correspondent gene (discussed in section 1.3). This event is necessary both for the precise
positioning of RNA polymerase on the correct transcription start site (ITSS) and the initial DNA
melting to generate a stable transcription bubble. The general concept of guided RNA polymerase
positioning on the promoter regions by transcription factors applies both to prokaryotic and
eukaryotic world, although they substantially differ by some orders of magnitude in terms of the
molecular complexity they deploy.

The problem of specificity in gene regulation increases with the increasing size of eukaryotic
genomes and their underlying complexity, since the number of stochastic nucleotide combinations
giving rise to REs in non-functional regions increases along with genome size. Moreover, the more
genes a genome contains the more demanding is their coordinated regulation in response to cell-
to-cell signalling and environmental stimuli.

An additional hugely complicated task emerged with the birth of multicellular life: that is
development. More specifically, what it demands in terms of gene regulation. The development of
an organism is intimately dependent on the capacity of its cells to differentiate in order to acquire
specialized functions, at the cost of cellular potency. Cell differentiation is driven by dramatic
changes in gene expression at the most basic, transcriptional level [16][17]. Since differentiation is
tightly coupled with cell division during development, it is crucial for daughter cells to selectively
inherit (or not) the transcriptional arrangement of the parent cell to retain lineage-specific
expression patterns.

Eukaryotic cells evolved elegant mechanisms to stably manage and maintain their
transcription patterns throughout the dramatic events of DNA replication and cell division, and to

cope with their higher genetic complexity.

1.2.2 Chromatin pervasively affects transcription

The first, and drastic, eukaryotic adaptation in DNA metabolism is the protein-complexed
form in which DNA is constantly found in eukaryotic cells, named chromatin (Flemming, 1879).
Distinctly from its ‘naked’ prokaryotic counterpart, eukaryotic DNA is intimately associated with
nuclear proteins that make up roughly two-thirds of the chromatin content of the nucleus.
Chromatin fibres are composed by a repeating substructure of basic units termed nucleosomes
[18][19]. Each core nucleosome includes about 147 bp of DNA wrapped around a compact protein
core for almost 1.7 left-handed negative superhelical turns, etfectively compacting DNA about 6-
fold its linear dimension. The histones that compose the nucleosome core are a family of small,
basic proteins named H2A, H2B, H3 and H4. They associate forming an octamer constituted by a

(H3/H4), tetramer and two H2A/H2B dimers [20], presenting an extended positively-charged
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interface for DNA binding (Fig 2). Core histone proteins are characterized by a conserved Histone-
Fold Domain (HFD) composed by a long central a-helix («2) separated from two short flanking
a-helices (a1 and a3) by two loops (L1 and L2) [21]. This domain allows the formation of tight
dimers through extensive hydrophobic interactions between each HFD in a ‘handshake’ fashion.
Moreover, individual core nucleosomes are separated by short stretches of linker DNA of variable

length (~35 bp in a typical vertebrate nucleus).

Linker Histone

H1

Core Histones

Nucleosome core
particle (NCP)

Nucleosome Chromatosome

Figure 2. Schematic representation of the assembly of the core histones into the nucleosome,
including linker histone H1 forming the so-called chromatosome (image from the background info
section of HistoneDB 2.0 database [22]).

The origin of chromatin is still a matter of debate, since there are strong and recent
evidences that eukaryotic histones have structural homology with prokaryotic counterparts found
in most Archea, which would predate the classic octameric core nucleosome [23][24].

Despite its origins, chromatin allowed eukaryotic genomes to expand in size and complexity
thanks to two main structural outcomes: the ordered packaging of DNA molecules in space (1)
and the establishment of a restrictive “ground state” for transcription (2). The first outcome is
quite evident by the fact that a functional higher diploid eukaryotic genome is highly compacted to
fit within a defined volume (the nucleus) comparable in size with an entire bacterial cell, yet being
more than 1000 times longer than a typical prokaryotic genome. Yet the real task performed by
histones is to balance the charge of DNA phosphate backbone and effectively reduce its apparent
length in a highly organized fashion. The astonishing DNA compaction achieved by eukaryotic
cells (more than 300,000-fold in humans) is achieved by a series of hierarchical higher order
chromatin coils and loops, whose structural identity is yet unclear, especially at the ‘middle-scale’
level between nucleosome arrays and chromosomal domains [25][26]|27]. The real complexity

concerning chromatin-based genomes goes far beyond the extreme DNA compaction level, it
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entails a wide range of regulatory strategies, from highly dynamic gene induction to almost
permanent silencing. In the last few years smart technical innovations based on 3C (chromosome
conformation capture) coupled with deep sequencing (i.e. 5C, Hi-C and ChIA-PET) allowed
unprecedented high-resolution mapping of the 3D structure of genomes, thus prompting exciting
correlation studies with gene expression and TFs occupancy [28].

The second basic, yet pervasive function of chromatin is to limit genome accessibility to
the transcription apparatus. In general, chromatin has a repressive effect on transcription by
impeding the access of macromolecular complexes to DNA, including hiding specific REs against
core-histones surface and hindering the initiation or elongation of RNA polymerase through an
array of nucleosomes [29][30][31]. The important consequence of this restrictive transcriptional
“ground state” is the relieving of the need for active repression, as it is suggested by the sheer
prevalence of transcriptional activators over repressors in eukaryotes [32]. Indeed, all genes contain
REs for activators, but only some for negative regulators, which are especially used by multicellular
eukaryotes to restrict gene expression within different developmental domains or to modulate
transcription in response to changes in the microenvironment of the cell [33]. Moreover, the vast
majority of active repressing factors in eukaryotes tend to interact with chromatin to exert their
function, often resulting in chromatin modification and condensation [34|. The setup of an
inherently restrictive substrate for transcription adds additional layers of regulation to control gene
expression: for instance, chromatin addresses one of the major issues concerning big genomes with
many genes and a large portion of non-coding DNA, that is preventing extensive random
transcription driven by interspersed REs or cryptic promoters. Despite the surprisingly increasing
evidence for pervasive transcription of the genome both in yeast and mammalian cells [35][11], this
inherent “protective” function of chromatin is supported by studies that demonstrate that
alterations in nucleosome positioning functions increase spurious transcription output [36][37].

Chromatin stands at the basement of epigenetics, term coined by Waddington in 1942 to
describe the phenomena that ‘stand on top’ of a genotype leading to the respective phenotype, and
currently defined as the study of heritable changes in gene function occurring without any changes
in the underlying DNA sequence (Fig 3). As mentioned above, one of the main challenges in a
multicellular organism is coupling differentiation programmes with the maintenance of gene
expression profile upon cell division. In this scenario, chromatin works as a semi-stable “memory
device” that contributes to define cell identity [38]. This is carried out by a complex molecular
toolkit, comprising more than 100 enzymes that transmit to daughter cells a variety of epigenetics
marks previously established in their cell lineage [39]. Epigenetic marks include chemical
modifications of DNA (methylation and hydroxymethylation) and histones (more than ten

different chemical post-translational modifications, including acetylation, methylation,
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ubiquitination and phosphorylation), the deposition of specific histone variants (e.g. H3.3 in
transcribing regions, H2AZ flanking the nucleosome-free region at poised promoters) and
boundaries of maintenance of specific chromatin domains (CTCF binding) [40][41]. These ‘gene

bookmarking’ systems are at the basis of maintenance of cellular memory.
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Figure 3. Multiple examples of the central role of chromatin in DNA metabolism, including

transcription, replication and repair (from [40]).

Since the publication of the first high-resolution structure of the nucleosome in 1997 [42],
the research field in chromatin regulation has exploded both from a structural and functional
perspective, especially thanks to the introduction of next generation sequencing (NGS)
technologies coupled with potent and selective molecular biology methods to enrich for several
chromatin statuses (i.e. nucleosome occupancy, chromatin accessibility, epigenetic marks
localization, specific DNA-bound protein enrichment, detection of chromatin-associated non-
coding RNAs, mapping of 3D chromatin organization and long-range interactions and others) [43].
Yet the real challenge will be to integrate these immense datasets to have a clearer global picture
of how cells manage to control gene expression throughout the epigenetic landscape. The next
section will cover the second adaptation that eukaryotic cells adopted to control transcription, the
use of vast combinations of sequence specific TFs binding at gene regulatory regions, thus

introducing the central topic of this thesis.
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1.3 Transcription factors as ultimate controllers of gene expression

The second fundamental adaptation eukaryotic cells have adopted to cope with their
increasingly complex genomes was to make their regulatory regions themselves increasingly
complex. The human genome, for instance, contains about 1550 genes for sequence specific
transcription factors (TFs) [44], needed to regulate 19-20,000 protein-coding genes (and neatly as
many of non-coding genes) [45]. The striking observation is that the fraction of sequence specific
TF-coding genes in humans is comparable to that in bacteria (5-7%) [46]. Indeed, including splicing
variants we obtain more than 2900 different isoforms for human TFs, however the ultimate
difference with bacteria is the so called ‘combinatorial control of gene regulation’, which hugely
increases the potential number of unique expression profiles, while reducing robust non-specific
transcription initiation events. In this section, the most relevant features of eukaryotic TFs DNA

recognition and mode of action are covered.

1.3.1 Core-promoter complexity
Promoters are regulatory DNA regions located at the 5-end of the gene body directly

necessary, but not always sufficient, to initiate transcription of a given gene. Eukaryotic promoters
are traditionally composed by a ‘core-promoter’ and a ‘proximal-promoter’ depending on the
distance from transcription start site (I'SS) and their binding partners. The core-promoter is a
region of 70-80 bp that includes the TSS, and owns canonical DNA elements sufficient for

recognition by key proteins that make up the so called basal transcriptional machinery (Table 2).

Core element  Position Consensus Frequency Bound protein
Flies Vertebrates

TATA -31 to -26 TATAWAAR 33-43% 10-16% TBP

Inr -2 to +4 YYANWYY 69% 55% TAF1/TAF2
DPE +28 to +32 RGWYV 40% 48% TAF6/TAF9
BRE" -37 to -32 SSRCGCC - 12-62% TFIIB
MTE +18 to +29 CSARCSSAACGS  8.5% = TAF6/TAF9

+6 to +11 Sr: CTTC

DCE +16 to +21 Si: CTGT - - TAF1

+30 to +34 Su[: AGC

Table 2. Features of canonical core-promoter elements, including preferential position from the TSS (+1), consensus
sequence in nucleotide IUPAC code, relative frequency in promoters and the effector proteins that recognize each
element (adapted from [47]).

It is usually defined as the minimal DNA region sufficient to promote low levels of basal (activator-
independent) transcription by Pol II zz vitro. Although the elements composing the Pol II core-

promoter were characterized by biochemical experiments on isolated systems [48], their
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simultaneous presence was not confirmed for the vast majority of eukaryotic promoters. For
instance, the TATA-box, that was originally considered a universal core-promoter element, was
then only found in a minority of metazoan promoters (8-30%) [49] and even less in plants [50].
There is a wide heterogeneity in core-promoter composition which underlies the diversity of
promoter regulation and may reflect the assembly of distinct components of transcriptional
machinery, therefore the concept of a universal core-promoter clearly does not fit with the genomic
evidence. Moreover, most mammalian genes lack canonical core-promoter elements [51] in favour
of relatively less characterized non-canonical elements. Recent studies clearly show that more than
half of human protein-coding genes promoters are associated with CpG islands [52], DNA regions
with a relatively high-density of hypomethylated CpG dinucleotides spanning 0.5-2 kb.

The development of genome-wide transcript mapping techniques with high-sensitivity (i.e.
CAGE, small RNA sequencing, GRO-seq) unravelled unprecedented levels of complexity in core-
promoter function [53]. First, the concept that transcription occurs from a main or unique TSS
does not longer apply to all promoters, indeed over 70% of mammalian promoters do not follow

this behaviour [54][55]. Instead, multiple modes of transcription initiation exist (Fig 4).

Sharp type promoter Broad type promoter
UTR Coding region UTR Coding region
r " ) — il
= b - = bs
E 1= |MRNAs B 1= | MRNAs
= = [=— =
3 E =
TATA box Inr CpG island
S > >
4 Genomic DNA Genomic DNA
| I] 11 |]
TSS distribution TSS distribution

Figure 4. Representation of sharp and broad classes of promoters. Sharp promoters (left panel) give rise to a single
peak of TSS distribution and often have TATA-box and Inr elements. Broad promoters (right panel) generate an

heterogeneous mRNA population due to a wider TSSs distribution and often are associated with CpG islands (from

[51]).

Focused (or ‘sharp-peak’) promoters contain a single or predominant TSS and are enriched
in spatiotemporally regulated and tissue-specific genes. They usually harbour precisely positioned
core-promoter elements, such as Inr, TATA-box, DPE or MTE [56]. Dispersed (or ‘broad’)
promoters give rise to several start sites spreading over ~100bp and are especially associated with
constitutively expressed genes and CpG islands. The picture gets even more complicated for the
presence of ‘mixed’ promoters, in which a dominant TSS coexists with a dispersed array of minor
ones.

Second, a large portion of mammalian promoters give rise to divergent transcription
[57][58], given by the recruitment of independent and well-spaced transcription initiation

complexes both on the forward and reverse-directed core-promoters [59]. This phenomenon gives
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rise to pairs of co-regulated transcripts: the stable pre-mRNA in the forward direction towards the
gene body and short, low-abundant species of transcripts (named TSSa-RNAs and uaRNAs) in the
reverse direction. The same principle applies to bidirectional promoters, in which oppositely
oriented pair of genes gets transcribed from a common promoter region containing intrinsically
bidirectional core-promoter elements (Fig 5). The latter case is especially common in compact
genomes of lower eukaryotes such as yeast. Notably, divergent transcription at promoters shares a
common architecture with enhancer regions, where it gives rise to the recently characterized class
of non-coding transcripts known as enhancer-RNAs (eRNA) [60]. This widespread divergent
activity of regulatory units is the basis of pervasive transcription of non-coding regions in complex

genomes and ultimately relies on core-promoters for the assembly of the transcriptional machinery.

c
Unidirectional Promoter Divergent Promoter Bidirectional Promoter
1kb 1kb 1kb
. ‘ . DNAse I-seq
[ ! " | 5'GRO-seq
& - Strand
[+ Strand
i
1 1
...... e ! ZFPL1
LAMP2 || Py —== T~ el
vy CDCA5 ==—

Figure 5. Examples of unidirectional, divergent and bidirectional promoters. It is shown the DNasel-seq signal
(in black) and 5’GRO-seq reads (5’ sequencing of cap-protected RNA) from both strands (from [59]).

1.3.2 PIC assembly at core-promoter

Core-promoters are DNA regions on which the so-called transcription pre-initiation
complex (PIC) assembles to prime Pol II dependent transcription [61]. The PIC is a huge ~3MDa
multiprotein complex composed by several independent sub-complexes, including Pol II, for a
total of nearly 50 polypeptides [62]. The assembly of PIC allows Pol II to recognize the core-
promoter region and to position the template DNA within the catalytic centre to begin RNA
synthesis. The components of the PIC, except Pol 11, are known as general (or basal) transcription
factors (GTFs), namely TFIIA, TFIIB, TFIID, TFIIE, TFIF and TFIIH, whose specific
contribution were intensively investigated through biochemical and structural approaches. The
assembly pathway of the PIC on the core-promoter was studied by ordered-addition experiments
from purified proteins [63] and led to a canonical stepwise model for PIC assembly depicted in Fig
6. Specifically, core-promoter is first recognized by the ~1MDa TFIID complex which harbours
the saddle-like TBP subunit (TATA-binding protein) that binds to DNA minor groove, bending it
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of about 90°. The rest of TFIID subunits (14-15) are named TAFs (TBP associated factors) and

constitute a three-lobes scaffold able to recognize other core-promoter elements, such as Inr or

DPE and to interact with general co-factors or specific transcriptional activators to enhance or

modulate PIC assembly. The TFIID module is then stabilized by TFIIB and the accessory factor

TFIIA that stimulate Pol II recruitment and
TBP/DNA respectively. This

TBP/TFIID-TFIIB architecture works as a landing

interaction,

platform for Pol II-TFIIF complex on the promoter,
resulting in the core initiation complex. The complete
PIC forms when TFIIE and TFIIH are subsequently
recruited, allowing the formation of an initiation
competent Pol II. The DNA-dependent ATPase
activity of TFIIH, stimulated by TFIIE, allows the
transition to open-complex by applying a torsion on
DNA with respect to the fixed upstream promoter
complex, thus inducing upstream double helix melting
and template strand loading into Pol II active site [62]
(Fig 7). Recently, the architecture of human TFIID in
complex with TFIIA and core-promoter DNA was
solved at sub-nanometre resolution using single-particle
cryo-electron microscopy (Cryo-EM) [64].

An alternative holoenzyme model was
proposed with the discovery that Pol II could be
purified as a preassembled complex with a variable
subset of GTFs and other proteins involved in
chromatin modification, but devoid of TFIIA and
TFID [65]. Although great advancements in the
functions of each GTF have been made thanks to
structural characterization and mutational analyses, the
mode through which the PIC assembles is still
controversial and seems to change depending on the
system used and the organism of origin [66|. Moreover,
we need to take into account that assembly experiments

and structural studies have been performed on artificial

super-core promoters (SCP) and in any case always
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included a canonical TATA-box, presented only by a minority of eukaryotic promoters. Notably,
additional complexity and promoter recognition specificity is given by the existence of TBP-related

factors and tissue specific TAF variants [67][68] that challenge the “general” attribute of GTFs.

Initiation complex

Elongation complex

Figure 7. Current view of transcription by Pol II based on results of integrated structural biology.
Current structures of the initiation complex (with Mediator in light blue), elongation complex with

nascent RNA and a nucleosome on the same DNA molecule (from [69]).

1.3.3 Eukaryotic promoters work as complex information integrators and processors
In the previous two paragraphs, I discussed the inner core mechanisms at the basis of

transcription initiation control. Besides the inherent macromolecular complexity of core-promoter
recognition and assembly of a functional Pol I complex, the key control gears that efficiently drive
transcription initiation are located elsewhere, within proximal-promoter and distal regulatory
regions. Differently from core-promoters, proximal-promoter regions do not include the main TSS
and are roughly located at -50 to -500 bp from +1 nucleotide. Indeed, core-promoter by itself is
not able to support physiological levels of active transcription 7 vive, both due to chromatin, and
the inherent rather low stability it provides to the transcription machinery. The function of
proximal-promoter regions is to integrate diverse sources of information and transduce them to
the transcription apparatus at the core-promoter, thus altering its function. This complex task is
accomplished by a wide variety of ss-embedded recognition elements and the corresponding #rans-
acting transcription factors.

Promoters work as substrates of complex molecular dynamics involving sequence-specific
DNA binding events, direct protein-protein interactions between co-resident TFs or involving
GTFs at core-promoter, nucleosomes modification and remodelling through the recruitment of
specific enzymatic complexes, and long-range chromatin rearrangements. The result is the

spatiotemporal integration of the following information:
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the unique combination of ¢s transcription factor binding sites (TFBS)

® the presence of specific TFs, their local concentration and their functional state

® the local epigenetic features and dynamics

® trigoering of endogenous or external signalling events
The outcome of this complex series of inputs will determine the promoter output in terms of
transcription initiation rates. Several conditions are required for transcription initiation to take place
and are scattered on different timescales. Chromatin modification and opening for upstream TFs
binding and core-promoter nucleosome depletion takes minutes and can actively be maintained
for hours. TFs binding instead is quite transient, ranging from milliseconds to few minutes and can
be influenced by many local and cellular factors. Nucleation and stabilization of PIC is favoured
by direct TFs interaction with GTFs or indirect recruitment of co-activators (e.g. Mediator) by TFs
bound to proximal-promoter or distal regulatory regions. The very last, yet often limiting step, is
the actual Pol II escape from the open-complex to start transcribing, named promoter clearance.
This step is promoted by several phosphorylation events that free Pol II from the very same
complex that allowed its loading on DNA and are themselves indirectly regulated by local TFs.

The very same principles of complementarity between REs and corresponding TFs apply

also to distal regulatory regions, also known as enhancers (or silencers, if they impart negative
control on gene expression). Differently from proximal-promoters, enhancers are DNA regulatory
regions not directly adjacent to a single protein-coding gene, instead they can be located thousands
of base pairs away from the target gene or even on a distinct chromosome. Since the post-genomic
era, enhancers were progressively characterized as non-coding RNA transcription units, effectively
working as promoters for a recently discovered class of non-polyadenylated transcripts known as
eRNAs [70]|71]. For these reasons, the basic principles governing enhancer-associated TFs are

fundamentally homologous to proximal-promoter functioning.

1.3.4 Combinatorial control of gene expression
As mentioned above, both proximal promoters and distal regulatory regions work thanks

to a series of specific TFBSs. Each gene is functionalized by dozens of currently known TFBSs
and by others, still unknown, distributed within its proximal-promoter. This combinatorial
arrangement of multiple binding sites opens up the possibility for three crucial features, demanded
by eukaryotic gene expression: high control, improved specificity and wide dynamic expression
range. Many factors influence these features and include both ws-encoded REs and the intrinsic
biochemical properties of the corresponding TFs, coupled with signalling events.

The number and type of REs within the promoter are not the only determinants of

promoter functionality, but rather their spatial distribution is just as critical. Indeed, spacing,
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overlap, order, orientation and distance from TSS of REs are all well proven parameters that can
greatly impact how TFs actually ‘read’ promoter DNA. Literature is plenty of such specific
examples [72][73][74][75]. The structural arrangement of REs is intimately coherent with the
required structural properties of TFs, coevolving in a complex series of conserved binding patterns.
As a matter of fact, the information content enclosed within promoter sequences is processed as a
function of local molecular environment through protein-DNA and protein-protein interactions,
directed by a dynamic series of transient electrostatic forces, hydrophobic effects, interlocking
protein domains and subtle, or even dramatic, conformational changes. So, the (non-random)
spatial distribution of REs interlaces with the correspondent TFs mutually exclusive or cooperative
binding, and the selective or synergistic recruitment of transcriptional co-activators/repressors.
The increased control over transcription initiation is therefore achieved by increasing the
components (REs and TFs) that can simultaneously operate on the same promoter, making it
possible to turn on a given gene if the multifactorial conditions that are required for its activation

are satisfied (Fig 8). This allow cells to promote the selective expression of only a subset of a given

TF target genes at any time with a higher degree of control.

Prdm14 Oct4 Cdx2 Nanog Nr5a2 || RxrB COUP-TFI/II

Kif4 Sox2 Esmmb SF1 GCNF

Stat3 TR2 SUMOylated TR2
Sall4

Esmb... \ /

-} =]
Site 2A Site 1A 1B Yyt 1 28 A
Sp1 HRE
CR4 CR3 CR2 CR1
L J L J L J >~
Distal Proximal Proximal Oct4 =
Enhancer Enhancer Promoter

Figure 8. Genomic structure and transcriptional regulation of mouse Oct4 gene, an example of
combinatorial transcriptional control. The scheme covers ~24 kb. TFs that bind each region are

indicated and have either activating (green) or repressing (red) function (from [76]).

The interactions between pairs of co-resident TFs on DNA can highly improve the
recognition specificity or target sequences. For instance, low affinity sites can be selectively bound
when a second TF occupies an adjacent site allowing for specific binding cooperativity and
promoting the assembly of stereo-specific protein-DNA complexes. Alternatively, binding events
can be challenged by competition for distinct overlapping sites or steric hindrance between protein
interfaces. Since many TFs bind DNA as homo- or heterodimers, binding specificity can be easily
constrained by the underlying sequence spacing, orientation and composition. Well studied
examples of these sequence constrains are hormone response elements (HREs) and the variety of

nuclear receptor superfamily [77][78], MADS box proteins that synergize with different TFs
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pattners (e.g. human SRF and SAP-1) [79], POU and SOX proteins partnership (e.g. OCT4/SOX2
heterodimers) [80][81], or NFAT and Fos/Jun heterodimer [82].

The combinatorial array of REs also provides eukaryotic cells with a wide dynamic range
of transcription. Transcript abundance can vary significantly of many orders of magnitude (0.001
to 100 copies/cell) [83][84][85]. Moreover, alternative modes of gene expression have been
documented, in which initiation events can either be evenly separated in time, such as for some
constitutively expressed genes, or happen through transcriptional bursts that underlay clear

transitions from OFF to ON states [86].

1.4 How transcription factors read the genome

The essential property of a transcription factor is the capability to recognize a specific DNA
sequence and to interact with other transcription-related proteins. In this section I will describe the
general principles governing TFs target site recognition and search throughout the genome, along

with the highly relevant concepts of binding cooperativity and transcriptional synergy.

1.4.1 The basis of DNA binding and sequence-specific recognition
Achieving DNA binding specificity in a complex eukaryotic genome is not a trivial task. As

already pointed out, increasing the genome size also increases the expected number of random,
non-functional REs. On top of that, eukaryotic TFs have a very poor intrinsic ability to discriminate
cognate sites with high specificity if compared with prokaryotic counterparts; specific core-DNA
motifs recognized by eukaryotic TFs are usually short (~6-8 bp) and have a low sequence-based

information content. For instance, a 6 bp core element is predicted to occur once every 4 kb, which
for the human genome corresponds to roughly 10° available sites, even postulating 90%
chromatization level [87]. A related observation is that eukaryotic cells have evolved very different
DNA-binding domain families, with very few exceptions shared with bacteria, underlying fairly
different strategies for gene regulation. The real question then would be whether having TFs with
intrinsic lower information content requirement in DNA recognition actually represents a real
disadvantage. Probably this is not the case. First, obviously because eukaryotic cells had to take
advantage of this change in gene regulatory strategy in order for it to be fixed in evolutionary times.
Second, it is reasonable to assume that lower intrinsic specificity can be coupled with the advantage
of higher flexibility. The small bacterial genomes contain only a tiny fraction of non-coding
regulatory DNA and their genic arrangement in operons facilitates the co-expression of genes

belonging to the same network. In this configuration, ideally each single highly-selective TF could

directly target its correspondent subset of genes to provoke a very specific response. In order to
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employ the same “one TF — one response” strategy for more complex genomes which must direct
the development of multicellular life, the number of TF-encoding genes should have increased
more than linearly to impose a proper control on gene activity patterns. As already mentioned,
however, the proportion of TF encoding genes in eukaryotes is comparable to the prokaryotic one.
The strategy employed by eukaryotic cells instead is based on the use of specific subsets of the
same TFs repertoire in different combinations. The intrinsic lower DNA sequence requirements
allow eukaryotic TFs to take part to a variety of context-specific subcomplexes, still maintaining a
good degree of selectivity thanks to protein-protein interactions and distribution of the respective
REs, giving rise to cooperativity and transcriptional synergy phenomena (discussed in the next
paragraph). Chromatin, on the other hand, helps in limiting non-functional binding events.

Transcription factors are multi-domain proteins, usually including a DNA-binding domain
(DBD) and an effector domain, such as a transactivation (TAD) or a transcriptional repressive
domain (TRD). TFs are categorized in distinct superclasses on the basis of the structural topology
of their DBDs [88][44], thus employing distinct modes for DNA binding.

Although varying in the extent from case to case, the general basic principles of sequence
specific DNA recognition rely on the same series of biophysical interactions. These include
electrostatic (salt-bridges), hydrogen-bond and hydrophobic interactions. Even though all of them
can also occur in non-specific TF/DNA interactions, the latter events are largely mediated by
protein basic side-chains and DNA acidic backbone phosphate groups. Protein/DNA interactions
are very sensitive to salt concentrations due to the charge-shielding effect of positive counter-ions
on the negatively charged DNA phosphate backbone. This is particulatly true for non-specific
protein-DNA interactions, often mediated by the negatively charged DNA surface. It is important
to note that also sequence specific TFs largely employ non-specific contacts with DNA backbone
as structural support to propetly position protein moieties responsible for sequence specificity;
moreover, these interactions provide a substantial contribution to the binding free energy of the
protein/DNA complex, boosting the overall TF affinity for DNA.

Specific interactions fall into two non-mutually exclusive categories, namely ‘base-readout’
and ‘shape-readout’. The base-readout mode consists in the direct recognition of DNA sequence
through physical interactions between TF amino acids and the functional groups exposed by the
DNA nucleobases. The chemical signature of each base-pair is different between the DNA major
and minor groove, as the information content of the two grooves is different. While each base-pair
combination in the major groove is distinguishable thanks to its unique pattern of hydrogen bond
donors and acceptors, this is not the case for the minor groove, where A:T and C:G are
indistinguishable from T:A and G:C pairs, respectively (see Fig 9) [89]. This degeneration in the

minor groove might be one reason for the sheer prevalence of major groove binding domains
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among TTs. Base-readout generally involves hydrogen bonding for purine bases, especially using
highly selective bidentate hydrogen bonds, and hydrophobic interactions for pyrimidines,
differentiating thymine from cytosine. This recognition mode is usually complex, with each amino
acid side chain involved in one or more interactions with one or more nucleobases, also including

water molecule mediated hydrogen bonds.
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Figure 9. Base and shape readout contribution in DNA-binding specificity. (A) Base-readout relies on direct
interaction with the nucleobases functional groups; note the different information content between the minor and the
major DNA groove. Shape-readout instead makes use of sequence-dependent alterations from the canonical B-DNA
(from [90]). (B) Often TFs use a combination of base and shape-readout mechanisms. (C) A third relevant factor that

can direct TF binding is the local motif environment in term of base composition (from [91]).

The second, more subtle mode for sequence-specific DNA recognition is known as shape-
readout, that is all sequence-dependent DNA structure deviations from canonical B-DNA [92].
The local sequence composition can indeed alter DNA conformation and properties from its ideal
straight double-helix configuration. The shape-readout mechanism can exploit both localized shape
deviations, such as narrowing of the minor groove or kinks of the DNA longitudinal axis, and
alterations extended to the entire binding site, including DNA flexibility, bending and intrinsic
tendency of B- to A-DNA transitions (Fig 10). These sequence specific structural properties of
DNA can thermodynamically favour its recognition by specific TFs by optimizing their contacts
by shape complementarity or electrostatic potential. Indeed, there is evidence that local DNA
topography is under selection and well correlates with non-coding DNA regulatory elements [93].
Although conceptually distinct, base- and shape-readout are not exclusive and most TFs use an
interplay between these two sequence recognition modes, varying in the extent of the contribution

from each of them [94].
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Figure 10. Determinants of base and shape readout in protein-DNA specificity (from [94]).

1.4.2 DNA-binding cooperativity and transcriptional synergy
Cooperativity generically refers to the facilitation of an event given by a previous/separate

one. Instead, synergy in general refers to any enhanced effect given by multiple factors acting in
concert. Although cooperativity and synergy have slight distinct meanings, in biology they are often
used as interchangeable terms to describe higher-than-additive phenomena. However, in the
context of transcriptional regulation they can represent two different, although interwoven effects.

In the biology of protein-DNA recognition we refer to cooperativity as the facilitation
effect that a TF bound to DNA provides for the subsequent binding of a second TF. This is usually
mediated by direct or indirect protein-protein interactions between the two TFs, although there
are cases in which the binding of the first TF induces a favourable DNA conformational change
for the binding of the second one nearby [95]. Thereby, the effect of cooperativity is to increase
the affinity of the second TF for the target DNA driven by the presence of the first one, already
bound to DNA. An additional, rather indirect form of cooperativity involves 7z vivo competition
between nucleosomes and TFs, whereby the nucleosome displacement driven by the first TF frees
adjacent binding sites for other TFs, resulting in co-occupancy [96]. Homotypic cooperativity
occurs between two molecules of the same TF following a sequential binding model, while
heterotypic cooperativity occurs between different TFs. Note that cooperativity is distinct from
DNA binding of pre-assembled homo- or heterodimers, because in the latter case the monomeric
form of the protein is not proficient in DNA binding prior to dimerization. Moreover,
cooperativity is a DNA-directed phenomenon, meaning that usually the interactions between the
two transcription factors are much weaker than their respective interactions with DNA, mainly

because the arrangement of the correspondent REs stereo-positions the two proteins, favouring
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interaction. Another way to think about cooperative interactions is that a resident TF slows down
the release from DNA of a second one.

DNA-binding cooperativity is at the basis of the ‘enhanceosome model’, derived from the
pioneering studies of the interferon-$ enhancer [73||97] (Fig 11), by which the function of a
regulatory module is defined by the cooperative assembly of a handful of TFs that promote each
other’s binding either through direct protein-protein contacts or by binding-induced changes in
DNA conformation. This kind of regulatory module would be very sensitive to changes in spacing
and orientation of the single binding-sites, from which cooperativity originates. For this reason,
homotypic or heterotypic cooperativity highly increases target site specificity, since enhanced
binding will occur only at those sites in which multiple REs are propetly arranged. In addition,
heterotypic cooperativity is an efficient way to integrate diverse cellular signals using a limited set
of effectors. Recent works definitely showed that cooperativity can effectively shape the individual

TF’s motif in favour of a new composite site occupied by the cooperative TFs pair [98].
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Figure 11. Side view of the overall structure of IFN-$ enhanceosome. The red line shows the DNA

helical axis highlighting local bending. RelA and p50 are the two NFkB subunits (from [97]).

One of the major potential effects of DNA-binding cooperativity is to facilitate a synergistic
transcriptional response. Transcriptional synergy refers to the concerted action of multiple TFs
that synchronously contact the basal transcriptional machinery and promote a so called ‘sigmoidal
transcriptional response’ (STR) [99]. The principle underlying transcriptional synergy is that when
multiple sites are occupied by the correspondent TFs the extensive contacts made with the
transcriptional machinery are disproportionately stronger than the one provided by a single TF.
This multiplicative effect gives rise to a STR (Fig 12A), charactetized by a switch-like ON/OFF

expression defined by a relatively narrow threshold width. In this model, a graded concentration
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increment in one of the key TF above the threshold value would abruptly trigger gene expression.
A classic example of this behaviour is the sharp gene expression boundary of hunchback (Hb) in
response to the anterior-posterior gradient of the TF Bicoid (Bed) in the developing Drosophila
embryo [100] (Fig 12B). However, it is important to note that DNA-binding cooperativity is not
strictly necessary to obtain a STR, as long as different TFs synergize to recruit the basal
transcription apparatus. The specific effect of DNA-binding cooperativity, taking into account the
simplest case of homotypic cooperativity, is that an increase of the number of propetly spaced
binding sites would shift the threshold value to lower TF concentrations and would increase the
sharpness of the switch [99]. Transcriptional synergy is at the basis of the ‘billboard model’ for
enhancer function, whereby the TFs bound together at the regulatory site do not necessarily work
as an all-or-nothing cooperative unit but rather in a combinatorial fashion, undetlying a fairly
flexible architecture for the regulatory modules [101]. Indeed, these models are not alternative in
the absolute sense and different regulatory regions are hardwired with different patterns of REs,

which in turn will drive their peculiar transcriptional response.
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Figure 12. (A) Simple comparison between graded (red curve) and sigmoidal transcriptional response (STR, blue
curve) as a function of TF concentration; note the switch-like shape of the STR around a specific threshold value (thr).
(B) Example of the STR of Hunchback gene (blue signal) in response to a gradient of the TF Bicoid (green signal)
during the syncytial blastoderm stage in Drosophila embryo (left panel) and the correspondent fluorescence intensity
relative to the anterior-posterior position (right panel, from [102]) Note that the double-peaked pattern for Hunchback
is due to additional levels of control of its expression.

Beyond the discussed sigmoidal responses, cleatly there are reports of graded, or gradual,
transcription [103][104][105], in which gene activity can ben modulated in a wide range of
expression in response to a wide range of correspondent TF concentrations. While STRs are widely
used during development in order to confine gene expression in defined embryonic domains,
graded transcription provides a wider responsiveness to a broad spectrum of TF, or its inducer,
concentrations. This latter case is especially employed for homeostatic responses, which have to

be proportional to the primary stimulus, thanks to their higher sensitivity and accuracy.
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1.4.3 Target site search and mobility of transcription factors
Transcription factors are complex objects which operate in a complex environment, the

nucleus. A fascinating problem is how transcription factors manage to rapidly find their cognate
sites throughout such an excess of non-specific genomic DNA, especially after specific stimuli that
demand a fast and punctual transcriptional response.

The main explanation is that TFs are very dynamic and mobile proteins. Although the
nucleus is a crowded molecular environment, with macromolecules concentration in the order of
100-400 mg/mlL. [100], the inter-chromatin space takes a large fraction (40-70%) of the nuclear
volume, varying according to the cell type [107]. TFs move rapidly within the nucleoplasm, making
it possible to scan the nuclear volume in a matter of few minutes. An interesting observation is that
non-chromatin binding proteins (e.g. GFP) have a 10-100 fold higher mobility compared to TFs
of the same size in the nucleus [108]. This behaviour is mainly due to transient interactions with
the relatively immobile chromatin fibres, and partly to the formation of bigger multi-protein
complexes; indeed, impairment of the protein DBD greatly enhances its mobility within the nucleus
[109], evidencing the grade of influence of DNA binding in the dynamics of TFs. Although the 7
vivo estimates of the bound fraction for TFs found in literature are very variable, possibly due to

different technical assays and discrepancies in the models used for data fitting [110], still they

represent a substantial fraction of the protein, ranging from 20% to 99% of the TF present in the
nucleus.

Our perception of transcriptional regulation complexity has been hugely increased by the
advent of fluorescence-based imaging techniques in living cells (e.g. FRAP, FLIM, FCS, RLSM,
SMT) [108][111][112][113][114]. These 7n vivo approaches revealed for the first time how dynamic
TFs binding to chromatin is [115]. Most nuclear proteins continuously exchange from chromatin
to the inter-chromatin space very rapidly, with residence times on the order of milliseconds to
seconds [110]. Exceptions of proteins with much slower exchange rates exist, first of all core
histones, which show residence times of hours. Long residence times (>6 min) have been
documented also for HSF transcription factor upon heat-shock in Drosophila polythene nuclei [117].
Although this dynamic scenario seems to contradict previous biochemical and population-based
approaches, recent single-molecule analyses show a remarkable accordance between living cells and
in vitro kinetic measurements, both pointing at short, frequent binding events [114].

Within the overall dynamic bound fraction, it is possible to distinguish two subpopulations
of binding events that differ for their kinetic parameters: a short-lived and a long-lived component,
that differ in their respective dwell-times of more than one order of magnitude [114][118]. These
two binding-modes respectively account for non-specific DNA/chromatin interactions and

specific target sites recognition [119]. The residence time on high-affinity specific DNA REs is

23



Part I — Introduction

therefore intuitively longer than spurious binding events taking place on non-specific DNA
regions.

These observations, coupled with smart 2z vitro systems [120] and theoretical models [121],
allowed the formulation of a fast-search mode for target site recognition. TFs would employ a
search mode based on 3D diffusion in the inter-chromatin space alternated with transient
interactions with chromatin, effectively sampling many sites per time unit, given the short-lived
nature of non-specific binding events. This global 3D-jumps-governed sampling behaviour can be
complemented by a series of 1D local searching motions, well documented for iz vitro systems,
especially using restriction endonucleases as an easy-readout DNA-binding model [122][123],
although examples for TFs are also documented [124][125][126][127]. These local motions might
include sliding along DNA, local hopping or intersegmental transfer [128]. Sliding along the DNA
is particularly interesting, since this mechanism allows effective scanning of sequences nearby the
landing site at a base-pair resolution. Depending on the system, sliding can either be coupled with
rotation around the DNA axis, following its helical pitch, or proceed linearly [129][130]. The
effectiveness of DNA scanning through sliding motion is limited by its non-directional nature: the
movement of the (TF) protein on the DNA surface does not have processive directionality per-se,
therefore it leads to inefficient sampling of the same region multiple times. Theoretical models and
in vitro evidences give a sliding length of ~30-200 bp before dissociation followed by local hopping
or 3D diffusion [131][132], effectively providing an highly efficient searching strategy. All these
local protein-DNA dynamics have to be confirmed by 7 vivo observations, which indeed pose
challenging technical problems. Moreover, the chromatin environment could strongly limit sliding
length along DNA, favouring instead a higher frequency of local hopping. A second key aspect
that can heavily influence TFs dynamics 7 vzvo is the role of ATP-dependent chromatin remodelling
complexes and chaperones, that can actively mobilize DNA-bound proteins |[133][134].

Having reframed the timescale of protein-DNA dynamics in living cells, this scenario of
transcription regulation supports a model in which the assembly of multiprotein complexes on
DNA happens by random collisions in a probabilistic way. The result is that every step in the
formation of a transcriptional competent promoter is a chance event. Control over transcription
initiation is therefore exerted by modulating the probability of some of the multiple steps that
ultimately lead to promoter clearance. By increasing the stability of each intermediate the
probability of assembly of a complete, elongation-competent RNA polymerase, would increase.
Indeed, slower exchange rates of the glucocorticoid receptor (GR) at promoters correlate with
increased mRNA synthesis [135]. Besides residence time, also local TFs concentrations and DNA-

binding cooperativity phenomena greatly contribute to affect transcription initiation probability.
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Opverall, the dynamic exchange of chromatin-binding proteins opens the possibility for
rapid and economic local reorganization and transcriptional outputs responsive to the ever-
changing environmental stimuli, ensuring the continuous availability of DNA binding sites and free

nuclear regulators.

1.5 The CCAAT-binding transcription factor NF-Y

In the late ‘80s, the intensive characterization of the murine class II major
histocompatibility complex (MHC-II) locus led to the identification of the protein that specifically
binds the conserved DNA regulatory module Y-box, therefore named Nuclear Factor Y (NF-Y)
[136]. During the last 30 years many aspects of this ubiquitous and peculiar transcription factor
have been deeply characterized and represent the main research topic in our laboratory.

In this section I will give a general overview on the biology of NF-Y, describing aspects 1
find particularly interesting and basal for my thesis project, including its unique structural features,
molecular functions, the genomic interplay with a defined set of TFs and its pioneer role in

epigenetic and transcriptional regulation.

1.5.1 The CCAAT-box is a widespread eukaryotic Recognition Element
The so called CCAAT-box is one of the first functional DNA elements discovered in

eukaryotic promoters, first identified in chicken ovalbumin and human B-globin genes in 1980
[137][138] and thereafter found to be represented in every eukaryotic system studied by far. Even
though literature is plenty of DNA-binding proteins that harbour the word CCAAT in their names
(i.e. CTF/NF1, C/EBP and CDP), analysis of their consensus binding sequence cleatly reveals that
none of them strictly requires all five nucleotides of this element; it is indeed true that their binding
sites occasionally contain an intervening CCAAT. For example the so called CCAAT-Transcription
Factor (CTF/NF1) binds the bipartite consensus TTGGC(N5)GCCAA as a dimer; cleatly, a T
following the core consensus would give rise to a CCAAT, but it is not strictly necessary for proper
binding. Instead, compelling evidences demonstrated that NF-Y, also known as CBF or CP1,
strictly counts on the intact CCAAT pentanucleotide to bind DNA. Saturation mutagenesis, surveys
on bona-fide NF-Y target promoters and more recent ChIP-on-chip and ChIP-seq approaches
univocally defined NF-Y as the prime CCAAT-binding factor and generated consensus sequences
with remarkable accordance [139][140][141][142]. These studies also highlighted a strong
preference for flanking nucleotides to achieve high affinity interactions, with documented cases of
negligible NF-Y DNA-binding on full core CCAAT sequence lacking several preferred flanking
nucleotides [140]. At first look, it is clearly detectable a strong prevalence of two purine bases at -
2 -1 positions and moderate preference of CAG trinucleotide just downstream the core sequence
(Fig 13A).
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Figure 13. The CCAAT-box. (A) Sequence logo of the ChIP-seq derived NF-YA binding motif from JASPAR
database [143]. (B) Frequency distribution of NF-YB peak summits in K562 cells at RefSeq TSSs. (C) Distribution of
positive and negative strand 5-CCAAT-3" and 5-ATTGG-3" sequences at K562 NF-YB-bound RefSeq TSSs. Grey

arrows indicate direction of transcription (from [142]).

The resulting picture of the CCAAT-box is that of a recognition element devoid of any
symmetry axis, very common among promoters (>60% human promoters) and occurring on the
forward or reverse strand with similar frequencies, often within -600 bp from TSS with a peak
centred at -80 bp (Fig 13B-C) [144]. The same bioinformatic investigation showed a negative
correlation between TATA and CCAAT boxes, since the number of double positive promoters is
significantly low considering the number of single positive promoters. Moreover, the CCAAT-box
positively correlates with CpG islands and bidirectional promoters [145], both features that
negatively correlate with canonical TATA-boxes.

Another striking observation is that CCAAT-boxes often occur multiple times within human
promoters [146][141]. Double CCAAT-boxes within a window of 150bp represent a sizable fraction
of the genome-wide NF-Y bound sites (35-40% in HeLa cells and more than 50% in K562 cells),
with a strong prevalence for the same orientation of this pair of DNA motifs [147]. These findings
also revealed a clear preference for few recurrent distances between the two CCAAT-boxes, which
vary depending on their relative orientation and whether considering their occurrence within
promoters or at genome-wide scale (Table 3). These observations fit with detailed functional studies
on multiple-CCAAT cell-cycle promoters, that highlighted the strict requirements for precise spacing

between these regulatory elements to elicit a proper transcriptional response i vivo [148].
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CCAAT Orientation Genomic Promoters

+/+ 19-33-36-43 26-36-47
v/ 29 n.s.
-/+ 13-30 n.s.

Table 3. Preference in double CCAAT-box distances depending on their relative orientation (+ forward; - reverse) at
genomic scale or in promoters (within 1000bp from a RefSeq TSS). The numbers indicate the peak-summit of the
frequency distribution for each category, considering the number of bp that separate two CCAAT pentanucleotides.

n.s. indicates a non-significant distribution (summarized from [147]).

1.5.2 The NF-Y complex is ubiquitous and works as a triad
Differently from the majority of TFs that work as monomers or dimers, NF-Y is a

heterotrimeric TF. The three subunits, namely NF-YA, NF-YB and NF-YC, are all required for
DNA-binding, allowing the NF-Y complex to recognize and avidly bind CCAAT-box sites [149].
Early sequence alignments revealed that each subunit includes an evolutionarily conserved core
domain, positioned at the C-terminal, central and N-terminal regions of NF-YA/YB/YC subunits,
respectively, and named from the yeast homologues HAP2/3/5 (Fig 14).

NF-Y subunits are all encoded by a single copy gene in vertebrate genomes (except some
ray-finned fishes due to genome duplication). NF-YB gene does not undergo alternative splicing,
at least in mammals, giving rise to only one major protein product of 32 kDa. Instead, NF-YC
locus transcriptional regulation shows a much higher complexity, involving both alternative
promoters and alternative splicing, giving rise at least to four distinct NF-YC isoforms [150]. The
second promoter resides in the first intron and the corresponding product has a different 5’UTR
that influences the mRNA stability and its post-transcriptional regulation. Alternative splicing
instead mainly occurs within the 3’-end, within the Q-rich region and involves exons 9 and 11,
giving rise to three main isoforms identified by their molecular weight: 37 kDa, 48 kDa and 50
kDa. Even though all three splicing isoforms are transcribed in a given cell type, with the 37 kDa
being the most abundant, their expression at the protein level is different, with the 37 kDa and 50
kDa isoforms being almost mutually exclusive.

NF-YA gene can give rise to two distinct protein products thanks to alternative splicing of
exon-3, which is included in one isoform while the other one is devoid of it [151]. Exon-3 coding
sequence is localized within the N-terminal Q-rich domain and accounts only for 28 aa. NF-YA
isoform including exon-3 is called NF-YA/ng (NF-YA/, 43 kDa) while the isoform lacking exon-3
is called NF-YAshort (NF-YAs, 41 kDa), being 28 residues shorter. Even though no biochemical
evidence is actually present that accounts for the molecular function of the additional 28 aa encoded

by exon 3, many evidences suggest a well-established divergence between the two isoforms in terms

27



Part I — Introduction

of cell type, differentiation level and developmental stage at which their prevalent expression
occurs. Even though not many cell types exclusively express only one NF-YA isoform, a clear
preference towards NF-YA/or NF-YAs can generally be delineated: at the two extremes fibroblasts

predominantly contain the long isoform, while lymphocytes the short one [149].
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Figure 14. Schematic representation of human NF-YA, NF-YB and NF-YC both at genomic (upper
panel) and protein level (lower panel). Arrows indicate the TSS, black regions are 5’ and 3> UTRs,
main exons undergoing alternative splicing are striped. Grey boxes indicate a-helices included in

core domains of each subunit. Core domains are indicated (HAP). Lengths are not in scale.

NF-YAys today is widely considered as the stemness-related isoform, thanks to several
evidences concerning both adult and embryonic stem cells. Overexpression of NF-YAs in
hematopoietic stem cells (HSCs) led to an increased expression of several HOX genes as well as
other transcription factors notoriously critical for HSCs maintenance. Moreover, retroviral
infection of mouse HSCs with NF-YAs increased their ability to repopulate the bone marrow of
immunocompromised mice [152]. In the embryonic stem cells (ESCs) landscape, NF-Y importance
is suggested by the fact that NF-Y sites are highly enriched at active enhancer regions in ESCs
[153]. Between the two isoforms, NF-YAs predominates in ESCs and has a global role in stemness
maintenance. Indeed, a switch between the short and the long isoform occurs during differentiation
of mouse ESCs. A major proof of NF-YAys involvement in stem cells maintenance came from its
ability to maintain stemness features upon TAT-fusion protein transfection after LIF (leukaemia
inhibitory factor) withdrawal [154]. In particular it has been depicted a strong relationship between
NF-YAsand NANOG, a well characterized stemness TF, with 30-50% of NANOG peaks having
an underlying NF-Y site, and NF-Y binding being a prerequisite for association of NANOG to
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DNA. These findings, together with recent publications (see paragraph 1.5.4), push toward
including NF-Y in the restricted circle of TFs that govern embryonic stemness circuitry.

Although no comprehensive phylogenetic study has yet been done that includes all three
NF-Y subunits and sequences from all major phyla, the NF-Y complex has indeed ancient origins.
Sequence alignments and a consistent mass of experimental evidence demonstrate that clear
homologs of its subunits can be found in all metazoa, plants, fungi and some protists, pointing at
NF-Y occurrence at the basement of the eukaryotic domain. Moreover, NF-YB/NF-YC core
domains show clear homology with prokaryotic archeal histone proteins. The yeast homolog was
independently discovered as a regulator of the UAS region of cytochrome genes, where the three
subunits were named HAP2/3/4 [155]. In plants universe, NF-Y genes underwent an explosive
expansion, with more than ten genes per subunit, giving rise to multiple tissue-specific and
stimulus-specific heterotrimeric combinations [156]. In higher plants NF-Y is involved in embryo
and in root development, response to drought and nutrient scarcity, plant-microbiome interactions
and photoperiodic flowering [157][158][159]. Concerning invertebrates, research on NF-Y is
lagging behind, although well-defined roles in developmental and stress response pathways in
Drosophila and C. elegans are well established [100]. Within mammals, the conservation at protein
level is extreme, with more than 100 UniProtKB entries from other species for each subunit that
share more than 90% sequence identity with the human orthologues. For instance, mouse and
human share an ~80 million years old common ancestor, yet their NF-YA proteins are identical,
except for a single substitution and an additional glutamine residue within the N-terminal domain
in one of the splicing isoforms.

On top of the remarkable evolutionary conservation, NF-Y subunits expression is
ubiquitous in the vast majority of human and mouse cell types, suggesting a basal role in tissues
homeostasis. Indeed, NF-YA knockout mouse is embryonic lethal due to a block of cell
proliferation and induction of apoptosis, thus indicating NF-Y as essential during eatly
developmental stages [161]. Recently, several groups developed murine conditional knockout NF-
YA alleles (Fig 15); this approach definitely confirmed that post-natal tissues count on NF-Y for
their functionality, as evidenced by the subsequent severe abnormalities in all body districts that
have been tested, including liver, forebrain, adipose tissue and bone marrow [162][163][164][165].

On the other hand, key exceptions to NF-Y ubiquity exist. In human monocytes, the
expression of the NF-YA subunit is undetectable at protein level, but it increases to high levels
during maturation to macrophages, along with the expression of MHC-II surface antigens [1606].
A second, well characterized system where variation in NF-Y expression accompanies cell
differentiation is skeletal and cardiac muscle tissue. During the transition from proliferating

myoblasts to differentiated myotubes NF-YA expression is shut down and in adult mouse skeletal
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and cardiac cells the protein is definitely absent [167][168]. These specific systems exemplify the
central role of the NF-YA subunit, which is commonly in charge as the regulatory component of
the trimer, as evidenced in following sections of this thesis.
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Figure 15. Conditional knockout of the NF-YA gene in four different tissues in mice after birth. A conditional NF-
YA allele was designed by inserting loxP sites (white arrows) flaking exon-3 and exon-8; mice with a floxed NF-YA
allele were crossed with transgenic mice expressing Cre-enzyme in specific tissues. This setup allowed tissue specific

NF-YA deletion at post-natal stage, leading to the indicated phenotypes (from [169]).

1.5.3 The structural basis of the NF-Y unique DNA-binding mode
The recent progresses made in the structural field of NF-Y biology provided valuable

advancements both in understanding the fine details of its molecular architecture, and in setting
the bases for new and exciting approaches to study the molecular biology and genetics of this TF.

Since the first characterization of the primary sequence of NF-YB and NF-YC subunits, it
was evident that their core domains share high similarity to histones H2B and H2A, respectively
[170], and that they use these regions to form a tight ‘histone-fold” heterodimer. It was also firmly
established by biochemical assays that the formation of this NF-YB/NF-YC dimer is a prerequisite
for the association of the third subunit, NF-YA, which is devoid of any clear homology with other
known proteins [171]. The development of co-expression techniques [172] led to the first crystal
structure of the human histone-fold (HFD) NF-YB/NF-YC dimer [173]. This confirmed the
histone-like architecture of the dimer and finally set the bases for the subsequent crystallization of
the NF-Y core heterotrimeric complex bound to CCAAT-DNA, both for mammalian [174]and
fungal CBC homolog models [175]. These crystals were derived from the minimal
trimerization/DNA-binding conserved core domains of each subunit in order to maximize
crystallization capability, since the inclusion of the flanking unstructured regions would have

possibly hindered the formation of an ordered crystal lattice. The human heterotrimer was
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complexed with a 25 bp double-stranded DNA oligonucleotide harbouring the CCAAT from the
HSP70 promoter.

The structural homology of the NF-YB/NF-YC HFD with histone-folds of H2B/H2A is
evident from the superimposition of the respective quaternary structures (Fig 16A) and extends to
the additional C-terminal loop-a-helix element (named oC) present in both subunits. The NF-
YB/NF-YC HFD is further stabilized by intra-chain Arg-Asp bidentate salt bridges between loop
2 (L2) and a-helix 3 (¢3) in each subunit. The result is a compact heterodimer stabilised by extensive
hydrophobic interactions between the two HFDs arranged in a “hand-shake” assembly. The upper
region of the HFD exposes an extended basic surface, responsible for non-specific contacts with

the negatively-charged DNA backbone.

A

Gly-loop

Figure 16. (A) Structural superimposition of coil diagtams between NF-YB/NF-YC HFD dimer (PDB ID: 4CSR)
and H2B/H2A dimer (PDB ID: 1AO], chains C and D). (B) Ribbon reptresentation of the NF-Y core heterotrimer in
complex with a 25 bp oligonucleotide from HSP70 promoter CCAAT-box (PDB ID: 4AWL). (C) Electrostatic surface
of HFD NF-YB/NF-YC dimer in complex with NF-YA and DNA as in (B). Red and blue colors indicate negatively
and positively charged regions, respectively. NF-YA minor groove insertion is highlighted. (D) Close-up on the base-
readout mechanism employed by NF-YA to specifically recognize CCAAT nucleotides. The CCAAT nucleotides are
in magenta and complementary strand bases in grey color; hydrogen bonds interactions involving Gly-loop and A2-
helix residues are indicated by dashed lines (from [174][170]).
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The structural hallmark of the NF-Y HFD dimer is a negatively charged groove composed
by NF-YC ol and aC, and NF-YB «2. This unique feature provides a docking site for the third
subunit, NF-YA (Fig 16C). Interestingly, the core HFD of the NF-YB/NF-YC dimer also hatbours
structural elements responsible for the interaction with other specific TFs: «C helices from NF-
YB and NF-YC are responsible for interaction with TBP [177], and NF-YC «C can interact with
the tumour suppressor p53 and with the proto-oncogene c-MYC [178][179].

While NF-YB/NF-YC heterodimer provides a wide positive surface for non-specific DNA
contacts, NF-YA is devoted to CCAAT recognition, thus accounting for DNA-binding specificity
of the trimer. The core-domain of NF-YA subunit is less than 60 amino acids (aa) long and is
located at the C-terminal portion of the protein. It is composed by two a-helices, Al and A2,
separated by a 12/13 aa flexible linker, and few residues following helix A2 (Fig 16B). Al o-helix
docks in the extended acidic groove displayed by the HFD thanks to specific positively charged
side-chains, thus allowing trimerization. Helix A2 and the subsequent Gly-loop motif (Gly-X-Gly-
Gly-Arg-Phe, with X=any residue) impose CCAAT-binding specificity by deeply inserting into the
DNA minor groove. This results in an extreme widening of the minor groove, up to 19 A at the
middle CCAAT adenine (the canonical width for the minor groove in B-form DNA is 11.7 A).
Moreover, the Phe318 side-chain belonging to the Gly-loop is found inserted between the two
consecutive C and A base pairs within the CCAAT, providing stacking interactions and inducing a
positive roll of 48° between the base pait. The concerted actions of NF-YB/NF-YC convex DNA-
binding surface and minor-groove invasion by NF-YA result in a global DNA bending of ~80°, in
accordance with previous circular permutation experiments [180].

The sequence specificity is achieved thanks to Arg and His residues of the A2-helix, that
contact specific functional groups of the CCAAT strand nucleobases, and to the kinked backbone
of the Gly-loop, that positions the two Gly-Gly main chain carbonyl oxygen atoms in hydrogen-
bond contact with the specific exocyclic amino group of the two guanines of the CCAAT
complementary strand (Fig 16D). The register of the sequence specific contacts is stabilized by
several additional NF-YA-mediated interactions with the DNA phosphate backbone.

The resulting NF-Y/DNA complex has a compact aspect, with the bent DNA that
faithfully follows the HFD upper convex surface. Note that, however, both NF-YA and NF-YC
full-length proteins possess long and disordered N- and C-terminal Gln-rich transactivation
domains, respectively. These regions make up a large portion of the full-length complex and they
must be kept in mind when looking at the crystal structure of the “minimum-domain” (DNA
binding) complex of NF-Y. Nevertheless, years of TFs research clearly showed that in general the
DNA-binding and the transcription-effector portions of the protein constitute two distinct and

semi-autonomous functional domains [181], and the picture derived from the X-ray crystallography
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experiments is in remarkable accordance with previous zz vitro and in vivo observations on the full-
length complex.

Besides DNA bending, a striking feature of the complex is the extension of the contacted
DNA, spanning at least 25 bp. There are 41 detected protein-DNA contacts, widely distributed
along the protein-DNA interface, explaining the high-affinity of the complex for CCAAT DNA.
Given the extension of the surface interested by this ‘bimolecular’ interaction, one can speculate
that the binding event is coupled with the release of a significant number of water hydration
molecules and counter-ions from both protein and DNA surfaces, which would provide a strong
entropic driving force for complex formation.

By comparing the NF-Y DNA-binding logo (Fig 13A) with these structural observations it
is evident that the sequence preference outside the CCAAT pentanucleotide cannot be explained by
a simple base-readout model, since there are not direct and specific interactions with the flanking
DNA nucleobases (except NF-YA Arg303, which in the crystal directly contacts the cytosine after
the CCAAT). The most direct explanation would be a shape-readout mechanism, possibly due to
local DNA bendability or slight differences in the DNA electrostatic potential. Indeed, core
histones themselves tend to have a preference for base composition that enhance nucleosome
positioning 7z vitro and zn vivo, still lacking any direct base-readout moiety [182][183].

The combination of HFD non-specific DNA contacts provided by NF-YB/NF-YC dimer
and CCAAT recognition provided by NF-YA subunit might suggest a scouting model in which the
preassembled heterotrimer transiently contacts the DNA backbone through its ‘deviant histone’
HFD component. The complex could proceed by local sliding on the DNA surface, while the
flexible NF-YA A1A2-linker allows the A2-helix residues to constantly search for high-affinity
CCAAT sites, thereby locking the complex in place with the Gly-loop and phenylalanine side chain

insertion. Interestingly, the A2 region is unstructured in the complex prior to DNA binding [175].

1.5.4 The ‘pioneering’ role of NF-Y
The unique DNA-binding strategy adopted by NF-Y might well be related to one of the

recently discovered properties of NF-Y function in the nucleus. Genome-wide mapping of NF-Y
binding sites from the ENCODE project from distinct cell lines revealed that a significant portion
of NF-Y locations fall in repressed chromatin regions or devoid of any positive histone mark [142].

The vast majority of TFs are unable to gain access to repressed or non-modified chromatin
domains, even if high-affinity binding sites are present. Exceptions to this paradigm are the so
called ‘pioneer’ TFs, whose capability to colonize neutral or hostile chromatin environments is of
paramount importance during cell differentiation, cell reprogramming and establishment of altered

transcriptional patterns in cancer cells [184][185], where they have been used as prognostic
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biomarkers. Pioneer TFs are grouped according to their distinctive biological function rather than
their structural homology. The main function of this subclass of TFs is to establish competence
for gene expression, either by promoting the binding of a second, non-pioneer TF through direct
cooperativity or by recruiting chromatin remodelling/modifying complexes which in turn
physically provide DNA access to other TFs. Thus, the binding of a pioneer TF on a repressed

regulatory region precedes, but is not necessarily concomitant with, gene expression.
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Figure 17. Distribution of NF-YB binding sites according to chromatin state in three ENCODE cell lines (from

[147]). Note the consistent fraction of sites located within quiescent or repressed chromatin.

Besides the very first genomic observations, the following studies confirmed the pioneer
nature of NF-Y with different methods and in different systems. First, a new unbiased
computational approach to analyse genome-wide DNasel hypersensitivity data at unprecedented
detail was used [186]. It uses machine-learning methods to predict TFs binding from the shape and
magnitude of DNasel profile and a list of position weight matrices (PWMs) describing the specific
binding motifs of candidate TFs. This method was applied to differentiating mouse embryonic
stem cells (mESCs) and led to the identification of a handful of predicted and validated pioneer
TFs. Among them, NF-YA was identified as a ‘directional-pioneer’, since the open-chromatin state
was asymmetrical and strongly enriched towards the CCAAT downstream region. A second paper
found that NF-Y promotes chromatin accessibility for the key pluripotency factors Oct4 and Sox2
in mESCs, and that binding of these master TFs is dependent on NF-Y, specifically at co-bound
sites [187]. A third, recent study aimed to shed light on how the chromatin accessibility landscape
is established during the zygotic to pre-implantation stage of mouse embryonic development [188].
They found the CCAAT box as the most enriched motif in DNasel hypersensitivity sites (DHSs) at
the 2-cell stage embryo and that NF-YA is one of the TFs responsible for the zygotic genome
activation, that resumes transcriptional activity from the previously inert oocyte and sperm
genomes. Taken together, all these evidences disclosed the pioneering role of NF-Y and

contributed to define it as an essential component of the core pluripotency TFs network.
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The real challenge set by these studies would be to define the molecular mechanism by
which NF-Y would be able to gain access to repressed chromatin DNA. Concerning the few other
examples of TFs studied in their pioneer activity, they all share the capability to recognize their
binding site on nucleosomal DNA [189][190]. All pioneer TFs tested so far likely bind their target
sites on the surface of a nucleosome, to then establish and extend a competent chromatin
environment for other TFs. However, this nucleosome-surface binding model would be hard to
adapt to NF-Y structural features, especially for its extensive DNA contact surface. An appealing
model would assume that NF-Y pioneer activity would rely on its HFD subunits and their natural
homology with H2A/H2B core histone proteins. Indeed, NF-YB/NF-YC dimer has been
reported to interact with histone H3/H4 tetramers during nucleosome assembly 7z vitro and NF-
YA can interact to such preformed NF-YB/NF-YC/(H3/H4), complex and impart CCAAT
specificity [191][192]. These observations led to the intriguing hypothesis of a “hybrid
nucleosome”, where the association of NF-Y heterotrimer with a H3/H4 tetramer would give rise
to a hybrid particle that would recognize CCAAT-box DNA and generate an alternative, sequence-
specific nucleosome, potentially working as a bookmark for regulatory regions [1706]. This

fascinating hypothesis has yet to be thoroughly tested both 7 vitro and in vivo.

1.5.5 NF-Y works as a multifunctional context-specific interactor
How does NF-Y exert his molecular functions? The basic, yet puzzling answer is suggested

by simply looking at current protein binary interactions repositories for NF-Y subunits interacting
partners. For example, we can currently retrieve a total 102 non-redundant interactors for the NF-
Y complex from the BioGRID database. Most of them fall in predictable classes of nuclear
proteins, mainly other TFs, components of the basal transcriptional machinery, transcriptional co-
factors and enzymes, including kinases, methyltransferases, histone-deacetylases, and lysine-
acetyltransferases. It is clear that NF-Y, as the majority of sequence specific TFs, works by
interacting with other proteins, by recruiting or stabilizing them on CCAAT-box DNA. From a
functional point of view NF-Y behaves as an organizer transcription factor. Generally speaking it
can be represented as a promoter architectural protein that works by means of its stunning
versatility in terms of protein-protein interactions and multiplicity of high affinity binding sites
throughout the genome. Therefore, his role as facilitator of other TFs binding is not exclusively
due to its intrinsic capacity of accessing to chromatin, bending DNA and exposing other TFs
recognition sites, but also to its ability of directly interact with many of them.

To list all of the known NF-Y interacting partners found in literature is beyond the purpose

of this thesis, but I will provide few examples to highlight the trend on NF-Y-mediated protein-
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protein interactions and then I will introduce a tightly related and fascinating subtopic, that is the
existence and organization of NF-Y-directed regulatory modules throughout the genome.

The most direct mode of NF-Y-mediated transcriptional activation is the ability to directly
interact and recruit components of the GTFs on promoter DNA, such as TFIID. Specifically, NF-
Y can directly bind TBP and several histone-fold TAFs thanks to NF-YB/NF-YC heterodimert,
thereby priming the promoter for PIC assembly [177][193].

NF-Y DNA-binding cooperativity with other sequence-specific TFs has been widely
demonstrated, starting from the system where it was originally discovered (MHC-II), where it
cooperatively interacts with REFX [194]. Since then, other specific NF-Y cooperative systems have
been studied, such as the long-standing interplay with SP1 [195][196], cooperativity with C/EBPa
[197], direct recruitment of the endoplasmic reticulum stress-activated ATF6 [198] or formation of
a ternary complex with USF on HOXB4 promoter [199].

Strikingly, there are many reports in which a TF is found associated to a DNA region that
lacks its respective canonical RE, but display a CCAAT-box with NF-Y bound to it, suggesting an
cither direct or indirect recruitment of the TF by NF-Y. Some notable examples of this “tethering”
function of NF-Y are the following:

e the tumour suppressor p53 is found bound on several G2/M transition promoters
through multiple NF-Y binding platforms which are indispensable for p53-
mediated transcriptional repression of these genes upon DNA damage [178].

e NF-Y is extensively found colocalized with FOS in several genomic contexts in
absence of its natural partner JUN and its cognate sequence, the AP-1 motif
[142][200].

e JRF3lacks the expected binding motif for the IRF family, instead its most enriched

binding motif upon IFNY stimulation is found to be the CCAAT-box [201].

e the DBD of Sp2 is completely dispensable for its genomic interactions, rather, its
Gln-rich amino-terminal region is sufficient for its recruitment to target promoters
in vivo, where it overlaps with NF-Y sites, possibly via direct tethering [202].
e the cell-type specific SOX9 TF is found co-associated with NF-Y sites in a DBD-
independent fashion onto ubiquitously expressed cell-cycle genes in colorectal
cancer cells [203].
Indeed, the CCAAT-box is found to be the most enriched motif in ChIP-seq peaks for TFs different

from NF-Y [204], suggesting a role of NF-Y as a transcriptional landing platform. A second,

intriguing interpretation of these ChIP-seq peaks on regions devoid of the expected binding motif
could be a 3D chromatin looping effect: a TF bound to its cognate site that is involved in a long-

range interaction by direct or indirect contact with a second TF, bound elsewhere in the genome.
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This scenario could lead to a co-immunoprecipitation of the anchored distal region together with
the one actually bound by the TF. Therefore, to distinguish between simple tethering and tethering-
with-looping, ChIP-seq experiments could be complemented with 3D-chromatin analysis
techniques (e.g. Hi-C or ChIA-PET).

A recent growing line of evidence, coming from genome-wide approaches to study TF
binding-sites distribution, is revealing fascinating transcription factors co-association modules, in
which specific combinations of TFs are found bound together in defined arrangements, with
recurrent distances among their binding sites on DNA [205][201][2006]. This higher order “code-
above-the-code” is at the heart of the combinatorial nature of transcription regulation in higher

eukaryotes, and NF-Y undertakes a central role in this scenario.
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Figure 18. NF-Y co-associates with several TFs. (A) Circos plot (left) depicting motif pairs presenting significant
distance preferences between their sites. Each motif pair is connected by an arch; the thickness of the connection is
proportional to the frequency of the pair. Red connections indicate that the pair is found in multiple datasets. The
right panel represent a heat-map of the distribution of distances between each motif pair, where each row is a motif
pair in a ChIP-seq dataset and each column is the edge-to-edge distance between the two sites. NF-Y is highlighted as
a red box (from [200]). (B) NF-Y co-associated factors with global enrichment. For each factor, the binding motifs
enriched on NF-YB co-bound sites are indicated. The heat-map shows whether the extent of binding overlap with
NF-Y sites for each chromatin region is below (green) or above (red) the expected value. The numbers refer to the
log2 of the ratio observed/expected number of regions (adapted from [147]).

The first genome-wide observation of NF-Y co-association with other TFs came with an
unbiased bioinformatic study based on binding sites mapping from extensive ChIP-seq datasets of

human TFs generated by the ENCODE consortium [206]. NF-Y emerged as widely involved in
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the tethering process of and co-association with other TFs, showing preferential CCAAT orientation
and distance from a nearby site occupied by SP1, PBX3 or USF. This ‘motif stereo-positioning’
between CCAAT-boxes occupied by NF-Y and associated binding sites for other TFs was
confirmed in a second, independent study for the AP-1 motif, TATA-box, E2F element, and MAX
or USF-bound E-boxes [142]. A third study aimed to thoroughly characterize NF-Y “neighbour
TFs” by specifically assessing the presence of CCAAT-boxes and enrichment for NF-YB
underneath the genomic bound loci of 154 human TFs from 380 different ChIP-seq experiments
[207]. From here, 33 factors were found with a significant CCAAT-box enrichment within their
peaks, and were ranked in three groups based on the relative extent of this enrichment. The first
group represents all those factors for which the CCAAT-box was the primary motif that emerged
within their binding sites, including FOS, CHD2, IRF3, RFX5, PBX3, SP1 and Sp2. For some of
them, as already mentioned, their canonical binding motif is absent in presence of NF-Y, suggesting
NF-Y-dependent tethering events. The other two groups include factors for which the CCAAT-box
represents the second-most-enriched motif within their binding sites, either at a global (second
group) or local scale (third group). By analysing the occurrence of preferential spacing between the
respective motifs in the co-bound regions, a series of TFs showing a significant positional-bias was
retrieved (Fig 18). The most striking are E-boxes bound either by MAX or USF1/2 (but not MYC)
and motifs for the zinc-finger protein ZNF143 (the latter found locally enriched in repetitive
regions, see also Fig 19D), that show almost exclusive distance biases from the CCAAT-box of 12
bp and 36 bp, respectively. A second, interesting observation was that for many of the first-group
TFs, namely FOS, IRF3, SP1, SP2, PBX and RFX5, the co-bound sites with NF-Y displayed a
double CCAAT-box configuration, usually with a distance of 24-28 or 35-37 bp between the two
NF-Y sites. This widespread module formed by a platform of two NF-Y sites associated with the
TFs described above can be found in more than 1000 promoters in the cells lines analysed. These
observations were then broadened with chromatin state annotations, on one hand confirming that
most factors co-associate with NF-Y at active TSSs (e.g. FOS, TBP, E2F4), with the exception of
USF1/2 that are found globally enriched also at enhancers [147]. Analogous results were recently
obtained by an independent work that employed a new bioinformatic approach, named regulatory
module discovery (RMD), applied to K562 cells ChIP-seq dataset to capture TF-TF correlation in
a genome-wide scale [208]. Here, the already described NF-Y+FOS association could be further
split into NF-Y+FOS+SP module, enriched at TSSs, and NF-Y+FOS+USF module, enriched at

distal regions.
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1.5.6 NF-Y and the E-box transcription factor USF
As described in the previous paragraph, one of the most striking NF-Y genomic co-

associations is the one with the ubiquitous transcription factor USF (Upstream Stimulating Factor).
Here I provide a closer examination on the biology of USF, specifically concerning the systems
where its relationship with NF-Y was documented, since the interplay between these two TFs is at

the heart of the second project I am involved in (see Part III).
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Figure 19. (A) Ribbon representation of the crystal structure of USF1 dimer (green and blue) bound to E-box DNA
(in magenta), only comprising the bHLH-domain of the protein (PDB ID: 1AN4). (B) E-box sequence logo of the
ChIP-seq derived USF1 binding motif from JASPAR database. (C) Distribution of the relative position between the
E-box and the centred CCAAT-box in regions co-bound by USF1 and NF-Y in K562 cells, for both the forward
(CCAAT) and reverse strands (ATTGG) (from [147]). (D) Circos plot depicting motif pairs presenting significant
distance preferences between their sites as in Fig 18A, but referred to motifs discovered in repetitive regions. NF-Y
and USF1 are boxed in red (adapted from [200]).

USF was first identified in human cells as a TF involved in the control of the adenovirus
major late promoter [209], and later resulted in the isolation of two related genes, USF7 and USF2,
located in human chromosomes 1 and 19, respectively [210][211]. In mammals the two paralog
genes have a similar genomic organization with 10 exons. The USF genes products are
transcription factors belonging to the basic helix-loop-helix leucine-zipper (bHLH-ZIP) family of
TFs, which among others includes also MAX and MYC. All these proteins work as dimers and
share a common C-terminal DBD architecture, composed of a basic helix involved in sequence-
specific DNA contacts, connected through a stabilizing loop to the leucine-zipper helix responsible

for homo- and hetero-dimerization [212][213]. While the USF1 and USF2 bHLH-ZIP domains

share high similarity (70% sequence identity), they are quite divergent in their N-terminal effector
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domains, except for a disordered stretch of ~150 aa immediately upstream of the basic region, the
so-called USF Specific Region (USR). The USR region, encoded by exon 6, has shown to work as
a context specific transcriptional activation domain (TAD) essential for USF-dependent promoter
activity [214]|215], although the mechanism employed is completely unknown.

The symmetrical E-box (CACGTG) is the preferred binding site for USF, as for many other
bHLH-LZ TFs; however, the flanking sequence can affect the binding preference, possibly
specifying the 7z vivo genomic distribution among these related TFs, although the promoter-context
has indeed a major role in allowing binding competence with other TFs nearby. Conversely,
methylation of the CpG site central to the E-box severely impairs DNA-binding [216].

Even before genomic data on TFBSs distribution were available, NF-Y and USF were
shown to co-regulate different promoters by independent groups [217][218][219]. Not surprisingly,
in several examples the two REs (E-box and CCAAT-box) were separated by 10-12 bp, as would be
predicted by the already described genome observations |[142][207][147]. For instance, the
expression of sodium-vitamin C co-transporter 2 (SVCT2) gene driven by its CpG-poor promoter
is dependent on an E-box bound by USF and CCAAT-box bound by NF-Y spaced by 12 bp. It was
demonstrated that the spacing between the two sites is critical to achieve DNA-binding
cooperativity and a synergistic transcriptional activation [220]. Analogous configurations were
found and studied for HOXB4 (10 bp spacing) and HOXB7 (12 bp) promoters [199][221].

A curious observation coming from genomic studies is that USF1 is one of the few TFs
that co-associate with NF-Y in non-modified chromatin regions, in particular at endogenous long
terminal repeats (LTR) [142]. The precise spacing of the two sites could provide the cooperative
binding necessary to access or to cling on to these hostile chromatin environments, perhaps

contributing to the active repression of retrotransposons.

1.5.7 The NF-Y connection with the epigenetic landscape
The list of proteins that have shown direct or indirect association to NF-Y is continuing to

grow, and besides sequence specific and general TFs it comprises co-activators and co-repressors,
including chromatin modifying and remodelling complexes. Among them, we find the histone-
acetyltransferases (HATs) P/CAF, GCNS5, p300 and CBP [222][223][148][224], the histone-
deacetylase HDAC1 [225]]220], the ASH2L subunit of the H3K4 histone-methyltransferase
complex MLL [227] and the kinases JNK (a stress-activated kinase shown to phosphorylate H3510)
and ERK2 [228]|229]; moreover, a tight NF-Y genomic co-association was found with the co-
repressors proteins CoREST, SIN3A, KDM5B, HCFC1 and with the CHD2 nucleosome

remodeller, member of the SNF2-like family of helicase-related enzymes [207].
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Clearly, the association with this wide variety of chromatin modifying factors links NF-Y
to epigenetic regulation of gene expression. A direct or indirect NF-Y connection with local
epigenetic environment has been found in several studies. For instance, one of the earliest histone
marks applied on transcriptional competent promoters, the mono-ubiquitination of Lys120 of
histone H2B (H2BK120ub), is NF-Y-dependent. In particular, NF-YB mono-ubiquitination on
Lys140, structural homolog of H2B Lys120, is required for H2BK120ub deposition on promoter
regions [174]. Other positive histone-marks have shown NF-Y dependency, such as H3K4me3
and H3K79me2 [230] and acetylation of H3K9 and H4 [231]. The picture is complicated by the
fact that NF-Y dependency is not restricted only to transcription-associated histone marks on
active genes, but also to negative ones at repressed genes, as H4K20me3 and H3K27me3 [146].
Effectively, NF-Y is a bifunctional TF that can work as a molecular switch for either positive or
negative histone marks on CCAAT promoters [230)]. In this respect, one of the major challenges
would be to isolate the molecular determinants that lead NF-Y to recruit either co-activators or co-
repressors. Examples of promoters in which the same NF-Y/CCAAT platform sets the stage for a
dynamic duet between co-repressors and co-activators exist in literature, and post-translational
modifications (PTMs) can surely have a role [232]|233][234]. These observations confirm the tight

link between NF-Y and the surrounding chromatinic environment.

1.5.8 Post-translational modifications: additional layer of control on NF-Y activity

The similarities of NF-Y with core-histones in terms of evolution, structure, DNA-binding
mode and relationship with chromatin can be extended also to the variegate post-translational
modifications (PTMs) its subunits undergo. I will give some hints on the few NF-Y PTMs for
which a function is currently known, while in the next paragraph I will focus on the background
concerning the phosphorylation sites that represent the main topic of my project.

Starting from the NF-YC subunit, currently, no dedicated research can be found in
literature that investigates its specific PTMs, except for a paper in which they showed a global
reduction of NF-YC phospho-threonine signal upon y-irradiation in HUVECs [233]. The best
candidate residue would be Thr343, since it is found phosphorylated in proteomic analysis of PTMs,

as indicated in the PhosphoSitePlus® repository (https://www.phosphosite.org). Additionally, few
% P y (Dt phosy y

lysine residues flanking or within the HFD are ubiquitination sites, possibly involved in protein
turnover or signalling.

Concerning the NF-YB subunit, it was shown to be acetylated by p300 and GCN5, a
modification important for transcriptional induction, although the residues involved are still
unknown [235]. Even though two phospho-threonines (Thr2 and Thr112) are retrieved from a

proteomic dataset, the best characterized NF-YB PTM is indeed Lys140 ubiquitination and its
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involvement in priming the deposition of the activating H2BK120ub mark, as already mentioned
in the previous paragraph [174]. An additional modification the NF-YB fungal homolog (HapC)
undergoes is oxidation of three cysteine residues in response to unbalanced redox-potential; the
outcome is the inactivation of the protein through homodimerization and retention in the
cytoplasm. This mechanism has yet to be investigated in higher eukaryotes, even though these
sensor cysteine residues are conserved in human NF-YB [2306].

Confirming its role as the main regulatory subunit, NF-YA is the most heavily modified
component of the trimer. One of the major mechanisms used to control abundance of functional
NF-Y heterotrimer in the cell is the degradation of NF-YA subunit through the polyubiquitin-
proteasome pathway. At least four lysine residues falling within the conserved region of the protein
are sites of polyubiquitination and are responsible for the relatively short half-life of the protein
(~2h) [237]. On the other hand, p300 can acetylate six lysines located in the Al helix and in the
linker region of NF-YA core domain; these modifications prolong the relatively short half-life of
the subunit by a classic mechanism: prevention of polyubiquitination-mediated protein degradation
by the proteasome [237]. This subtle equilibrium driven by the competition between acetylation
and ubiquitination impact on the protein half-life. However, it is not known whether NF-YA
acetylation can alter other properties of the protein, as the interaction with the other subunits or
its transcriptional activity.

The third kind of PTM detected on NF-YA is phosphorylation. At least three sites are well
documented phosphorylation substrates: Tyr266, Ser320 and Ser326, all retrieved in unbiased
phosphoproteomic studies. Tyr266 lies ahead of helix A1, within the conserved HAP2 region, while
Ser320 and Ser326 are positioned within the NF-YA C-terminal tail, just downstream of the CCAAT-
recognition Gly-loop (see Figure 1 in PART II). While no hints on the function of Tyr266
phosphorylation are present in literature, Ser320 and Ser326 were originally shown to be phospho-
serines in a 2003 paper [238]. In the next paragraph I will provide the background underlying the
first characterization of NF-YA as a phospho-protein in the context of cell-cycle regulation, from

which my research project originated.

1.5.9 NF-Y dependent cell-cycle regulation is linked with NF-YA phosphorylation
Otderly progression of the cell cycle is effected through the periodic activation and

inactivation of a series of cyclin-dependent kinases (CDKs). CDK activities can be regulated
through fluctuant accumulation and degradation of their cognate cyclins, their transient nuclear
localization and/or phosphotylation, and their association with different CDK inhibitors (CKIs).
In turn, CDK/cyclin complexes drive cell-cycle progression by phosphotylating key regulatory

proteins with precise timing. It is well established that retinoblastoma (RB) tumour suppressor
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proteins coordinate cell-cycle entry and G1/S transition by inhibiting E2F transcription factors,
hence transcriptional activation of S-phase genes. The CDK4/Cyclin D complex induced upon
mitotic stimuli phosphorylates RB, promoting Cyclin E expression through its E2F-dependent
transcriptional activation, culminating in CDK2 kinase activation (CDK2/Cyclin E complex) and
S-phase progression. CDK2 associates with cyclin A during late S-phase and early G2, while giving
way to CDK1 for cyclin A and cyclin B binding in late G2 and mitosis, respectively. This latter
complex promotes G2/M transition [239].

One of the first insights that suggested the involvement of NF-Y in the regulation of cell
proliferation came from the observation that the levels of its regulatory subunit, NF-YA, were
modulated during the cell cycle, increasing during G1/8, reaching a peak during mid-S phase and
dropping at G2/M transition [240]. Even more suggestive was the significant enrichment of CCAAT
sites within cell-cycle genes regulatory elements [140], many of which have TATA-less promoters.
Moreover, the expression of a dominant-negative NF-YA mutant unable to bind DNA induced a
delayed induction of the S-phase in quiescent fibroblast cells after serum stimulation [241]. Many
important cell-cycle related genes are transcriptionally regulated by NF-Y, such as CDC2,
CDC25C, CCNA2, CCNB1, CCNB2, PLK1, POLA1, E2F1; moreover, and the Gene Ontology
term cel/-cycle is one of the most recurrent among NF-Y target genes [242][243].

Interestingly, it was found that NF-Y is a direct target of CDK2/cyclin A complex, which
is able to phosphorylate two serine residues nearby the DNA-binding domain of NF-YA, namely
Ser320 and Ser326 [238][244]. Supporting this, the global NF-YA phosphorylation was found to be
cell-cycle dependent, peaking at G2/M, and CDK2 was found to be associated with NF-YA both
in vitro and in vivo |238]|245].

To assess the role of this PTM, a phosphorylation-deficient NF-YA mutant was employed,
in which two target serine residues were mutated in alanine (8320A, S326A), named YA-AA. The
overexpression of this mutant form led to the repression of NF-Y cell-cycle target promoters in
luciferase assays, reduction of DNA binding both in electromobility shift assay, using a CCAAT-
probe from CDC2 promoter, and in ChIP, looking at CCNB1 promoter probed with an «-NF-YC
antibody. These deregulations induced by the phosphorylation-defective mutant also led to
abnormal cell-cycle progression, with actual accumulation in G1 and G2/M phases, upon
adenoviral infection of HCT116 cells. This kind of cell-cycle arrest at both G1 and G2/M has been
mainly explained as a consequence of cell-cycle regulatory genes repression due to an impaired NF-
Y binding efficiency on their promoters upon concomitant overexpression of YA-AA [244].

Recently, new evidences suggested an additional layer of complexity to the previously
depicted scenario [245]. NF-Y has been shown to be directly bound by p21 on the PLK1 promoter
(Polo-Like Kinase 1) upon DNA-damage response. PLK1 is S/T kinase that has important roles
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in multiple phases during mitosis, involving centrosome maturation, mitotic entry and anaphase
progression. Its expression has been shown to be suppressed by p53 and/or p21. In unstressed
cells, CDK2 is found associated with the CCAAT-box containing region of PLK1 promoter,
whereas its occupancy falls upon DNA damage, with concomitant recruitment of p21. Both 7 vivo
and 7z vitro evidences demonstrated the interaction between NF-YA and p21 and depletion of NF-
YA suppressed the p53-mediated protection from mitotic death after DNA damage. Notably, this
interchange between CDK2/NF-Y and p21/NF-Y has been found also for a second G2/M critical
gene, CDC25A. This new scenario does not conceive a DNA-binding decrease of NF-Y upon
CDXK2 inactivation by p21; instead an active repression effect is more realistic. In unstressed cells
CDK2/NF-Y complex bound to the proximal CCAAT element functions as an activator,
presumably by recruiting HATSs; upon DNA damage, instead, the activation of p53 leads to
increased p21 levels which cause CDK2 activity inhibition and its replacement with p21, thus
forming a repressive p21/NF-Y complex that actively inhibits gene expression (presumably
through HDACs recruitment).

The role of NF-YA phosphorylation in this model has not yet been studied. One of its
potential roles could be to prevent p21 association to NF-Y and hence transcriptional repression
of target gene, however new biochemical evidences are needed to uncover the hidden roles of this
crucial cell-cycle dependent NF-Y PTM. Indeed, the molecular function of (CDK2-dependent)
NF-YA phosphorylation is still unknown.
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2. AIMS OF THE THESIS

During my PhD, I followed two independent lines of research, unified by a common
theme. The first one refers to my own research project, which began with me, and deals with the
molecular role of NF-YA phosphorylation sites as described in the submitted manuscript in PART
II. The second project instead is about the interplay between NF-Y and E-box transcription factors
on DNA, the bases of which derive from the main topic of the doctoral thesis of Mariangela
Lorenzo [240]. I took the latter project on since my second PhD year, and I contributed to
specifically characterize DNA-binding cooperativity end synergy between NF-Y and the E-box TF
USF1, as described in PART III. Here I will briefly introduce the rationale and the aims of each

project.

2.1 Molecular characterization of NF-YA Ser320 and Ser326 phosphorylation sites

The aim of my project was to characterize the molecular role of two interesting
phosphorylation sites of the NF-YA subunit. As already described in paragraph 1.5.8, NF-YA was
found to be a cell-cycle related phospho-protein in a single dedicated paper in 2003 [238]. Based
on the framework of the latter, few subsequent papers confirmed the importance of NF-YA Ser320
and Ser326 phosphorylation sites in cell-cycle progression, expression of cell-cycle regulatory genes
and G2 checkpoint arrest by p53 [244][247][248].

Two critical questions remained unsolved. First, NF-YA phosphorylation studies were
limited in assessing its effect on cell-cycle related promoters due to the direct link with the cell-
cycle regulator CDK2. However, there is no reason to exclude a wider phosphorylation-dependent
modulation of NF-Y activity beyond target promoters involved in cell-cycle regulation, possibly
even by other upstream kinases. If that is the case, this PTM could impinge on many other NF-Y
regulated cellular processes; if, on the other hand, NF-YA phosphorylation happens in a tightly
regulated and context-dependent fashion, it would provide a potentially new and specific molecular
target to control NF-Y activity in living cells.

Second, the original paper concluded that NF-YA phosphorylation was an activating
modification, which would be necessary for efficient DNA-binding of NF-Y [238]. The use of the
phosphorylation-deficient mutant YA-AA showed an impaired DNA-binding and a correspondent
reduction in expression of few NF-Y target genes; moreover, the overexpression of p21 (an
endogenous CDK2 inhibitor) was again accompanied with a reduced NF-Y DNA-binding as
assessed by EMSA. However, the molecular function of NF-YA phosphorylation remained
controversial, since the two target serine residues are close to the conserved DNA-binding domain
of the protein and the crystal-structure of the trimer bound to the CCAAT-box [174] confirmed
their close relationship with DNA. Consequently, there is no obvious explanation for how the

deposition of a bulky and negatively charged chemical group (phosphate) would be necessary to
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improve NF-Y affinity for DNA. Therefore, we aimed to fill this structure-function gap to
investigate how NF-YA phosphorylation at Ser320 and Ser326 could alter NF-Y function, in

particular its DNA-binding properties.

2.2 Dissecting the interplay between NF-Y and USF1 on DNA

The second project stems from genomic observations linking CCAAT-boxes to E-boxes
throughout the genome, as described in paragraphs 1.5.5 and 1.5.6. In particular, NF-Y co-
associates with USF1/2 and MAX with a recurtrent stereo-specific distance of ~12 bp between E-
box and CCAAT-box [142]. The same is not true for MYC, although it is often found associated
with NF-Y positive promoters. Our laboratory undertook the aim to verify at the molecular scale
the basis of these genome-wide observations. In particular, the interplay between NF-Y and the E-
box TFs MYC, MAX and USF1 was thoroughly analysed through DNA-binding assays using
recombinant proteins, structural studies and ChIP approaches as indicated in the introductory
section of PART III [246|. Three were the core outcomes: (1) NF-Y cooperatively binds DNA
with USF1 at the specific 10-12 bp distance between CCAAT and E-box, but not with MAX or
MYGC; (2) the #n vivo binding of USF1, MAX and MYC was altered for NF-Y positive promoters
upon NF-YB inactivation; (3) the structural resolution of the ternary complex of NF-Y and USF1
on DNA by SAXS revealed that the two proteins interact thanks to the N-terminal intrinsically
disordered portion of USF1, and the interaction surface depends on DNA configuration (10 vs 12
bp spacing). However, neither the low-resolution SAXS model nor the 7z vitro binding assays
provided evidences to unambiguously correlate the USF1 segments responsible for NF-Y
interaction with its known functional domains.

My contribution to the project aimed to (1) assess the transcriptional synergy between the
two TFs on several natural promoters, (2) dissect the USF1 regions involved in DNA-binding
cooperativity with NF-Y in distinct DNA configurations, and (3) set up the conditions to perform
ChIP-seq experiments on USF1 upon NF-Y silencing in distinct cell lines to obtain a genome-wide

view of the interplay between the two TFs on chromatin.

The unifying theme of this thesis is the study of the DNA-binding activity in transcription
factors. Specifically, the common purpose of this work is to offer two independent and innovative
examples on how a transcription factor DNA-binding activity can be directly modulated, either by
a post-translational modification, or by the interaction with a second, stereo-positioned

transcription factor.
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3. MAIN RESULTS
During my PhD, I contributed to the investigation of two basic, yet poorly understood

aspects of the molecular biology of the ubiquitous transcription factors NF-Y and USF1. Here 1
briefly introduce the main results that we could infer from our experiments, reported in detail in
the manuscript in PART II for the first project, and in the form of results report for the second

one in PART III.

3.1 The phosphorylatable Ser320 of NF-YA is involved in DNA-binding of the NF-Y trimer
In the first project, we aimed to characterize the molecular function of NF-YA Ser320 and

Ser326 phosphorylation sites, the effects of which were originally studied in the context of cell-
cycle regulation. Due to the lack of a specific a-phospho-NF-YA antibody, we adopted a site-
specific mutational strategy, thus generating a complete panel of either phosphorylation-deficient
(Ser to Ala) or a phospho-mimicking (Ser to Glu) mutants for both residues. We employed them
to assess the NF-YA phosphorylation state in cells, to perform DNA-binding assays both at
equilibrium and in dissociation kinetics and to evaluate their effects on natural NF-Y target
promoters in reporter assays.
" Ser320 is in direct contact with DNA phosphate backbone: we analysed the published crystal
structure of human NF-Y heterotrimer bound to HSP70 CCAAT-box DNA (PDB ID: 4AWL) to
verify the 3D-space positioning of the main NF-YA phosphorylation sites. Tyr266 lies ahead of
helix A1 and is oriented outwards the complex core, distant from any DNA interacting surface.
Ser320 is positioned just downstream the NF-YA Gly-loop, the protein moiety responsible for
direct sequence recognition, and its hydroxyl group is hydrogen bonded with the phosphate
belonging to the central CCAAT adenine. Ser326 instead, although present in the crystallized
construct, belongs to the disordered C-terminal tail of the protein and is not visible in the model.
Therefore, we focused our study on the two latter residues, which could potentially affect NF-
Y DNA-binding properties directly.
" Ser320-P is the main NF-Y A phospho-isotype in Hel a cells: in order to assess the phosphorylation
state of the protein in asynchronously growing Hela cells we transfected Ser320-Ser326 double
or single Ala mutants of the protein. We analysed cell extracts through Phos-tag™ technology
coupled with immunoblotting. Ser320 resulted to be the only detectable phospho-isotype of the
protein. Moreover, its abundance highly increased in mitotic, nocodazole treated cells, as it is
also evident for the endogenous protein.
" Ser320 kinetically stabilisess NF-Y binding to DNA: as the crystal structure suggested, we
investigated for a direct role for Ser320 or Ser326 in DNA-binding. We exploited electromobility
shift assays (EMSA) with recombinant NF-Y trimers harbouring either the wild-type NF-YA

construct (YA3) or the respective serine mutant panel. The mutations did not alter the overall
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affinity for the CCAAT-containing HSP70 probe. Interestingly, Ser320 Ala and Glu mutants
induced a respectively moderate and drastic reduction in the stability of NF-Y/DNA complex
over time, as evidenced by competition off-rate assays. Analogous results were obtained using
HelLa nuclear extracts expressing full-length versions of the wild-type and Ser mutants NF-YA.
These results demonstrate an unprecedented DNA-binding kinetic role for Ser320 (but not
Ser326) in the stabilization of the DNA-bound trimer, and suggest a phosphorylation-dependent
mechanism to evict NF-Y from its site. Importantly, we demonstrated that Ser320Ala is not a
neutral mutation for protein function as previously assumed.

" Ser320 mutants impair NF-Y dependent transcriptional activation: in order to evaluate potential
transcriptional effects driven by NF-YA Ser320 or Ser326 phosphorylation mutants, we set up
luciferase reporter assays using two well established NF-Y natural promoters (RHOB and
MDR1). In all cases, Ser320 mutants, but not Ser326, significantly reduced NF-Y dependent
transactivation of the reporter promoter, with Glu phospho-mimicking mutant being more
severe than the Ala-mutant. This result fits with our DNA-binding experiments, suggesting that
a phosphorylation-dependent reduced DNA-binding stability can be translated in hampered
promoter activation.

" Ewvolutionary conservation of Ser320 in metagoa: we performed multiple sequence alighments
using the C-terminal portion of NF-YA human protein to explore the conservation level of
Ser320 and Ser326 sites among other known orthologues. We found that Ser320 belongs to the
evolutionary conserved core of the protein, since it is conserved in nearly all metazoa. Ser326

instead is part of a C-terminal amino acid block conserved throughout all vertebrate amniotes.

3.2 USF1 cooperativity with NF-Y is mediated by the USR domain
The second project deals with the interplay between NF-Y and E-box TFs, in particular I

contributed to the detailed study of the heterotypic cooperativity between NF-Y and USF1 on

distinct DNA configurations (see PART III for detailed data), obtaining the following results.
" USFE71 USR domain is necessary and sufficient for cooperative binding with NF-Y: preliminary SAXS
structural data gathered in our laboratory show that DNA-binding cooperativity between NF-
Y and USF1 involves a large, yet not defined portion of USF1 N-terminal region. In order to
restrict the USF1 portion responsible for this activity, we designed USF1 constructs with
progressive N-terminal deletions and we expressed them as recombinant proteins. We then
assayed cooperativity with NF-Y for each deletion construct through competition off-rate
EMSASs using probes with different E-box/CCAAT-box spacing. In all cases, the presence of a

complete USR domain in the USF1 construct was sufficient to promote full DNA-binding
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cooperativity. Instead, the construct devoid of the entire USR domain lost any cooperative
behaviour with NF-Y, irrespectively of the DNA configuration.

" USR portions responsible for cooperativity vary depending on DNA configuration: the use of an
intermediate-deletion USF1 construct, which lacks half of the USR domain, revealed a markedly
different behaviour depending on the DNA configuration used. In particular this construct
maintained partial cooperativity only on the 12 bp-spacing DNA configuration (LTR and
HOXB7), but it was completely lost in the 10 bp-spacing configuration (HOXB4), a clear sign
of independent binding of the two proteins. This result validates the structural SAXS models,
in which the two DNA configurations (12 bp vs 10 bp) entail different conformations of the
USF1 N-terminal regions, suggesting distinct portions of the USR domain responsible for
interaction with NF-Y.

" NF-Y and USFT synergise in several natural promoters with different configurations: in order to test
whether DNA-binding cooperativity could be coupled with transcriptional synergy between
NF-Y and USF1 on natural promoters we used four distinct human promoters with either 10
bp or 12 bp spacing between E-box and CCAAT-box in luciferase-reporter assays. The extent of
activation provided by single TFs clearly varied among the promoter tested. The co-transfection
with the two TFs gave clear higher-than-additive synergistic activation for HOXB7 promoter
(12 bp). For the remaining promoters, the degree of synergy was lower, indicating a strong

context-dependent outcome from the interplay between NF-Y and USF1.
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4. DISCUSSION AND FUTURE PERSPECTIVES

This thesis aimed to uncover novel molecular aspects of the biology of the two ubiquitous
human TFs NF-Y and USF1. Both projects involved a direct characterization of the DNA-binding
properties of these proteins, either in function of a PTM or a cooperative interaction. Both kinds
of regulation are central to the function of many other known TFs and are dictated either by an
upstream stimulus resulting in the activation of a specific TF-targeting kinase, or by the precise
spacing of two adjacent REs for cognate TTFs, prompting their local physical interaction.

Here I will discuss the key results obtained from each project, and I will comment on the
specific points I find more relevant, also providing some conjectures to stimulate further studies.
Please refer to PART II and PART III for the actual results reported for the first and second

project, respectively.

4.1 Phosphorylation as a direct switch for NF-Y mobility on DNA
Compared to other aspects of the molecular biology of the TF NF-Y, dedicated studies on

the specific repertoire of PTMs its subunits undergo are sparse. Filling this gap is not trivial, but it
would provide invaluable hints on how the activity of a ubiquitous and pioneer TF that targets a
vast portion of human genes can be specifically modulated.

This study contributed to clarify the molecular role of NF-YA Ser320 phosphorylation,
providing evidence that this modification could impact on DNA-binding and hence transcriptional
activity of the NF-Y heterotrimer. Ser320 side-chain directly interacts with DNA backbone as
shown in the crystal structure of the complex; clearly, a phosphorylation at this position would
disrupt this positive interaction, providing a net repulsive force against the DNA-phosphate
backbone. Still, our results suggest that NF-YA phosphorylation on Ser320 would not evidently
reduce the affinity of the NF-Y complex for DNA, as evidenced by our DNA-binding assays
performed at equilibrium. Indeed, the Ser320-dependent interaction with DNA is localized at the
extreme edge of the DNA-binding domain of the protein, representing the last contact NF-YA
makes with DNA; therefore, its ablation is not predicted to alter the overall number of the core
direct protein/DNA contacts (at least 41 for the entire trimeric complex). The result would be the
loss of a single, external hydrogen bond, maintaining the overall thermodynamic properties of the
complex (i.e. affinity) largely unaltered.

Instead, our results point at a drastic kinetic effect of Ser320 phosphorylation (mimicked
here by our YA-ES mutant): this modification strongly decreases the stability, hence residence time,
of the complex on DNA, uncovering a crucial stabilizing role for Ser320-mediated interaction with
DNA. This latter point is confirmed by the milder, but rather significant effects of Ser320Ala

substitution, both in impairing DNA-binding stability and transcriptional activation of target
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promoters. Our observations can also explain the transcriptional ‘dominant-negative’ behaviour of
the YA-AA mutant already described in the original paper, where it was interpreted as the effect
of a merely phosphorylation-deficient mutant. Indeed, our data demonstrate that Ser320Ala is not
a ‘neutral’ mutation, but rather it can strongly affect the behaviour of the protein, both iz vitro and

in transcriptional assays in living cells.
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Figure 20. Schematic graphical abstract of the model by which NF-YA phospho-Ser320 might
influence the DNA-binding dynamics of the NF-Y heterotrimer. Cycling arrows represent the
ON/OFF dynamics on DNA; their thickness is proportional to the exchange kinetic rates.

In our model, NF-YA Ser320 phosphorylation would reduce the residence time of the
protein on DNA (Fig 20). This could either be simply caused by the concerted ablation of a
stabilizing interaction and application of a local repulsive force given by the bulky and negatively
charged phosphate, or by a more complex reorganization of the C-terminal tail of the protein upon
phosphorylation. This region of the protein is predicted to be intrinsically unstructured, as also
evidenced by the lack of detectable electron density from NF-YA C-terminus in the
crystallographic model of the NF-Y complex. Moreover, during my first PhD year I purified and
isolated a novel NF-Y heterotrimer bound to DNA which harboured the YA3-wt construct (aa
239-347) employed in this study, which includes the complete C-terminus of the protein. We
crystallized the complex and subjected it to X-ray diffraction in collaboration with Prof. M. Nardini.
Although some refinement statistics we obtained were not fitting the required standards for
publication, we could assess that for the new model no interpretable electron density could be
retrieved after Ser326. These observations confirm the disordered nature of NF-YA C-terminal tail.
Therefore, we cannot exclude that this region could undergo a phosphorylation-directed folding,

as demonstrated for other proteins [249].
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The effects of our NF-YA phospho-mutants in reporter assays with NF-Y target promoters
can be interpreted in the light of the 7z vitro DNA-binding experiments. The reduced DNA-binding
stability of the NF-YA Ser320 phospho-mimicking mutant complex would undetlie higher on/off
(association/dissociation) rates on target promoter. The higher DNA on/off rates for TFs have
already been associated with reduced mRNA synthesis from the target gene in literature [135][250].
According to the probabilistic nature of transcription initiation (paragraph 1.4.3), TFs residence
time on DNA would affect the probability to build a productive transcriptional event. In other
terms, the less time a TF spends bound on DNA, the lower is the probability it would be able to
stochastically recruit other factors on target promoter. The importance of TFs mobility on
chromatin for gene activity is exemplified by the recent example of Sox2 in mouse 4-cell stage
embryos [251]: cell-specific differences in terms of Sox2 long- or short-lived binding to DNA can
predict the tendency of each cell to contribute to the inner-cell mass in the developing embryo.
Currently, only few reports exist in which variations in site exchange rates are directly linked to a
PTM of the TF. Namely, the phosphorylation of Serum Response Factor (SRF) as described in a
paper in 1992 [252], and the acetylation of p53, as shown in a paper this year using live-cell single-
molecule microscopy [253]. Still, the mechanism by which these modifications altered protein
binding kinetics are obscure.

What would be the effects of increasing NF-Y mobility on DNA? At a single promoter
level, this would promote the disruption of NF-Y-dependent promoter architecture by reducing
the probability of productive interactions with nearby TFs. Due to the bivalent nature of NF-Y,
the outcome in terms of transcriptional output would be promoter- and context-dependent. The
local association of NF-Y with a specific kinase partner could trigger its release from DNA via
Ser320 phosphorylation. However, no straightforward explanation for promoter-specificity can be
found, since it might involve local chromatin state, other PTMs or the interaction with other
specific TFs. At a global scale, reversible eviction of NF-Y from its bound state could promote
availability of the free complex to bind elsewhere in the genome or recycling of the NF-Y-
associated factors. This could be particularly important upon certain cellular stimuli to speed up
the transcriptional reorganization of the genome. In the same perspective, the NF-YA
phosphorylated form could effectively lower the target site search-time throughout the genome by
increasing the association rates on DNA: although our data do not provide any direct evidence for
this scenario, we can speculate that, given the higher off-rate (&) for Ser320 phospho-mimicking
mutant, the respective on-rate (£,,) is also expected to be proportionally higher in order to maintain
unaltered the affinity for DNA (Kp=£,,/4,,). Since the on-rates for NF-Y ate too fast to be
measured by EMSA, other methods should be employed to ascertain this hypothesis. For instance,

in vivo fluorescence imaging techniques (e.g. FRAP or single molecule tracking) have never been
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applied to NF-Y and would indeed give interesting perspectives on its behaviour in the nucleus.
An appealing hypothesis stems from an observation coming from previous cell-cycle studies [238]
and confirmed in our experimental setup, the fact that NF-YA phosphorylation is regulated
throughout the cell-cycle, peaking at G2/M. Therefore, the potential function of Ser320
phosphorylation could be the eviction of a sizable fraction of NF-Y occupied sites to promote
metaphase chromatin condensation during mitosis. Indeed, most sequence-specific TFs are
displaced from DNA during mitotic chromosome formation, and NF-Y might follow this principle
too [254]. Interestingly, NF-Y has been reported to be a gene-specific mitotic ‘bookmarking’ factor
in the distal enhancer of the DRA MHC class II gene by recruiting on chromatin the PP2A
phosphatase [255]. In this scenario the local association with a phosphatase might specifically
prevent NF-Y displacement during mitosis.

Concerning Ser326, it seems to diverge in terms of position, function and conservation
compared to Ser320. In our experiments we did not detect NF-YA Ser326 phospho-isotype; in
accordance to this observation, both Ser326 phosphorylation-deficient and phospho-mimicking
mutants were undistinguishable from the wild-type protein in NF-Y dependent reporter gene
activation. This might also imply that phospho-Ser326 function requires the presence of a second,
unknown effector element, such as a specific protein interactor. Also, it is not a constitutive
phosphorylation site, at least in the cellular system we used, suggesting the requirement for a
specific cellular signal. Indeed, among the published phospho-proteomic studies that retrieved
Ser326 phospho-peptides (currently 27 distinct studies, including human, mouse and rat model
systems), many of them provide specific treatments with inhibitors, hormones, cellular stress or
DNA damage. Thereby a thorough analysis of the existing datasets would provide the basement
to investigate the role of this phosphorylation site.

As stated in the discussion of the attached manuscript, multiple sequence alignhment
revealed an astonishing conservation of NF-YA C-terminus among amniotes (reptiles, mammals
and birds), including Ser32¢. Interestingly, some amphibians, many fishes, non-vertebrate chordates
and echinoderms display an acidic residue (Glu or Asp) at that position, possibly suggesting an
evolution from a constitutive acidic side chain to an acquired conditional acidic phospho-serine.
Instead, Ser320 origin is definitely at the basement of metazoa, with few acquired substitutions in
some invertebrate species, not surprisingly never presenting an acidic residue at this position. In
radial symmetry animals, fungi and some protozoa a threonine (Thr) occupies the very same

position, which may well represent the ancestor of the modern serine in metazoa lineage.
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4.2 USF1 cooperativity with NF-Y is mediated by the transactivation USR domain
The second topic of this thesis is directly linked to the recent findings of NF-Y directed

regulatory modules throughout the genome (discussed in section 1.5.5). Among them, the genomic
co-association with USF1/2 is pervasive and occurs with a strikingly defined and stereospecific
distance between the E-box and CCAAT-box.

Our laboratory aimed to characterize at the molecular level the potential direct interplay
between NF-Y, USF1 and other two E-box TFs, MYC and MAX |246|. While the latter two TFs
did not show any enhanced DNA-binding with NF-Y 7 vitro, USF1 cooperatively interacts with
NF-Y, forming a highly stable ternary complex on DNA with E-box and CCAAT-box spacing of
10-12 bp. Indeed, formation of the ternary complex was essentially DNA-directed, since the
insertion of additional 5 bp between the two elements completely abolished cooperativity.

A second key-point of this study was the determination of the low-resolution structures of
ternary complexes between the core NF-Y heterotrimer and USF-short on two distinct DNA
configurations (LTR and HOXB4). Notably, the direct interaction between the two proteins
involved an extended, yet not defined portion of USF1 dimer N-termini, that takes hold on the
nearby NF-Y core.

I contributed to define which portions of USF1 N-terminus were mediating this DNA-
directed protein-protein interaction responsible for enhanced DNA binding. We found that the
intrinsically disordered USF Specific Region (USR) is necessary and sufficient for full cooperativity
with NF-Y. This region was already described as a ‘context-specific’ transactivation domain (TAD)
[214][215]. Its integrity was mandatory for USF-dependent transcriptional activation, since its
presence was necessary also for the function of exon-5 activation domain. Differently from other
activation domains, the USR did not exert its function when fused to the GAL4 DBD, suggesting
the need for native surrounding protein domains. Moreover, a correlation with the underlying
promoter architecture was described, showing that USR function is dependent on the presence of
Inr core-promoter element. It was then shown that USF1 cooperatively interacts with a Inr-binding
protein named TFII-1 [256](257].

We could extend this ‘context-specific’ feature of the USR also to its structure. Indeed this
region is predicted to be intrinsically disordered as shown in Fig 21, similarly to the majority of
effector domains in TFs. It is not surprising that TFs are one of the most enriched classes of
proteins possessing intrinsically disordered (ID) regions |[258], since the latter are characterized by
the peculiar combination of high specificity and low affinity for their interactive partners. Both
these properties are exploited by TFs to mediate transient protein-protein interactions with
multiple binding partners while maintaining high specificity. This allows TFs to behave as

multifunctional molecules while limiting non-functional binding events or deleterious aggregation.
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As a matter of fact, ID regions can undergo a disorder-to-order transition upon binding to their
specific cognate interactor. This process has been shown for several proteins, including TFs such
as CREB, HIFa or p53 in complex with different co-activators [259][260][201]. These
crystallographic studies employed short peptides derived from the ID activation domains of the
respective TF, since the crystallization step poses criticality when dealing with transient interactions
involving large disordered proteins. On the contrary, the SAXS structural data on USF1 and NF-
Y complexed on DNA provide the first look at a transcriptional activation domain - the USR -
involved in a specific protein-protein interaction, at the cost of atomic resolution. With regard to
this fascinating point, future aims will be the isolation of ternary complexes harbouring full-length
subunits both for USF1 and NF-Y, suited to be subjected to single-particle Cryo-EM. This
promising approach could lead to the visualization of complexes at an unprecedented high
resolution, possibly defining details on the specific protein interfaces involved in the interaction

mediated by the USR.
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Figure 21. Disorder propensity plot for USF1 generated by GlobPlot v2.3 [262]. Under the plot the organization
in domains of USF1 is represented schematically. The downbhill regions (in green) represent putative globular
domains, while the uphill regions (in blue) are predicted to be disordered. The yellow box highlights low-complexity
regions. The well-structured HLH portion of the protein is marked by the dashed pattern.

A second, important observation is that our EMSA-based experimental setup is in
accordance to the structural model, pointing at a differential conformation adopted by the USR as
a function of the underlying DNA configuration of the binding sites. The relative ~70° rotation
of the two proteins along the DNA axis, induced by the two bp difference between the 10 and 12
bp spacing, has indeed a major influence on the USR portions mediating the interaction with NF-
Y. A key aspect of the USF1/NF-Y interaction is imposed by the intrinsic asymmetry of the NF-

Y heterotrimer. Consequently, each USF1 monomer will interact with distinct portions of the NF-
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Y core domains, potentially with markedly different binding affinities dependent on the specific
surfaces involved. Therefore, one of the two USF1 monomers might provide the bulk of binding
free energy, while the contribution given by the other monomer might be secondary. Moreover,
the conformational change USR domains undergo on the 12 bp configuration might be optimal to
provide the best register for the binding with NF-Y. The combination of asymmetric interactions
and distinct USR portions involved might be at the basis of the difference in DNA-binding
cooperativity observed on the 10 bp- versus 12 bp-spacing probes.

A fascinating question that stems from these 7z vitro data would be whether the different
binding modes adopted by USF1 on the two distinct DNA configurations might impart distinct
functional properties to the complex. Concerning this point, our attempts to evaluate
transcriptional interactions between the two TFs on natural promoters did not highlight marked
differences between the 10 and 12 bp spacing configurations. HOXB7 promoter (12 bp) showed
a sharp transcriptional synergy between NF-Y and USFI1, since its activation was completely
dependent on the co-transfection of both TFs. The other promoters promptly responded to the
overexpression of either NF-Y or USF1, with varying extents, although in all cases the co-
transfection of both TFs substantially increased promoter output. For HOXB4 promoter it was
shown that the precise spacing between E-box and CCAAT-box was crucial for proper gene activity
and that NF-Y and USF1/2 positively synergise, similatly to our results [199]. We could extend
this observation to other three important tissue-specific and developmentally regulated promoters,
namely HOXC4, HOXC9 and HOXB7.

Clearly, natural promoters are complex objects, and their behaviour is influenced by a
multitude of distinct REs and corresponding TFs. To potentially obtain a statistically significant
view on the functional interplay between NF-Y and USF1 a wider (genomic) approach would be
beneficial. In this regard, we are focusing our intentions to functionally correlate the USF1 genome-
wide occupancy to NF-Y sites. As already described in [246] NF-YB silencing induced local DNA-
binding rearrangements for the tested E-box TFs. I am currently working on the experimental
setup to efficiently silence NF-YA or NF-YB transcripts on different cell-lines, including the
establishment of an inducible short-hairpin RNA (shRNA) system for large-scale silencing. This

would allow to perform ChIP-seq experiments to extend our observations to a genome-wide scale.

56



Part I — Submitted Manuscript

PART II

SUBMITTED MANUSCRIPT

Manuscript submitted to Oncotarget as Research Paper on the 6™ September 2017.

The phosphorylatable Ser320 of NF-YA is involved in DNA-binding of the NF-Y trimer

Andrea Bernardini, Mariangela Lorenzo, Valentina Nardone, Marco Nardini, Roberto Mantovani

and Nerina Gnesutta*

Dipartimento di Bioscienze, Universita degli Studi di Milano, Via Celoria 26, 20133 Milano, Italy

* To whom correspondence should be addressed:
Nerina Gnesutta, PhD

Dipartimento di Bioscienze

Universita degli Studi di Milano

Via Celoria 26, 20133 Milano, Italy
nerina.gnesutta@unimi.it

Tel + 39 02 5031 4917

Fax + 39 02 5031 4925

Total No. of Figures and Tables: 6 main text figures; 3 supplemental data figures.

57



Part I — Submitted Manuscript

ABSTRACT
NF-Y is a trimeric transcription factor binding to the functionally important CCAAT-box,

present in promoters of growth-promoting and cell cycle-regulated genes. The regulatory NF-YA
subunit confers sequence-specificity to the NF-YB/NF-YC dimer. It harbors two Serines -Ser320
and Ser326- shown to be phosphorylated by CDK2. High-throughput proteomics data indicate that
they are phosphorylated 7z wivo. Specifically, Ser320 makes structural contacts with the DNA
phosphate backbone; Ser320-P is the major NF-YA phosphorylation isoform following
overexpression in cells, increasing upon mitotic arrest. EMSAs with recombinant Ala and Glu
mutants confirm a role of Ser320, but not Ser326, in stabilization of DNA-binding. Transactivation
assays of the CCAAT-dependent MDR1 and RHOB promoters show loss in transcription function
for Ser320Glu and Ser320Ala NF-YA mutants. Phylogenetic analysis of NF-YA proteins indicates
that Ser320 is indeed evolutionarily conserved. We conclude that this residue belongs to the core
mechanisms of DNA-binding control, possibly driven by the necessity to unfasten binding of, or

to evict NF-Y from CCAAT sites under specific conditions of growth regulation.

KEYWORDS
Transcription Factor; DNA-protein interactions; Histone-Fold-Domain; Post-Translational-Modification;

Phosphorylation
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INTRODUCTION

The transcriptome of each living cell is ultimately determined by sequence-specific binding
of transcription factors (TFs) to DNA elements within regulatory regions of genomes. Neoplastic
transformation entails profound changes in gene expression patterns, and it has long been known
that driving events are often started by oncogenic TFs, in their “altered” version, either because
of overexpression, mutation or fusion with unrelated proteins. NF-Y is a TF that binds to the
CCAAT element [1]. It is a heterotrimer composed of NF-YA, NF-YB and NF-YC subunits [2].
NF-YB/NF-YC have a Histone Fold Domain (HFD) related to core histones H2A /H2B [3]. NF-
YA has an o-helical domain consisting of helices Al and A2 involved in NF-YB/NF-YC
association and sequence-specific DNA binding, respectively. DNA-binding of the trimer is
exerted through contacting backbone phosphates by the HFD subunits and CCAAT nucleotides
by NF-YA residues. Mechanistically, different types of results suggest that NF-Y plays a “pioneer”
role in transcriptional activation [4-7]. Apparently, its subunits are not vastly overexpressed in
cancer cells, nor are they frequently mutated or fused to other proteins, as it is often the case for
oncogenic TFs. Yet, a recently growing body of evidence links NF-Y to cellular transformation
[8]. At least four lines of experiments converge on this idea.

First, the target CCAAT box is enriched in “cancer” genes. The analysis of RNA profiling
in different types of tumor cells versus their normal tissue counterparts identified signature genes
whose expression is increased in cancer samples: promoters of these genes are analyzed and many
times the CCAAT box is found statistically enriched, often with E2F sites, including by de novo
motif discovery in large Oncomine cancer datasets (Reviewed in [2]; see also [9-15]). In some
cases, overexpression of NF-Y subunits has been found as prognostic of patients survival [16,
17]. Particularly explicative GO categories of genes enriched in the NF-Y regulome are ce/-cycle
and metabolism genes [4]. It has long been known that NF-Y targets the majority of cell-cycle
regulated genes, and, in particular, neatly all G2/M genes. Such genes are nototiously common
hallmarks of cancer progression [18]. As for metabolic genes, NF-Y activates specifically genes of
the glycolytic pathway, fueling the anaerobic energy production typical of cancer cells, of lipid
anabolism, of SOG -Serine, One carbon, Glycine- and glutamine metabolisms and nucleotide
biosynthesis [19]. In all such pathways, NF-Y is crucial in activation of rate-limiting genes, whose
expression is frequently altered in cancer cells, and often bona fide “driver” oncogenes.

Second, independent reports recently pointed to NF-YB and NF-YC are “driver”
oncogenes for specific cancers: (i) NF-YB is among a handful TFs driving Diffuse Large B-cell
Lymphoma (DLBCL), the aggtessive evolution of follicular lymphomas [20]; (ii) Mouse/human
genomic screenings of Choroid Plexus Carcinomas identified the synthenic NF-YC, TAF12 and
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RAD54L genes, with the formers having the greatest impact as drivers of tumor development
21].

Third, overexpression of NF-YA has been associated to increased proliferation and/or
aggressiveness of cancer cells [22-24]. Finally, identification of genomic targets of oncoproteins
showed a predominance of CCAAT in the peaks: PRAME, an E3-ligase originally identified as
enriched in metastasis, the cell-cycle promoting FoxM1, PBX/Prep, SOX9, a powerful oncogene
in colorectal cancer [25-29], and two members of the MAP kinase family, JNKs, a stress-responsive
branch, and ERK2 [30, 31]. This indicates that NF-Y sites might be part of a landing platform for
such oncogenes, a model originally suggested as a mechanism driving transcriptional activation of

mutant p53 [8].

Compared to the knowledge available on the structure, genomic locations, TFs
partnerships and functions of NF-Y, much less is known on the post-translational modifications -
PTMs- its subunits undergo, and on their effects on the basic functions of the trimer. Specifically,
NF-YA was shown to be phosphorylated [32,33]; two serines -Ser320 and Ser326- lying outside of
the evolutionarily conserved domain (also termed HAP2 domain) are targeted by CDK2, serving
an important function in cell-cycle progression [32,34]. The presence of a Ser-Pro motif in the NF-
YA CDK2 targeted residues supports this. Overexpression of a Ser-Ala double mutant -YA-AA -
behaved as dominant negative on cdc2 promoter activity, and blocked cell-cycle progression of
HCT116 cells in G1 and G2. This result suggested that Ser320 and/or Ser326 are CDK2 targets of
paramount importance for cell-cycle progression. However, the role of phosphorylation in NF-YA
regulation is not well understood: lack of phosphorylation in the alanine mutants was proposed to
entail decreased DNA-binding by the NF-Y trimer and inactivation of the cdc2 promoter [32], but
recombinant, full length NF-YA proteins produced in E. e/, hence presumably not
phosphorylated, and deletion mutants lacking these serines are proficient in DNA-binding [35-39].
Furthermore, from the 3D crystallographic analysis of the trimer, it was not obvious to discern
why phosphorylation would impact positively on DNA-binding [40].

We thus decided to study the functional roles of Ser320 and Ser326 modifications by z vitro
(EMSAs with recombinant proteins) and 7 wivo (transient transfections in mammalian cells)

approaches.
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RESULTS

Position of phosphorylated residues in the NF-Y/CCAAT quaternary structure.
It has been shown that NF-YA is phosphorylated by CDK2 7 vivo [32]. Several datasets of

phosphorylated mammalian proteins derived from high-throughput phosphoproteomics studies

are available, organized by the PhosphoSitePlus (PSP) repository (http://www.phosphosite.otg;

[41]). We searched this resource for phosphorylations of NF-YA: three sites indeed emerged in
mammals: Ser320-P (3 curated datasets [42, 43] and [44]), Ser326-P (26 datasets), and Tyr266-P
(>100 datasets) (Fig. 1A). A fourth site -Ser302-P- is also annotated in PSP, but considering that the
corresponding phospho-peptide was retrieved in a single tumor sample of the original curated
dataset [44], we decided not to focus on this residue. Thus, the PSP repository datasets confirm
that Ser320 and Ser326 are phosphorylated 77 vivo.

Note that two NF-YA splice variants exist in mammals [2], with 28-29 amino acid
difference in length: Ser320 and 326 correspond to residues 291 and 297 of the short isoform (NF-
YAs); in this paper, to conform with PSP annotation of the phosphorylated residues, we will use
the long isoform numbering (Fig. 1A).

The crystal structure of the mammalian NF-Y/DNA complex (PDB-code: 4AWL) [40]
shows that residues following the GxGGRF motif, at the C-terminus of NF-YA, have an extended
conformation up to Lys322 (Lys293 in 4AWL and NF-YAs numbering) (Fig. 1A and 1B).
Consequently, Ser320 is visible in the electron density map, while Ser326 is not, being part of a
disordered C-terminal region of the crystallized protein. Ser320 is positioned in close proximity to
the DNA chain, with its side-chain hydroxyl group hydrogen bonded to the phosphate group of
the first CCAAT adenine A, (Fig. 1B). Therefore, the position of Ser320 within the NF-Y/DNA
complex suggests that its phosphorylation could cause a direct impairment in the ability of NF-YA
to bind the CCAAT box, because of the consequent charge repulsion at the protein-DNA interface.
On the other hand, Tyr266 (Tyr237 in 4AWL) lies within the evolutionarily conserved HAP2 part
(Fig. 1A), just ahead of helix Al, responsible for HFD interactions. However, this residue points
outwards the NF-Y trimerization surface, and it is far from the DNA-contacting region (Fig. 1B);
thus, its modification is not predicted to alter or affect directly either trimerization or DNA-
binding. Indeed, a triple mutant (Pro-Leu-Tyr to Ala-Ala-Ala) was reported to associate the NF-
YB/NF-YC HFD dimer and bind DNA normally [36], and a double mutant including the
corresponding Tyr162 in yeast HAP2 -Tyr162Cys/Tyr168Asp -, had negligible effects on subunits
interaction and DNA-binding [45].
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Analysis of Ser320 and Ser326 phosphorylation in vivo.
To further verify phosphorylation of Ser320 and Ser326 zn vivo, we overexpressed wt NF-

YA in Hela cells, together with a mutant in which both serine residues were mutated to alanine
(NF-YA-AA), in the short isoform configuration: the proteins from nuclear extracts were separated
by SDS-electrophoresis on a polyacrylamide gel added of Phos-tag"™ -to detect phosphorylated
proteins by mobility shift (see Methods section) - and overexpression monitored by Western Blot
analysis. Fig. 2A shows that, while slower migrating bands are visible in both samples, in addition
to the overexpressed NF-YAs, the most prominent retarded protein in the wt sample is absent in
the NF-YA-AA mutant, indeed indicating that phosphorylation of NF-YA occurs on either (or
both) Ser residue(s). To ascertain which of the two serines is predominantly phosphorylated, we
generated single mutants by reverse mutagenesis of each alanine of the NF-YA-AA double mutant
to (wt) serine (NF-YA-SA and NF-YA-AS): upon the same transfection protocol and Phos-tag
Western blot analysis, mutant NF-YA-AS still showed an almost complete lack of the band
corresponding to the specific phosphorylation of wt NF-YA, whereas in NF-YA-SA the band was
almost as intense as the wild-type protein (Fig. 2B).

It was previously shown that phosphorylation of endogenous NF-YA increases over cell
cycle progression, peaking at late-S, G2/M [32]. We therefore analyzed serine NF-YA
phosphorylation in nocodazole treated Hela cells to enrich for the mitotic population, after
transfection with wt and mutant NF-YAs. NF-YAs was chosen because it is the predominant
isoform expressed in Hela cells [46]. Fig. 2C shows the results of such experiment. In the upper
panel, the global levels of the overexpressed NF-YAs were monitored in standard SDS-PAGE
analysis by Western blot, indeed showing that all proteins were produced at similar —high— levels
under growing conditions in asynchronous cells. Note, however, that in nocodazole treated cells,
the levels of all overexpressed proteins were markedly reduced. In the bottom panels, Western
blots of Phos-tag gels illustrates that the phosphorylated form of NF-YAs —corresponding to
Ser320 by analysis of the mutants- is increased in G2/M arrested cells: in relative terms, this form
increases significantly its abundance compared to the non-phosphorylated form (from 3% to 35%
of the total protein levels). Longer acquisition times allow the detection of the endogenous NF-
YA isoforms: the increase in the phosphotylated form of NF-YA upon G2/M atrest is also evident,
reaching 45-50% of the total protein levels. In summary, the major phosphorylated residue of NF-

YA is Ser320, which is regulated duting the cell-cycle, increasing in G2/M.

NF-YA Ser320 is involved in CCAAT-binding.
To ascertain the role of Ser320 and Ser326 in DNA-binding of NF-Y and verify whether

phosphorylation of either one could influence it, we produced in E. /i and purified a recombinant,
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N-terminally truncated, NF-YA construct (Fig. S1A) which includes the complete C-terminal
portion of the protein (from Met239 to Ser347, termed YA3 here, see Fig. 1). In parallel, we
produced the double alanine mutant described above, in the YA3 configuration, as well as mutants
containing double (YA3-EE) or single (YA3-ES, YA3-SE) substitutions to glutamate of serines 320
and 326. Recombinant YA3 proteins were produced in E. c/i and purified separately (Fig. S1). In an
initial set of EMSAs performed at equilibrium, increasing amounts of wt and mutant YA3s were
incubated with recombinant NF-YB/NF-YC HFD subunits (YB/YCmd) and with the labelled
high affinity HSP70 oligo containing a canonical CCAAT: Fig. 3A shows that overall affinities of the
mutant trimers are very similar to the (YA3) wt NF-Y. Regarding binding kinetics, on-rates
experiments were not informative with such assays, since the equilibrium of DNA-binding
complexes is reached at rates too fast to measure, even with immediate gel loading and
electrophoresis of the binding reactions (data not shown). Nonetheless, off-rates can be measured
by competition assays, in which pre-formed complexes are challenged with excess unlabelled
oligos. We performed such experiments with the YA3-wt and mutants, and the resulting
dissociation curves are shown in Fig. 3B: YA3-wt and YA3-SE complexes showed a slow off rate:
with half-lives (t;,) of 17.4 and 13.5 min, respectively, and dissociation rates (£,;) around 0.04-0.05
min"'; YA3-EE and YA3-ES complexes were clearly more unstable (£,5: 0.59 and 0.47 min’; t, , :
1.5 and 1.2 min, respectively). YA3-AA had an intermediate stability (&,,: 0.12 min"), forming
DNA complexes with half-life of 5.8 min, longer than YA3-EE/YA3-ES, but shorter than YA3-
wt. Overall, we conclude that Ser320 is involved in stabilizing the DNA-bound complex and that a
phospho-mimicking modification to glutamate is capable to destabilize the quaternary NF-

Y /CCAAT complex 7 vitro, increasing the mobility of the trimer on DNA.

Mutation of Ser320 leads to loss of NF-Y transcriptional activity in vivo.
NF-Y possesses two bona fide trans-activation domains, located in NF-YA and NF-YC,

both rich in glutamine and hydrophobic residues [47,48]. NF-Y was shown to activate some, but
not all promoters in transfection assays. We initially tested 10 CCAAT-dependent promoters in
luciferase gene reporter assays, alone and upon cotransfection of the three subunits in human Hela
cells: some promoter units -TK, CCNB2, HSP40, HBP1- showed paltry activation of 3-fold or
less, one -TGFBRII- repression of basal activity, whereas NF-YC2, CYP3A4, Topolla, MDR1 and
RHOB (See below) were more robustly -4 to 12-fold- activated by the NF-Y trimer (Fig. $2). We
decided to pursue analysis with the MDR1 and RHOB promoters, as indicative of this latter group.
Fig. 4A shows cotransfection of NF-YB, NF-YC (37 kDa isoform, see [46] and NF-YAs (short
isoform) in activation of MDR1. As previously mentioned, note that the short isoform of human

NF-YA lacks 29 amino acids in the N-terminal trans-activation domain because of alternative
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splicing of exon 3 [49] (see Fig. 1). For all subsequent experiments with mutant NF-Y, the HFD
dimer was kept constant, and the different NF-YA Ser mutants described above were tested as
full-length proteins in the short isoform configuration. As a control, we also used a Dominant
Negative mutant -NF-YAm29-, which contains mutations in the A2 helix abolishing DNA-binding
(I36], reviewed by [1]): this mutant was indeed very inefficient in NF-Y transactivation.
Interestingly, all constructs containing a mutated Ser320 showed decreased activity: drastic for NF-
YA-EE, NF-YA-ES, less so for NF-YA-AA and NF-YA-AS, whereas constructs where only the
Ser326 was mutated, i.e. NF-YA-SE and NF-YA-SA, were as efficient as wt NF-YA. Control of
NF-Y subunits levels produced in HeLa cells was carried out by Western blot, and showed similar
expressions (Fig. $3). These experiments were replicated on the RHOB-Luc promoter which led to
very similar results, bar differences in the extent of activation by NF-YA-AS: NF-YA-AA, -AS and
-ES were lower than, and statistically distinguishable from, wt NF-YA, while NF-YA-SE and -SA
did not differ significantly from the wild type (Fig. 4B). In conclusion, mutations affecting Ser320,
especially introducing a phospho-mimetic glutamate, but not Ser326, impair trans-activation of the
NF-Y trimer.

To verify the effective DNA-binding proficiency of the different NF-YAs mutants
produced 7 vivo, we transfected HelLa cells with the same wt and mutant vectors, prepared nuclear
extracts and assayed them in EMSAs. By addition of NF-YB/NF-YC HFD dimer (short constructs
used in EMSAS), the complexes formed with overexpressed NF-YAs could be discriminated from
the endogenous NF-Y trimer present in extracts, by virtue of the faster electrophoretic mobility.
The results are shown in Fig. 5A: a faster migrating trimer complex was clearly visible, and highly
increased, compared to non-transfected samples, when the HFD dimer was incubated with nuclear
extracts containing the overexpressed NF-YA, whether wt or mutant. Again, off-rates experiments
performed with NF-YA-ES or NF-YA-AA mutant containing extracts showed a less stable
behaviour of these complexes compared to wt NF-YA (Fig. 5B). Western blot analysis indicated
production of similar levels of the transfected NF-YA proteins (Fig. 5C). These data confirm for
vivo produced proteins the decreased DNA-binding properties of the Ser320 mutants observed with

recombinant proteins, and are in accordance with the functional results.
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DISCUSSION

Compared to other structural, functional and genomic features, our knowledge of post-
translational modifications of the NF-Y trimer is lagging behind. We report here novel findings

concerning a role of NF-YA Ser320 impacting on the DNA-binding function of the NF-Y trimer.

Effect of phosphorylation on NF-Y activity.
Phosphorylation is a common PTM in proteins, and TFs are no exception to this rule:

whenever searched, this modification was found on most, if not all TFs. Consequent with the
specific location(s) on the protein, the effects of phosphorylation are the most diverse, ranging
from regulation of stability, to nuclear targeting, chromatin binding, protein-protein interactions,
DNA target recognition and affinity, and tuning of transactivation [50]. Our study stems from the
previous identification of a DNA-binding role of phosphorylation of Ser320 and Ser326,
pinpointing CDK2 as a potential kinase [32, 34]. The observed cell-cycle blocking phenotype of
the Ser to Ala double mutant was interpreted as a lack of DNA-binding to cell-cycle promoters
such as cdc2, because of decreased phosphorylation [34]. These reports did not address the
question whether the two serines would fulfill an identical role, and the interpretation of the results
were at odds with biochemical and further structural data.

Unbiased high throughput mass spectrometry datasets confirm that NF-YA is indeed a

phosphoprotein (PSP, http://www.phosphosite.org); although quantitative approaches did not

report on differential modifications to occur on this protein (e.g. in asynchronous vs. mitotic cells),
possibly arguing on the modulatory role of these events, we notice that the specific NF-YA
phosphopeptide (which includes Ser320 and Ser326) is differentially enriched by treatments that
perturb the cell cycle [42]. Our new data are in line with the direct evidences provided by
independent groups [32-34, 51].

We find here that Ser320 and Ser326, and their respective modifications, serve different roles
and that only the first is involved in direct control of DNA-binding. In particular, we show that
the Ser to Ala mutation could be intrinsically deleterious for stable DNA-binding of the trimer, as
observed 7z vitro by the higher £,;of the double alanine mutant. We therefore propose an alternative
explanation for the phenotype of overexpressing the double Ser320/Ser326 Ala (AA) NF-YA: a
mutant with diminished DNA-binding potential and transcriptional activity, which would be
competing with the endogenous NF-YA, depleting endogenous NF-Y trimers of stable CCAAT
recognition. The lack of stabilization would be provided by the absence of the Ser320 hydroxyl
group and the potential repulsion of the Ala methyl side chain in a region involved in critical NF-

YA/DNA interactions. Indeed, the negative charges provided by a phosphorylation event on
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Ser320, mimicked 7z vitro by our YA3-ES mutant and full-length NF-YA-ES expressed in cells,
destabilize the DNA bound complex, by increasing the off-rate (hence mobility) of the trimer, and
affecting its transcriptional activity in vivo. This is clearly not the case for the YA3-SE mutant,
reinforcing the idea of a fundamentally different role of the two serines.

What would be the scope of inducing a decrease in the stability of CCAAT-binding by NF-
Y? On one side, reducing residence-time might directly affect the transcriptional output. Several
studies indicate that NF-Y serves a cooperative role in promoter access and specific DNA-binding
for a number of activating TFs. In addition, some TFs apparently associate to a platform
represented by —at least— two well-spaced CCAAT boxes bound by NF-Y trimers [52] (and
References therein), even in the absence of direct sequence-recognition, as elegantly shown for Sp2
[53]. In general, a weakening of NF-Y binding might be instrumental to displace multi-TFs
complexes which rely on robust CCAAT-binding, at large: this could happen, for example, in cell-
cycle promoters in phases in which the specific gene is not supposed to be active (G1/S genes in
G2/M and G2/M genes in G1), or in other transiently inducible systems, once the stimulus is
eliminated and transcription returns to low, “basal” levels. On the other, considering the unaltered
affinity of our phospho-mimetic NF-YA mutants, another possible consequence is that
phosphorylation of NF-YA Ser320 (or both residues of the C-term tail) might impact on the general
3D architecture of such multi-CCAAT promoters, due to different DNA bending capacity of the

modified protein, with consequent effects on NF-Y spatial relationships with its partners.

Serine 320 is evolutionarily conserved
As two fundamental features of NF-YA —HFD interaction and CCAAT-binding— are

evolutionarily extremely conserved, we wondered whether Ser320 would equally be conserved in
NF-YA from different species. In addition to published sequences, a set of NF-YA genes were
identified in representative species —from fungi to mammals- and encoded proteins aligned in Fig.
6. Note that plants were excluded from this analysis, as the vast expansion of NF-YA and of the
related CCT genes warrants a separate analysis. It is apparent that Ser320 is present in all bilateral
animals, and absent in fungi and protozoa. However, these organisms do display a Thr residue at
the same position, which is also phosphorylatable. As for the succeeding Pro residue, it is conserved
in mammals, birds, fishes and amphibians, but not in flatworms. On the other hand, Ser326 is
strictly limited to vertebrates, and more specifically to mammals, birds and certain amphibians,
although it is true that many, but not all, species show Ser residues within the very C-terminal
region, at various distances from Ser320 position. It is also interesting to note the presence of acidic
amino acids at residue 326 in more ancient orthologs (sea urchin and invertebrates, also conserved

in fishes; see Fig. 6). This suggests a critical role of a negatively charged residue at this position,
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which emerged later as a phosphorylatable Ser, and possibly turning it into a functional switch [54].
In summary, our phylogenetic analysis concords with the idea that a potentially modifiable residue
(Set/Thr) is present at the very end of the DNA-binding HAP2 subdomain, as part of the core
structural features of NF-YA.

As to which kinase(s) impact on Ser320 (and Ser326), CDK2 was first shown to be a
candidate [32], and the presence of Ser-Pro motifs at both phosphorylated sites point to Pro-
directed serine/threonine kinases at large, such as other cyclin-dependent protein kinases (CDKs),
and members of the MAPK families, and/or GSK-3 signaling kinases, as potential players in NF-
YA regulation [55]. CDKs in general, and CDK2 in particular, are known to target many TFs [50],
many of which are notorious NF-Y genomic partners in cell cycle control, such as E2F1 (G1/S
progression), MYC (senescence, repression), B-MYB and FOXM1 (G2/M progression) [52].
JNKSs, a subfamily within MAPKSs, were also associated to NF-Y in ChIP-Seq experiments in mES
cells, before and after differentiation; this result was corroborated by the lack of (activating) JNK
kinase on promoters when cells were transfected with the NF-YAm29 mutant, which removes the
endogenous trimer from DNA [30]. A NF-Y-JNK connection was also reported in Drosophila
with genetic experiments [50]. In addition, p38 was involved in NF-Y activity, both by activating
RHOB [57], and by repressing expression of Annexin A [58]. Thus, different members of this class
could be targeting Ser320 and/or Ser326. The data shown here of a substantial increase in Ser320
phosphotylation in G2/M warrant future studies concerning the specific role of this modification
on the expression of genes specifically regulated in this phase, which are, for the vast majority, NF-

Y-dependent.

In conclusion, we detail independent functional roles of phosphorylated Ser-Pro motifs in
the C-terminal portion of the DNA-recognition subunit NF-YA. Biochemical and functional
evidences undetline a direct role in the control of stability of NF-Y/DNA complexes for Ser320,
while phylogenetic considerations assign to the conditional negative charge of residue Ser326 other

possible roles, such as the control of interactions with potential protein partners.
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MATERIALS AND METHODS

Expression vectors and reporter constructs
Wild-type and mutant cDNA sequences encoding aa 239-347 of human NF-YA (long

isoform numbering) (YA3-wt), or bearing substitutions of Ser320 and Ser326 to Ala (YA3-AA), Glu
(YA3-EE), or single residue substitutions to Glu (YA3-ES or YA3-SE, respectively) were obtained
by gene-synthesis (Eurofins) with the addition of 5> Ndel and 3’ BgllI restriction enzyme sites and
subcloned through restriction ends ligation into pmcnEATCH vector [59] at Ndel-BamHI sites,
allowing E. co/i expression of fusion proteins with a C-terminal 6His-tag preceded by a thrombin
cleavage site. NF-YC expression construct was obtained by subcloning the cDNA encoding the
HFD (aa 27-120) [40] in pmecnYC [59]; NF-YB HFD cDNA (encoding aa 49-141) [40] was
subcloned into pET15b to generate an N-terminal 6His-tag fusion construct.

To obtain mammalian expression vectors of full-length mutant NF-YA (YA-AA, YA-EE,
YA-SE, YA-ES), the Kpnl-BamHI fragment of wild-type NF-YA was replaced with the
corresponding fragment of each mutant sequence (harboring Ser320 and Ser326 substitutions) by
subcloning into pSG5-NF-YAs full-length construct (short isoform) [49, 46]. To generate the NF-
YA-SA and NF-YA-AS mutant constructs, pSG5-NF-YA-AA was used as a template to perform
site-directed reverse mutagenesis (Quick Change™ Site-Directed Mutagenesis Kit, Stratagene).
Presence of desired mutations in resulting plasmids was checked by sequencing. Mammalian
expression vectors of Flag-tagged NF-YC and NF-YB were described in [40, 46]. Gene promoter-
driven Luciferase expression plasmids used in reporter assays in transient cotransfections with NF-

Y MDR1-Luc and RHOB-Luc were described before [60, 61] (see also Supplemental Information).

Protein Expression and Purification
The YA3 wild-type and mutant proteins were produced in E. co/f BL21(DE3). Cells were

grown in LB medium (additioned with 100 pg/mL ampicillin) at 37 °C to 0.3 ODy, units. The
culture was induced with 0.4 mM IPTG and further grown for 2 hours at 30 °C. Cells were
collected, resuspended in buffer A (10 mM Tris-Cl pH 8.0, 400 mM NaCl, 2 mM MgCl,, 5 mM
imidazole) and lysed by sonication. The soluble YA3-6His proteins were purified by nickel ion
metal affinity chromatography (IMAC) (His-Select” Nickel Affinity Gel, Sigma-Aldrich) and eluted
in buffer A containing 100 mM imidazole. Protein samples used in EMSA were then subjected to
a dialysis step in buffer B (10 mM Tris-Cl pH 8.0, 400 mM NaCl, 2 mM DTT) containing 10%
glycerol. 6His-NF-YB/NF-YC HFD soluble dimers (YB/YCmd) were produced by co-expression
in E. co/i BL21(DE3) and purified by IMAC in buffer A as described [62], followed by dialysis in
buffer B with 10% glycerol.
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Electrophoretic Mobility Shift Assays (EMSA)
For EMSAs, recombinant proteins were added at the indicated molar concentrations to a

Binding Mix in 16 pL reaction volume, containing a 31 bp Cy5-labelled DNA probe derived from
human HSP70 promoter (5-[Cy5]-CTTCTGAGCCAATCACCGAGCTCGATGAGGC-3). The final
reaction composition is the following: 20 nM HSP70 probe, 20 mM Tris*Cl pH 7.5, 50 mM NaCl,
5 mM MgCl,, 0.5 mM EDTA, 6.5% glycerol, 2.5 mM DTT, 0.1 mg/ml BSA. The reactions were
assembled on ice and then incubated at 30 °C for 30 minutes in the dark. An aliquot of each
reaction was loaded on a 6% polyacrylamide non-denaturing gel and run in 0.25X TBE at 80 V at
4 °C. In EMSAs performed with full-length NF-YA constructs expressed in Hela cells, 4 pug of
nuclear extracts [46] in buffer C (20 mM HEPES pH 7.9, 700 mM NaCl, 0.1 mM EDTA, 0.1 mM
EGTA, 1 mM DTT, protease inhibitor cocktail, 1 mM PMSF) were added to each reaction and
200 ng of poly-dIdC were included in the Binding Mix. In off-rate assays, after the 30 minutes
incubation time, an excess (50X) of unlabelled 25 bp HSP70 CCAAT DNA competitor (5-
TTCTGAGCCAATCACCGAGCTCGAT-3’) was added to each binding reaction. Aliquots of the
reaction were loaded for electrophoresis at different time points after the addition of the
competitor. The reactions performed with nuclear extracts or recombinant proteins were kept at 4
°C and 30 °C, respectively, for all the duration of the assay. Fluorescence signals were detected
with Chemidoc™ MP apparatus (Bio-Rad). Band intensity quantification was performed with
Imagelab™ software (Bio-Rad) as band percentage within each lane. The average of three
independent off-rate experiments was used to fit the experimental data in a simple one-phase
exponential decay model, setting the ‘no competitor’ point as 100% initial binding in the following
equation:
Y = (Y, — plateau) e + plateau

Where Y'is the normalized binding percentage at any time point # by the addition of the competitor
DNA; Y, is the initial Y value in absence of competitor DNA; £ is the off-rate constant; platean is
the Y value at infinite times (off-set of the dissociation reaction). The non-linear regression analysis

was performed using Prism (v5.0).

Mammalian Cell Culture Transfection and Luciferase Assays
Hela cells were cultured in DMEM High Glucose with L-glutamine (EuroClone)

supplemented with 10% FBS and antibiotics (100 U/ml penicillin, 100 pg/ml streptomycin). For
phosphorylation analyses, the day before transfection 9x10° cells were plated in 6 cm plates in
medium without antibiotics. Cells were transfected with 3 pg total plasmid DNA (0.5 ug of NF-
YA expression vector) using 9 pl. of transfection reagent (Lipofectamine® 2000, Invitrogen). 24

hours post-transfection, cells were harvested and nuclear extracts were prepared as described above
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in presence of phosphatase inhibitors (PhosSTOP®, Roche). For the entichment of the mitotic
population, 6 hours post-transfection cells were treated with 0.1 pg/mL nocodazole, and harvested
after additional 16 hours incubation. Total protein extracts were prepared in RIPA buffer
additioned with phosphatase inhibitors.

For luciferase assays the transfection protocol described above was modified as follows:
2x10° cells were seeded in 12-wells plates and transfected with 0.6 pg total plasmid DNA (p-Luc
reporter 50 ng, and 100 ng of each NF-Y subunit plasmids, or empty vector, to a total of 0.6 pg)
using 1.8 uL of transfection reagent. 40 hours post-transfection, cells were harvested for luciferase
assay in PLB buffer, according to the manufacturer instructions (Promega). For experiments of
promoter-Luc testing of Fig. S2, a minimum of two biological replicates in duplicate were
performed. For the experiments of Fig. 4, results of three independent experiments with the
complete sets of NF-YA proteins, each in duplicate, were performed. Luminescence was measured
with a Lumat LB9501 luminometer using 10 pL of cell extracts in 50 uL of Luciferase assay buffer
(25 mM glycyl-glycine pH 7.8, 7.5 mM potassium phosphate pH 7.8, 7.5 mM MgSO,, 2 mM
EGTA, 1 mM ATP, 0.25 mM D-luciferin, 5 mM DTT) and 12 sec integration time; raw data counts
of each sample were normalized to protein concentration determined by Bradford protein assay

(Bio-Rad).

Phos-tag SDS-PAGE and Immunoblot
For mobility shift detection of phosphorylated proteins, the 9% acrylamide SDS-PAGE

running gel solution was additioned with 30 uM Phos-tag™ acrylamide (AAL-107M, Wako) and
60 pM MnCl,. Protein extracts used in Phos-tag applications were prepared in extraction buffers
devoid of EDTA. The run was performed in Tris-Glycine buffer. After electrophoresis, the gel
was washed twice with transfer buffer additioned with 10 mM EDTA for 30 minutes to remove
Mn*" ions and once in regular transfer buffer for 15 minutes. Proteins were transferred to
nitrocellulose membrane for immunoblotting with the following antibodies: rabbit anti-NF-YA
(H-209) and goat anti-Lamin B (M-20) (Santa Cruz Biotechnology); rabbit anti-NF-YB (GeneSpin);
mouse anti-FLAG (M2) and anti-vinculin (V284) (Sigma-Aldrich) and HRP-conjugated secondary
antibodies. Immunoblots were developed with the ECL protein detection system (GeneSpin) and

™

acquired with a Chemidoc™ " MP Imaging system with the Imagelab Software (Bio-Rad).
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MAIN FIGURES
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Figure 1. Scheme of NF-YA subunit isoforms, recombinant protein constructs, and
structural arrangement of phosphorylated residues.

A. Position of the described phosphorylation sites found in PSP (in red) within NF-YA long and short
isoforms with their respective amino acid sequence numbering. YA3 recombinant construct used in
subsequent biochemical studies is also represented. The main functional domains of the protein are
illustrated, including the HAP2 conserved protein core, containing Al and A2 a-helices, and the N-terminal
glutamine-rich transactivation domain (Q-rich). The amino acid context nearby the phosphorylated residues
is displayed below, along with the designed panel of phospho-mutants described in the text. B. 3D
organization of NF-YA phosphotylation sites within the NF-Y/DNA complex. Close-ups of Set320 (left
panel) and Tyr266 (right panel) positions within the 4AWL crystal structure. The regions depicted are
indicated in the ribbon representation of the overall NF-Y heterotrimer in complex with the 25 bp HSP70
oligonucleotide (PDB-code: 4AWL; central panel). Dashed line indicates hydrogen-bond interaction
between Ser320 and the DNA phosphate backbone. 3D structure chains and elements are depicted with the
following color code: NF-YA (green), NF-YB (orange), NF-YC (cyan), DNA (yellow), CCAAT
pentanucleotide (magenta), Ser320 and Tyr266 (black). Within the insets, distal protein segments obstructing
the close-up views were hidden for clarity. Images were obtained with UCSF Chimera.
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Figure 2. NF-YA Ser320 is phosphorylated in vivo.

A. Western blot (WB) analysis of HeLa cells
nuclear extracts transfected, or not (-), with
expression vectors for wild-type (wt) or double
alanine mutant (AA) full-length NF-YA. Proteins
were separated by standard SDS-PAGE and
Phos-tag gel electrophoresis (see Methods), as
indicated on the right side of the figure, and
transferred to nitrocellulose membranes for
immunodetection with anti-NF-YA. Anti-
LaminB was used as loading control. In the Phos-
tag gel blot, a retarded migration band is visible
in wt NF-YA transfected sample, and absent in
the mutant sample (arrowhead), as highlighted in
the long acquisition time panels of the figure
(right).

B. Nuclear extracts of HelLa cells transfected
with wt, AA, or single alanine mutant (SA or AS)
full-length NF-YA were separated by standard
SDS-PAGE or Phos-tag gel electrophoresis and
analyzed by WB as described in (A). The NF-YA
slower migrating band in the Phos-tag gel
(arrowhead) is detected in wt and SA mutant NF-
YA transfected samples, and absent in AS or AA
samples.

C. Same as B, except that transfected cells were
split and treated (+) with 0.1 pg/mL nocodazole
(noco.), to enrich for the G2/M population (+),
or grown in complete medium (-), for 16 hours.
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Figure 3. In vitro analysis of DNA binding properties of NF-YA Ser mutants.

A. Dose-response EMSA with recombinant YA3 mutant constructs. The amounts of labelled 31 bp HSP70
probe (20 nM) and NF-YB/NF-YC HFD dimer (YB/YCmd; 60 nM) were kept constant. The binding
reactions were incubated with increasing concentrations of each YA3 subunit (20, 60, 120 nM). As controls,
YA3 proteins (120 nM) or YB/YCmd (60 nM) wete incubated alone with the probe. fp: free probe;
arrowhead: NF-Y complex. B. Off-rate EMSAs quantification. DNA-bound complexes of NF-Y
containing wt or mutant YA3 were challenged by addition of excess unlabeled competitor and loaded for
electrophoresis at indicated time points. The bound complex was quantified as described in the Methods
section. The data are plotted setting at 100% the binding percentage of the sample devoid of competitor
DNA. Each data-point is the mean of three independent experiments +/- SD (error bars). The fitting curves
for each mutant are overlaid on the plot and the derived off-rate kinetic constants (4,5 and complex half-

lives (t1/2) are reported in the table.
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Figure 4. Functional analysis of NF-YA Ser mutants in transcription.

Luciferase-reporter assays performed with MDR1 [60] (A) and RHOB [61] (B) human promoter constructs.
Hel.a cells were co-transfected with the reporter and each NF-Y subunit expression vectors, assaying all
NF-YAs phospho-mutants panel. Data are reported setting to 1 the Relative Luminescence Units (RLU) of
the p-Luc reporter co-transfected only with NF-YB/YC dimer expression vectors. Error bars represent SD.
(** p<0.01; *** p<0.001 according to one-way ANOVA followed by Dunnet’s post-test using NF-YA-wt
as control column).
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Figure 5. DNA binding properties of full-length wt and mutant NF-YAs expressed in vivo.

A. EMSAs with nuclear extracts (NE) of Hel.a cells transfected with full-length NF-YA and its phospho-
mutant versions (NF-YA-AA and NF-YA-ES). Recombinant NF-YB/NF-YC HFD dimer (YB/YCmd; 20
nM) was included in reaction to allow DNA binding and visualization of the overexpressed NF-YA subunit.

An open arrow-head indicates endogenous NF-Y/DNA complex; closed arrow-head: NF-Y complex

containing recombinant YB/YCmd; astetisk: non-specific band; fp: free probe. N/T: mock-transfected cells

nuclear extract control. B. Off-rate EMSA performed in the same conditions as in (A) in presence of

recombinant YB/YCmd. The competition reaction has been cartied out at 4°C using 50-fold excess of
unlabelled CCAAT-competitor DNA. C. Immunoblot control of NEs used in EMSA.
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Figure 6. Multiple alignment of NF-YA C-terminal region from different species.

Multiple alignment of NF-YA protein sequence from representative species showing the C-terminal region
including A1 and A2 a-helices, obtained with Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo).
The position of human Ser320 and Ser326 is indicated by asterisks. The cladogram summarizes the
phylogenetic relationships among the species reported. The length of the proteins and the range of the
amino acids displayed within the alignhment are indicated. Clustalx color scheme has been used. NCBI
protein sequence IDs: human NF-YA (H. sapiens): NP_002496; mouse (M. musculus): NP_001334330;
opossum (M. domestica): XP_001370287; chicken (G. gallus): NP_001006325; clawed frog (X. /laevis):
XP_018104815; zebrafish (D. rerio): AAI33846; sea urchin (8. purpuratus): NP_999822; fruit fly (D.
melanogaster): NP_0648313; nematode round worm (C. elegans): Q5ZEPY; flat worm (8. mansoni): Q26561;
aspergillus (A. nidulans): CAAT4100; budding yeast (8. cerevisiae): CAA96955; entamoeba (E. histolytica):
N9TBSS5.
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Figure S1. Coomassie stained gel of purified recombinant YA3 proteins.
Coomassie stained gel of IMAC purified recombinant YA3 wild-type and mutant constructs used in EMSAs.

4.5 pg of each recombinant protein preparation were loaded. MW markers are indicated on the left (kDa).
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Figure S2. Analysis of NF-Y transactivation of different promoters in Luc reporter assays.
Screening of several NF-Y target luciferase-reporter promoters in response to NF-Y co- transfection in
Hela cells. 100 ng of each reporter alone (-) (open bars) or together with 100 ng of each NF-Y subunit
expression vectors (closed bars) were used in each transfection. Data represent the mean of two independent
experiments with each sample transfected in duplicate. Data are reported setting to 1 RLU the basal reporter
activity. TOP2A-Luc, TK1- Luc, CCNB2-Luc, HSP40-Luc, NF-YC2-Luc, HBP1-Luc, CYP4A4-Luc and
TGFBIIR-Luc reporter plasmids were described in: [63-66; 46; 67-69)].
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Figure S3. NF-Y subunits and NF-YA mutants overexpression controls.
Western blot analysis of NF-Y subunits expression levels was performed by immunoblot with indicated

antibodies on cell extracts after co-transfection of Hela cells in conditions used for luciferase assays.

Vinculin was used as loading control.
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PART III

In this final section of the thesis, first I will provide a brief background on the results
published in the doctoral thesis of Mariangela Lorenzo (The interplay among NF-Y and E-BOX
Transcription Factors: MYC, MAX and USF1 [240]), representing the basement for the second
research topic of my thesis. For more details and complete set of experiments please refer to the

above cited publication. Second, I will report the results obtained during my research on this topic.

Introductory overview on the framework of the project

As briefly described in section 2 (Aims of the thesis), a detailed analysis of the molecular
interplay between NF-Y and E-box TFs was previously carried out in our laboratory. Recombinant
versions of NF-Y, MYC, MAX and USF1 were successfully expressed in E. co/7 and purified to
perform DNA-binding assays. Among the available E-box TFs, USF1 showed a clear DNA-
binding cooperativity with NF-Y on the following natural probes characterized by the recurrent E-
box/CCAAT-box genomic spacing of 12-10 bp.

* LTR probe (12bp), derived from the LTR MLT7K of the ERVL-MaLR family (chr 5):
Cy5-5-GGACACCATCACGTGATCCAAGCCCGGCCAATCAGGTTCTTTCTTTCTCA-3’

* HOXB?7 probe (12bp), derived from the human HOXB7 promoter:
Cy5-5-GACCCCGCCCACGTGACGTCCCCTCCGCCAATGGCCGGGCCGTCTCCCCA-3’

* HOXB4 probe (10bp), derived from the human HOXB4 promoter:
Cy5-5-TTAGGCGCCCACGTGATCCTCCGAGCCAATGGCCGCCCCGCCTGCGAT-3’

In Fig 22 an example of off-rate competition EMSA used to evaluate the cooperativity between two
proteins is shown, together with the relative quantification derived for the three probes. In this
kind of experiment, the pre-assembled protein-DNA complex is challenged with an excess of
unlabelled oligonucleotide harbouring the specific DNA element recognized by one of the proteins
that compose the complex object of the study. The dissociation curve is followed by loading
aliquots of the reaction on a running gel at different time points. A cooperative DNA-binding is
characterized by a slower dissociation rate of the protein from the ternary complex (protein-
A/protein-B/DNA) if compared to the dissociation rate in absence of the second protein (protein-
A/DNA). Note that both E-box and CCAAT-box competitor oligonucleotides have been used,
obtaining the same qualitative results. For the quantification, the intensity of the shifted band at
the time of competitor addition was set to 100% and the intensities from each time point were

scaled accordingly.
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Figure 22. (A) Representative example of off-rate competition EMSA. Cooperative binding between USF1 and NF-
Y on HOXB7 probe is evaluated by assessing the stability of ternary versus binary complex in parallel reactions over
time. In this case an E-box competitor was used. On the right, a cartoon links each molecular species to the
correspondent band in the gel. (B) Summary of quantifications from each probe in experimental setup as in (A). The
dissociation curve for the ternary complex (light grey) is slower than the one for the binary complex (dark grey),
indicating a cooperative behaviour between USF1 and NF-Y on these DNA configurations (adapted from [246]).

On the other hand, cooperativity was completely lost in favour of independent binding
when 5 additional bp were inserted between the two REs, obtaining the two following probes, with
spacing of 17-15bp, respectively:

* LTR+5 probe (17bp):
Cy5-5-GGACACCATCACGTGATAAGATCCAAGCCCGGCCAATCAGGTTCTTTCTTTCTCA-3’
* HOXB4+5 probe (15bp):

Cy5-5-TTAGGCGCCCACGTGATAAGATCCTCCGAGCCAATGGCCGCCCCGCCTGCGAT-3’

This observation highlighted the importance of precise spacing between the two DNA elements
to elicit any degree of cooperativity between the two proteins, in accordance with the genomic
observations (Fig 23A-B).

A second, important passage was the use of shorter protein constructs, both for NF-Y and
for USF1, in order to check whether cooperativity could be affected by the lack of these regions.
Specifically, for NF-Y the same trimer used in the published crystallized complex was used [174],
named here NF-Y minimal-domain (NF-Ymd), which only includes the core DNA-binding
domains. USF-short construct (USFs — aa 106-310) lacks a large portion of the N-terminal region
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of the protein and was already described in literature as DNA-binding proficient [263]. The
resulting behaviour of these shorter constructs replicated the cooperativity described for the full-

length proteins for all three target probes (Fig 23C).
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Figure 23. (A) Comparative dose-response EMSA with USF1 and NF-Y on LTR (left side) or LTR+5 probes (right
side). For each probe, two concentrations of each protein were used, giving a total of four distinct ternary reactions
(i.e. including both proteins and DNA). Each protein concentration was also tested in binary reactions (devoid of the
second protein). Note that the single proteins bound DNA equally well, irrespectively of the probe configuration.
Instead, the tendency to form a ternary complex (upper-shifted band) was dramatically impaired on the LTR+5 DNA
configuration. (B) Example of off-rate competition EMSA quantification for HOXB4 versus HOXB4+5 probes.
Cooperative binding is disrupted by the insertion of 5 bp between E-box and CCAAT-box. (C) USFs and NF-Ymd
constructs completely preserve DNA-binding cooperativity. Quantification of dissociation curves is represented as in
Fig 22B (adapted from [246]).

Considering the good production yield of USF-short construct and its strong cooperativity
with NF-Y, it has been used to reconstitute and isolate a ternary complex with NF-Ymd on either
LTR (12 bp spacing) or HOXB4 (10 bp spacing) dsDNA oligonucleotides. The resulting
complexes were subjected to SAXS (Small Angle X-ray Scattering - in collaboration with the
EMBL-Outstation, Hamburg), a low-resolution X-ray diffraction technique which allows the
determination of the size and shape of monodispersed macromolecules in a concentrated solution.
Protein domains with known atomic structure can be fitted within the resulting molecular envelope

to obtain a clearer picture of the complex in space. From this analysis, performed in collaboration

with Prof. M. Nardini, two were the most striking observations: (1) the interaction between the
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two proteins does not seem to involve the core bHLH-ZIP domain of USF1, instead the structural
data suggest it is mediated by USF1 N-terminal region. This portion of the protein is predicted to
be intrinsically disordered, still in these complexes it seems to occupy a well-defined position by
interacting with NF-Y core complex. Interestingly, (2) depending on the undetlying spacing
between the two elements, the structural models point at potentially different NF-Y/USF1 protein
regions involved in the interaction (Fig 24A). Indeed, USF1 N-termini adopt different
conformations in the two models, influenced by a complex combination of distance between the
two sites and reciprocal rotation of the two proteins along the DNA axis of about 70°. By

estimating the distance covered by USF1 regions linking its core domain with the NF-Y-interactive
surface, we can notice a consistent asymmetry in the HOXB4 model (~20A difference between the

two USF1 monomers bridging regions), contrary to the LTR model conformation (Fig 24B).

| HOXB4 (10bp) | | LTR (12bp) |
A
«— N-term side view
L
A9 2
C-term ;4
70° i
B !

USFs/USFs
~30A NF-YA
10-12 aa NF_YB

Figure 24. Preliminary SAXS models for USFs/NF-Ymd complexes on HOXB4 (48bp DNA, 10bp spacing) or LTR
(50bp DNA, 12bp spacing) oligonucleotides. (A) Overview of the two complexes with available crystal structures for
NF-Y (4AWL) and USF1 (1AN4) fitted within the SAXS model. Protein regions not included in crystal structures are
represented as a coarse-grained sphere model. USFs N- and C-terminal regions are indicated by arrows. In the right
panel the two models (10 vs 12bp spacing) ate superimposed on the side view, highlighting the ~70° rotation along
the DNA axis imposed by the 2bp difference between the two DNA molecules. (B) Estimation of the lengths of USF1
regions involved in bridging the interactive surface with NF-Y. Note the different conformations adopted by USF1
N-termini between the two DNA configurations.
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Results report: USF1 cooperativity with NF-Y is mediated by the USR domain

Given the results reported above, three were the main open questions regarding the
interplay between USF1 and NF-Y: (I) do the two TFs provide transcriptional synergy on natural
promoters harbouring the 10-12 bp spacing signature between E-box and CCAAT-box? (II) Given
the structural data, which region of USF1 N-terminus is mediating the cooperative interaction with
NF-Y? (III) Can we provide a functional evidence of the interdependency of USF1 and NF-Y co-
association at a genome-wide scale? Here I will present the results obtained so far, aimed to account

for each of the questions stated above.

NF-Y and USF1 can synergise on natural promoters with different DNA configurations
To assess the question concerning the potential transcriptional synergy, we set up

luciferase-assays using reporter constructs harbouring the following human target promoters:

* pHOXBT7: [-264/+106] region from human HOXB7 gene. We subcloned this region from
the pKAT-CAT construct, obtained by A. Car¢ and described in [221], by PCR
amplification, T/A cloning and subsequent restriction enzyme subcloning into pGL3-basic.

= pHOXCY: [-305/416] region from human HOXCY gene, designed by gene-synthesis and
passed into pGL3-basic by restriction enzyme based cloning.

= pHOXB4: [-90 bp] region from human HOXB4 gene in pGL3-basic, gently provided by
SG. Emerson and described in [199].

» pHOXC4: [-775/+40] region from human HOXC#4 gene in pGL3-basic plasmid, gently
provided by P. Casali.

We checked for NF-Y and USF1 co-occupancy on these promoters in at least one of the
ENCODE cell-lines for which ChIP-seq data is available. They all resulted positive for both TFs.
We chose these target promoters since they present either 12 bp (HOXB7, HOXCY9) or 10 bp
(HOXB4, HOXC4) canonical spacing between E-box and CCAAT-box. HeLla cells were co-
transfected with each reporter plasmid and expression vectors for NF-Y subunits, USF1 or both.

The results, displayed in Fig 25, show that the extent of activation dependent on NF-Y or
USF1 varied among the promoters, absent for HOXB7 and high for HOXB4 or HOXCY. By
combining NF-Y and USF1 transfection, the degree of synergy is variable and depends on the
promoter considered. The two TFs promote a clear-cut synergy on HOXB7 promoter, in which
the co-transfection of both NF-Y and USF1 triggers a clear more-than-additive transcriptional
response. Concerning the other promoters, the synergistic response is less sharp, but we obtained
in all cases a clear increase in reporter activity. This observation excludes a potential negative
interaction between the two TFs, at least in this system. Notably, the two DNA configurations (12-

10 bp spacing) did not seem to correlate with any differential elicited response.
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Figure 25. Transcriptional synergy between USF1 and NF-Y on different human natural promoters. (A) Luciferase
assays were performed on Hel.a cells co-transfected with the reporter and expression vectors for either USF1, NF-Y
or both. Cells were harvested 40 hours later. Data are reported setting to 1 the normalized relative luminescence unit
(RLU) of the ‘only-promoter” sample. Error bars represent SD. (* p<0.05; ** p<0.01; *** p<0.001 according to one-
way ANOVA followed by Tukey’s multiple comparison test. Only statistical significance against the USF1+NF-Y
column is shown). (B) Western-blot analysis performed on Hel.a cells total extracts in conditions used for luciferase

assay is shown. Vinculin (Vinc) is used as loading control.

USF1 cooperativity with NF-Y is mediated by the USR domain
In order to fully characterize the USF1 interaction regions with NF-Y and validate the

structural models of their arrangement on DNA, we employed a progressive deletion strategy to
assess either maintenance or ablation of DNA-binding cooperativity. We designed three additional
USF1 constructs, represented in Fig 26, progressively deleting the N-terminal portion of the
protein. The SAXS structural data provided a putative USF1 density in direct contact with NF-Y
core complex, compatible in length with the USR (USF-specific region), a 40 aa transactivation
domain. Therefore, the first designed construct (USF-USR) includes the complete USR domain (aa
158-310). The subsequent one presents an additional 19 aa N-terminal deletion, displaying a half-
truncated USR (USF-dUSR, aa 177-310). The last and shorter construct only includes the C-
terminal region of the protein harbouring the entire DNA-binding and dimerization domain, hence
named USF minimal-domain (USF-md, aa 197-310). The constructs were obtained by gene-
synthesis, subcloned in prokaryotic expression vectors and purified as soluble C-terminal His-

tageed recombinant proteins.
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Figure 26. Schematic representation of the complete series of USF1 constructs used in the

project. The main functional domains of the protein are indicated as coloured boxes. The latter

three deletion constructs (USR, dUSR and md) were designed as synthetic genes.
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First, we used these recombinant constructs to assess DNA-binding and complex

formation with NF-Ymd in simple dose-response EMSAs as shown in Fig 27. All USF1 deletion

forms are proficient in DNA binding with the similar affinities for all E-box containing probes.

We set up the conditions in terms of protein concentrations allowing the proper detection of the

ternary complex for subsequent off-rate competition assays.

A USFs USF-USR USF-dUSR USF-md
USF - l+ +l I+ _‘l l+ lI '+ Il
NFYmd - 4+ - &+ - 4+ o+ 4+ -+ o+ 4+ -+ o+ +
—
H. . | () - - | -
Ed
=
S W e e e e e e e e
LD'- W e e W e .-uu'J
B USF-USR USF-dUSR __UsFmd
USF I T p R
NF-Ymd - 4+ - 4+ + o+ -+ o+ o+ -+ o+ o+
Figure 27. Dose-response EMSA - |
experiments performed with the three E d - ™ L
USF1 N-term deletion constructs USF- %
USR, USF-dUSR and USF-md on the o) —~ e b 4 b
three distinct probes LTR (A), HOXB7
(B) and HOXB4 (C). The probe
concentration was kept constant at 20 U - U et u u u - u u e
nM. NF-Ymd 2:1 (protein:DNA) in (A) C USE-USR USF-dUSR USE-md
and 1.5:1 in (B) and (C). USF us - - % f» A ﬂ - +4H
concentration were 1:1, 2:1, 3:1 in (A) TR : :
and (B), and 2:1, 3:1, 4:1 in (C). In (A) < -
also a USF-short control was included a -y .- b (WS- -
(wells 3-4). FP: free probe; LD: loading o .- i L -
dye. Bands identity are indicated on the = N e e e e M R M e e e e e
right side of each gel.

- USF+NF-Y
- USF

-NF-Y

-FP

- USF+NF-Y
- USF

- NF-Y

-FP

- USF+NF-Y
- USF

-NF-Y

-FP

91



Part 111

Next, cooperativity between NF-Ymd and each USF1 deletion construct was evaluated by
off-rate competition assays, as described in the introductory paragraph, using an E-box competitor.
A reaction devoid of NF-Ymd was carried out in parallel and loaded in the same gel. The same
kind of experiment was carried out on each of the three selected probes, for a total of nine
construct/probe combinations. The results of Fig 28 show the quantification of dissociation curves
derived from of each experiment performed in triplicate, while an example of each gel is show in

Fig 29.
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Figure 28. Off-rate competition EMSAs quantification summary. Each plot displays the average of three independent
experimental replicates. Error bars represent SD. The shifted-band intensity in each experiment at the time of E-box
competitor addition (100x for LTR, 50x for HOXB7 and HOXB4) is set to 100. The two curves derive from the
dissociation reactions of USF/DNA complex (light blue) and USF/NF-Ymd/DNA complex (dark blue) run in parallel
and loaded on the same gel at the indicated time points.
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Figure 29. Representative off-rate competition EMSAs for each combination of USF1 deletion-constructs (columns)
and probes (rows). In each gel, both the reaction devoid (left series) and including (right series) NF-Ymd is present.
Time points indicate the time elapsed from competitor (E-box comp.) addition to each reaction. Wells 12-13-14 include

controls devoid of E-box competitor and loaded at the last time-point. FP: free probe.

From these DNA-binding kinetic data, we can make the following observations:

= USF-USR maintains cooperative binding with NF-Ymd on all probes (i.e. the dissociation
of the ternary complex is slower than the dissociation of the binary complex), similatly to
USFs (confront with Fig 23C), demonstrating that the USR region is fully sufficient to mediate
the interaction with NF-Y on 10-12 bp DNA configurations. Moreover, the degree of
cooperativity is markedly reduced in the HOXB4 (10 bp) configuration, as previously
described with USFs.

® USF-md does not cooperate with NF-Ymd, regardless of the probe used, showing clear

independent binding. Moreover, USF-md binding to DNA is intrinsically unstable, quickly
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reaching the final equilibrium upon competitor addition (<5 min). These results confirm that
the USF1 DNA-binding/dimerization domain is not responsible for direct DNA-binding
cooperativity with NF-Y, as suggested by the structural models.

=  USF-dUSR construct, which lacks half-USR, reveals marked differences between the 12 and
10 bp spacing configurations. It displays cooperative behaviour on LTR and HOXB7, albeit
reduced in respect to USF-USR. On the contrary, cooperativity is cleatly absent on the 10
bp spacing configuration (HOXB4), where the two dissociation curves collapse, indicating
independent binding.

This line of evidence strongly points at the USR as the USF1 portion in charge of specifically

mediating DNA-binding cooperativity with NF-Y, both in 10 and 12 bp spaced sites. Moreover,

different stretches of the USR region seem to be involved in this protein-protein interaction.

Overall, these EMSA-based observations are in accordance with the structural data.
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