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1. ABSTRACT

The transcription factor NF-Y is a heterotrimeric complex composed by three highly
conserved subunits, NF-YA, NF-YB and NF-YC, all necessary for sequence-specific
DNA binding. NF-Y is a fundamental regulator of cell proliferation and cell cycle
progression, controlling particularly the transcription of G2/M genes, but also genes
associated to DNA replication and repair.

Numerous findings highlight that NF-Y is involved in cancer. Although mutations in
NF-Y subunits have never been specifically identified in tumours, systematic
examination of protein expression profiles indicates that NF-YA is upregulated in
different types of cancer. In addition, the analysis of global regulatory perturbations
across human cancers pointed at NF-Y as one of the transcription factors
responsible for oncogenic transcriptional changes.

Increased levels of the NF-Y-target gene Topoisomerase-Ila (TOP2A) have been
identified in various cancer cells. TOP2A enzyme plays a fundamental role in DNA
metabolism and chromatin organization. It is the target of many successful anti-
cancer drugs, such as TOP2A poisons, which stabilize TOP2A-DNA cleavage
complexes and create DNA double strand breaks (DSBs), leading to cell death. Here
we show that the Curcumin-derivative bis-DemethoxyCurcumin (bDMC) irreversibly
induces DSBs and apoptotic cell death selectively in cancer cells by targeting TOP2A
activity and expression. Short-term exposure to bDMC induces retention of TOP2A-
DNA intermediates, impairing TOP2A decatenating activity, while longer exposure
inhibits TOP2A transcription by reducing the recruitment of NF-Y on its promoter,
thus altering its chromatin status. Indeed, bDMC clearly impairs expression and
sub-cellular localization of NF-Y subunits. Our findings suggest that the dual activity
of bDMC on TOP2A represents a novel therapeutic strategy to induce persistent
apoptosis in cancer cells and identify NF-Y regulation as a promising approach in
anti-cancer therapy.

With the aim of developing NF-Y-targeted therapy, we investigated the molecular
mechanisms controlling NF-Y subunits expression in cancer. Our studies highlight a
complex autoregulatory loop which controls proper NF-Y expression, both at the
level of gene transcription and of protein stabilization via protein-protein
interactions.

Finally, taking into account that NF-YA nuclear levels increase at the onset of S
phase and its inactivation affects the progression of cells through S phase, we
investigated the role of NF-Y in DNA replication. Transcription and DNA replication
are fundamental DNA metabolic processes that need to be finely regulated to
preserve genome integrity and accumulating evidences suggest the involvement of

transcription factors in the regulation of DNA replication. We exploited the Xenopus



laevis cell-free system to study cell-cycle regulated DNA replication in the absence
of transcription, unravelling a novel non-transcriptional role of NF-Y in DNA
replication. In human cells, silencing of NF-YA confirms that NF-Y is involved in DNA
replication and further studies will better characterize which are the underlying
molecular mechanisms.

All together, our results highlight that NF-Y plays both a transcriptional and non-
transcriptional role in controlling cell proliferation, making NF-Y an attractive target

for the development of anti-proliferative therapy in cancer cells.



2. INTRODUCTION:
Nuclear Factor-Y (NF-Y)

2.1 Structure

Gene transcription is initiated by efficient sequence-specific binding of transcription
factors (TFs) to DNA elements in promoters and enhancers, regulating chromatin
structures.

NF-Y (Nuclear Factor-Y) was identified as a nuclear protein that recognize the
CCAAT box with high affinity (Hatamochi etal. 1988; Chodosh et al. 1988) NFE_Y js g heterotrimeric
complex composed of NF-YA, NF-YB, and NF-YC subunits, which are all required for
binding to the CCAAT pentanucleotide (Polfini et al. 2012a; Gnesutta et al. 2013) ' Eqch sybunit is
characterized by a core region that is required for trimer interactions and DNA-
binding and that is highly conserved throughout evolution. Indeed, the C-terminal
domain of human NF-YA, the central part of NF-YB and the N-terminal domain of
NF-YC display a sequence homology greater than 70% among species, while
flanking regions are less conserved. The N-terminus of NF-YA and the C-terminus of
NF-YC subunits contain Q-rich domains, enriched in glutamines and hydrophobic
amino acids, which are more loosely conserved but include important
transactivation functions (de Silvio et al.,1999; Mantovani,1999; Dolfini et aI.,2012a).

NF-YB and NF-YC core regions show sequence homology to histones H2B and H2A,
respectively, and are necessary for their heterodimerization, a prerequisite for NF-
YA association and CCAAT box recognition (Baxevanis et al.,1995; Sinha et al.,1995; Romier et al.,2003;
Gnesutta et al. 2013) ' Tnhdeed, functional mutagenesis studies of several residues in NF-YB
and NF-YC histone fold motifs (HFMs) proved that these domains are important for
dimer formation and DNA-binding (Xing et al.,1993; Sinha et al.,1996; Kim et al.,1996; Zemzoumi et
al.19%9) " Romier et al. first characterized the structure of NF-Y, solving by x-ray
crystallography the structure of the dimer formed by human NF-YB/NF-YC
conserved regions, that are required for complex formation. The structure refined
at 1.6 A resolution highlighted that the two subunits interact through their histone
fold motifs in a head-to-tail fashion (Figure 2.1A). HFMs are composed of three
helices (al, a2, and a3), separated by two loops (L1 and L2) and NF-YB/NF-YC
structure is actually very close to that of the HFD-protein-pairs H2A/H2B (Figure

2.1B and 2.2A) and NC2a/NC2B, the TBP/TATA-binding negative cofactor 2 (Romier at
al.,2003; Gnesutta et aI.,2013).



Figure 2.1| (A) Ribbon representation of NF-YB/NF-YC dimer structure and
(B) comparison between the structures of NF-YB/NF-YC (in orange) and
H2B/H2A (in grey) histone pairs. (Romier etal.,2003)

Nevertheless, differences in sequences and secondary structures account for
diverse functional roles played by these histone-like proteins. NF-Y combines the
ability to form stable (though aspecific) complexes with DNA of the HFM, with the
capacity to target key functional locations. Photocross-linking experiments have
demonstrated that all three subunits of NF-Y directly interact with DNA (a9 and
Maity,1998) ' The general stability of the NF-Y/DNA complex is due to favourable van
der Waals and electrostatic interactions, created between the highly basic surface
of the NF-YB/NF-YC dimer and the negatively charged DNA sugar-phosphate
backbone (Remier et al.,2003) ~ Neyertheless, these interactions are not DNA sequence
specific. In order to gain the distinctive affinity for the CCAAT pentanucleotide, NF-
YA must stabilize the complex and only when the trimeric factor is assembled, it
binds DNA with very high specificity (Mantovani, 1999; Romier et al.,2003; Nardini et al.,2013) \E_YA
provides sequence recognition potential through a relatively short protein segment.
Within the evolutionarily conserved C-terminus of NF-YA, different domains have
been identified (Romier et al., 2003; Nardini et al., 2013). g4 N-terminal Al helix (residues 243~
258) and a C-terminal A2 helix (272-280), with a 15-residue linker loop between
them (A1A2 linker), followed by a loop containing a GxGGRF domain (284-289;
x=any residue) (Figure 2.2A). Recognition of the CCAAT box is based on the
insertion of the A2 helix in the DNA minor groove and the presence of the GxGGRF
motif in the subsequent loop (Figure 2.2B). In the beginning, the Al helix of NF-YA
(positively charged) interacts with the predominantly negatively charged scaffold of
HFM-subunits dimer. In particular, the NF-YC aC and al helices, together with NF-
YB a2, are on one side of the NF-YC/NF-YB dimer and form a wide and negatively

charged surface to which the NF-YA A1 helix can bind (Remier etal., 2003; Nardini et al., 2013)



Consistently, NF-YA binding is influenced by mutations in NF-YB a2 helix (Sinhaetal,

1996) "as well as in both helices al and aC of NF-YC (Kim etal.,, 1996; Zemzoumi et al., 1999)
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Figure 2.2| (A) schematic representation of the conserved domains of NF-Y
subunits required for DNA interactions and (B) Ribbon representation of NF-
YA/NF-YB/NF-YC trimer structure in complex with a 25bp NF-Y-target DNA,
containing the CCAAT box (Nardinietal.,2013).

An interesting structural feature of the NF-Y/DNA complex is that the insertion of
NF-YA A2 helix into the DNA minor groove determines a global DNA bending of
~80° centred on the CCAAT box (Lberati et al., 1999; Nardini et al., 2013)  prigre 2,2B). Most
importantly, this distortion of the DNA, together with the active recruitment
operated by NF-YA and NF-YC trans-activation domains (Roeder1996; Izumi et al.,2001)
allow the binding of other regulatory factors to the adjacent DNA, thus mediating
transcriptional regulation. Notably, NF-YA seems to be the limiting subunit for NF-Y

functionality, since HFM subunits are more abundant in vivo.

2.2 The CCAAT box and genomic binding of NF-Y

As mentioned above, the eukaryotic transcription factor NF-Y specifically binds the

regulatory CCAAT motif, that is found in ~30% of the promoters.



All bases of the pentanucleotide are crucial for NF-Y recruitment, and in all
promoters tested, mutations of the CCAAT motif impair gene transcription.
Nevertheless, also the flanking sequences on both sides of CCAAT are important for

SUCCGSSfUl DNA binding in vitro and in vivo (Kim et al.,1990; Mantovani,1999; Testa et al.,2005; Ceribelli

et al.,2008; Dolfini et al.,2009) (Figure 2 3)
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Figure 2.3| (A) Sequence Logo of NF-Y consensus sequence optimized with
ChIP on chip data (poffini et al.,2009) and (B) sequence logo of the NF-Y DNA-
binding site identified with 12655 NF-YB peaks from ChIP-seq performed in
K562 cells (Flemingetal.,2013).

At many promoters, the CCAAT element is found ~80 bp upstream of the
transcriptional start site (TSS), in either CCAAT or ATTGG orientation, indicating
that its location is important for gene expression.

NF-Y has been associated to the control of G2/M progression by several studies
(Bolognese et al.,1999; Elkon et al.,2003; Linhart et aI.,2005). In fact, NF-Y modulates the transcription
of a number of key regulators of this phase, such as Cdc2, CyclinB1 and CyclinB2,
but it also controls promoters active in GO/G1 phase (e.g., PDGFB-R, c-Jun and
JunB), G1/S (as E2F1, PCNA, CyclinA) and S/G2 phases (e.g., Topoisomerasella,

CdC25C) (Caretti et al.,2003; Salsi et al.,2003) (Figure 2.4).

B Gi/s
D S Figure 2.4| Representation
of the prevalence of NF-Y
binding motif in promoters of
&8 .G2 cell-cygcle-regulafed genes
G2/M versus a background set of
prom oters (Elkonetal.,2003).
B vwai

In vivo, chromatin immunoprecipitation (ChIP) experiments determined that the

precise transcriptional activity of NF-Y across the cell cycle results from its timely-



regulated binding to specific cell cycle promoters (Carettietal..2003) “additionally, NF-Y is
an important player in the control of G2/M genes during the DNA-damage response,
by mediating the p53-dependent repression of G2/M genes (Imbriano et al.,2005)
Recently, the growing informations derived from transcriptome studies,
bioinformatics analyses and ENCODE genome-wide data have expanded the
knowledge about genomic blndlng of NF-Y (Dolfini et al.,2009; Benatti et al.,2011; Wang et al.,2012;
Fleming et aI.,2013).

When NF-Y dependent CCAAT genes were analyzed in relation to Gene Ontology
(GO) categories, the most significant terms were Cell division and M phase, in line
with the fact that NF-Y motifs were the most abundant signal in G2/M phase
promoters (Hnhart et al, 2005; Dolfini et al.,2009) " These data were confirmed by the gene
expression profiles obtained after NF-Y inactivation (Benati et al,2008,2011) = \yhjch
included additional categories such as DNA metabolism, cell cycle, chromatin and
endoplasmic reticulum genes.

Bioinformatic and ChIP on chip experiments (Ceribelli et al.,2008; Dolfini et al.,2009) Kigh|ighted
that multiple CCAAT are present in the majority of NF-Y-dependent promoters,
especially G2/M ones (e.g., the triple CCAAT Cyclin B2 promoter)(Bolognese etal.,1999; Salsi
et al,2003) - Apalyses of the respective distances between CCAAT sequences showed
peaks at 32, 42 and 53 nucleotides, corresponding to 3, 4 and 5 turns of the double
helix, respectively. Only a few CCAAT are more distant than 80 bp or closer than 24
bp, that is the minimum allowed distance so that sites are not mutually exclusive
(Liberati et el., 1999; Salsi et al.,2003)

Very recently, Fleming et al. investigated the genome-wide binding of NF-Y in three
tumour cell lines (K562, GM12878 and Hela S3). This study confirmed that NF-YA
binds directly on the CCAAT pentanucleotide, while NF-YB binding is about 15 bp
downstream from the CCAAT box, indicating that NF-Y binds asymmetrically at its
target sites (Romier et al.,2003; Nardini et aI.,2013).

Broad ChIP-sequencing analyses of NF-Y further validated its presence at proximal
promoters, particularly in growth controlling genes. GO analysis of NF-Y sites in
different cancer cell lines revealed a strong enrichment of genes involved in cell-
signalling pathways, cell cycle (G2/M checkpoints and regulation of DNA
replication), DNA repair (homologous recombination and base excision), and
metabolism (cholesterol biosynthesis and polyamines). In addition, NF-Y regulates
genes involved in transcription, mRNA splicing, processing and transport, together
with a large number of TFs, including the NF-Y genes themselves. Accordingly, NF-Y

seems to be a regulator of gene expression regulators (Fleming etal.,2013)



Even though NF-Y has been generally identified as a factor that binds to gene
promoters, only 22% of NF-Y sites are within 1 kbp upstream of a RefSeq
Transcription Start Site (TSS) and ~30% of NF-Y sites co-localize with histone
modifications characteristic of promoters. More generally, only one third of NF-Y
binding is linked to active promoters, as determined by high levels of di- and
trimethylated H3K4, acetylated H3K27 and H3K9, RNA Polymerasell and depletion
of nucleosomes. When bound to proximal promoters, NF-Y is essentially positioned

at -40 to -100 bp upstream of the TSS, similar to the position of the CCAAT motif
(Dolfini et al.,2009; Fleming et aI.,2013)_ (Figure 2.5).
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Figure 2.5| (A) Frequency distribution plot of K562 NF-YB peak
summits at RefSeq TSSs and (B) Gaussian kernel density distribution
in positive and negative strand of CCAAT and ATTGG sequences at
K562 NF-YB-bound RefSeq TSSs. (Fleminget al.,2013).

Interestingly, also novel NF-Y functions have emerged, related to its recruitment at
tissue-specific enhancers and also in “closed” chromatin regions, including LTRs
(Fleming et aI.,2013).

It is noteworthy that cell-type-specific NF-Y loci are enriched in enhancers, if
compared with NF-Y sites common to all cell types. This suggests that experimental
depletion of NF-Y through RNAi can affect both promoters and enhancers relevant
for transcription of neighbouring genes.

Unexpectedly, in K562 cells 40% of NF-Y binding sites overlap an LTR, the
promoter elements of endogenous retroviruses: these loci maintain considerable
NF-Y occupancy, although they appear to be inactive.

Differently from other TFs, such as E2Fs and MYC, NF-Y is not excluded from any
chromatin state. However, while CCAAT motifs located within “open” chromatin
regions shows near-saturated levels of NF-Y binding (about 80% occupancy),
~20% of CCAAT motifs into “closed” chromatin or transcription elongation states
are bound by NF-Y.



Only a small number of “pioneer” transcription factors can efficiently bind to their
DNA consensus sequences located in closed chromatin, thus recruiting chromatin-
modifying factors and partner TFs to enhance transcription. In vitro, NF-Y can
associate with a CCAAT motif after nucleosome assembly, and the NF-YB/NF-YC
dimer can interact with H3/H4 histones both in solution and on DNA (Caretti etal.,1999;
Nardini et al.,20113) ' This means that NF-Y could be pioneer TF, with histone-like features
and high-sequence specificity, that is able to access its motif irrespective of the

chromatin state.

2.3 NF-Y interactions with other TFs and coregulators

Bioinformatic analysis of CCAAT promoters showed a co-occurrence with SP1, E2F,
CREB motifs (Pelfini et al.2009) " 1 yjyo, from the large number of available ChIP-seq
data in K562, it was evident that NF-Y co-associates with 44 factors at promoters
and 50 factors at enhancers (Fleming et al,2013) " Tndeed, multiple TFs are usually
required for transcription in mammalian cells. In promoter regions, NF-Y is
associated with factors including FOS, CHD2, TBP, Polymerasell, HMGB2, MYC and
E2F4/6, although mainly FOS seems to be specifically associated with NF-Y.
Differently, at enhancers NF-Y interacts with FOS, USF1/2, MAX, CHD2, and E2F4.
(Figure 2.6). All these TFs interact with either NF-YA or the HFD dimer and, in most

cases, these relationships lead to synergistic activation of transcription (Pofini et

al.,2012a)
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Figure 2.6 Illustration of the factors that significantly associate with
NF-YB-bound promoters and enhancers (Flemingetal.,2013).

The identified partnership of NF-Y with TFs that control cell proliferation and play
important roles in cancer, points at the importance of NF-Y in regulating cell growth

and proliferation.



Besides, NF-Y is generally required to establish the chromatin environment in
proximity of the TSS, allowing further activators/coactivators recruitment. As
demonstrated by functional inactivation of NF-Y subunits or the use of a dominant-
negative NF-YA, NF-Y influences the pattern of histone post-translational
modifications at CCAAT promoters. Different histone post-translational
modifications have been associated to specific chromatin states (Kouzrides,2007). fq
instance, accessible chromatin that is active or poised to rapid induction, is marked
by acetylations of H3 and H4 and methylation of H3K4 (H3K4me3), H3K36
(H3K36me3) and H3K79 (H3K79me2). On the contrary, other methylations, such
as H3K9me3, H3K27me3 and H4K20me3, are associated with heterochromatin,
both constitutive or facultative.

NF-Y timely-regulated binding to cell cycle promoters provides a DNA-binding
platform that allows interactions with the histone acetyltransferases (HATs) hGCNS5,
P/CAF and p300 (Curre1998, Uramoto et al.,2004) = pacryitment of p300 appears to be
mediated by NF-Y and correlates with activation of transcription (Gurtner et al.,2008)
while PCAF/hGCN5 are often found before NF-Y association. A hierarchy of PCAF-
NF-Y-p300 connections are then required for acetylation of H3 and H4 histones and
for activation of cell cycle promoters (Caretti etal.,2003; Salsi et al., 2003)

Moreover, positive histone methylations, including H3K4me3, H3K36me3 and
H3K79me2 are dependent on NF-Y binding (Penati et al.,2008; Gurtner et al.2008) = \yhile
negative heterochromatic marks (H3K9me3 and H4K20me3) are imparted to
silenced cell cycle genes upon NF-YA removal (Gurtner et al.2008) ' gine tuning of H3K4
methylations is particularly intriguing: NF-Y is required for mono- and tri-
methylation, but not di-methylation of H3K4 (Penati et al,2008) ‘1hdeed, NF-Y is able to
recruit the Lysine-demethylase KDM1 (LSD1) and coREST cofactor, thus supporting
the di- to mono-methylation switch of H3K4. Furthermore, NF-Y binding is
necessary to recruit key components of the MLL methylating complex (MLL1, Menin
and hASH2L) and for deposition of H3K4me3 and H3K79me2 (Ponati et al.,2008; Fossati et
al.2011) - Interestingly, Lys138 of NF-YB is a site of monoubiquitination structurally
related to histone H2B Lys120, that has been characterized as one of the earliest
marks in transcribed genes. This raised the hypothesis that NF-YB-K138 could play
an important role in establishing the chromatin environment at gene promoters, by
allowing the deposition of H3 methylations and H2B ubiquitination (Po'fin' et al.,2012a;
Nardini et aI.,2013).

Notably, an emerging theme is the mechanism of transcriptional repression
mediated by NF-Y. Genome-wide studies pointed out several NF-Y sites associated
to the negative histone marks H3K27me3 and H4K20me3 (Ceribelli et al..2008) " Moragyer,
negative regulation through histone deacetylation was associated to NF-Y: in

particular, the histone deacetylases HDAC1, HDAC4 and the corepressive complex

10



HDAC1/SIN3A can be recruited to target promoters via NF-Y (Imbriano et al.,2005; Basile et
al.,2006; Peng et al.,2007; De Amids et al,2011) = pagides, in growth regulating genes, such as
G2/M promoters, NF-Y can interact with MYC and p53 family members, which thus
repress transcription from CCAAT sites (Jung et al.,2001; Uramoto et al.,2004; Imbriano et al.,2005;
Testoni and Mantovani,2006).

As a result, NF-Y is a bifunctional CCAAT-binding factor, that is important for the

assembly of either activating or repressive complexes on its target promoters (P2 et
al.,2002; Peng at al.,2007; Ceribelli et al.,2008; De Amicis et al.,2011)

2.4 Regulation of NF-Y subunits

Expression and post-translational modifications

NF-Y is fundamental for activation of growth-controlling and growth-promoting
genes and all immortalized and transformed cell-lines described so far express all of
the three subunits. However, certain types of normal cells lack of NF-YA: in
myocytes, the protein level drops during terminal differentiation to myotubes (Gurtner

et al., 2003,2008) - \vhjle it is absent in circulating monocytes but it increases when cells

s (Marziali et al.,1999)

are activated towards antigen-presenting macrophage . Moreover,

NF-YA levels are progressively decreased in primary cells undergoing senescence
(Matuoka and Chen,2002).

While NF-YB and NF-YC expression is essentially constant throughout the cell cycle,
NF-YA protein levels are high in G1, further raise in S, and then decline in the G2/M
phase. Interestingly, these variations seem to be controlled at the post-
transcriptional level, because NF-YA mRNA levels are relatively constant in growing

cells (Bolognese et al.,1999).

. A competition between ubiquitynation and acetylation of
neighbouring Lysine residues might represent a mechanism to regulate NF-YA
protein stability (Man et al.2008) ‘1hdeed, NF-YA can be ubiquitynated at Lysines 283,
289, 292, and 296, and two of these ubiquitynated lysines (K283, K289) can also
be acetylated by p300 (Mannietal..2008) rgig, e 2.74). Therefore, NF-YA acetylation could
restrain its ubiquitynation, interfering with the ubiquitin-proteasome pathway and
eventually with protein degradation. As for post-translational modifications, NF-YA
also undergoes cell cycle-dependent phosphorylation, overlapping with periodic

activation of CDK2 kinase (Yun et al,2003; Chae et al,2004)

NF-YA protein can be
phosphorylated in two Serines (S292 and S298) close to the DNA binding domain:
this is not required for its interaction with the NF-YB/NF-YC heterodimer, but it is

important for efficient binding to DNA.
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Splicing

It is known that the majority of mammalian genes are differentially spliced and NF-
Y is not an exception. Specifically, NF-YA has two isoforms, namely “long” (NF-YAI)
and “short” (NF-YAs) (Hetal1992) 'NF_-YAs derives from alternative splicing of exon3

and lacks 28 amino acids in the Q-rich transactivation domain (Figure 2.7A).

A
Elh2s K”:‘:‘ 5299 sz§
. s/ Ax\ 2 A
NF-Y4& protein I 1 I ]
NF-Y&l mRNA
‘" ®m = = = = = = .
NE-YasmRNA 8 &8 H & & = o o= =
B
NF-YB protein _:-:—‘u K -
*
NF-YB mRNA 1 # B = = B
C
aN al a2 a a3 Q-rich
NF-¥C protein —:-:Eﬂ
—_—
H2A .
NF-YCE7kDa)mRNA Bet = =t = =+ = = = + 5 ¢+ B & — — &— —F —
NF-YC(39kDa)mRNA He=v = == + = = « = — — 4 + 4 & B 8 - — 4 — A —&E—
NF-YC (48kDa) mRNA = e e T e e e e e e — - - & - -  — — — —
NF-YC (50kDa)mRNA = = e e e e e e e e - 4 - - - & — — H— — E—

Figure 2.7 | Schematic representation of (A) NF-YA, (B) NF-YB and (C) NF-YC
proteins and mRNAs, indicating differentially spliced regions/exons, protein
domains and residues involved in post-translational modifications. In mRNA
annotations, empty boxes indicate untranscribed exons, full boxes represents
coding exons (Dolfinietal.,2012a; Flicek et al.,2013).
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It is not clear whether the expression of one or the other NF-YA transcript affects
the expression of NF-Y target genes. However, the relative abundance of the two
variants is different among cell types and it seems to regulate cell proliferation and
differentiation. In particular, NF-YAs is the transcript isoform responsible for
proliferation of stem cells in different tissues. A switch from the NF-YAs isoform to
NF-YAI was recently observed during differentiation of mouse embryonic stem cells
towards embryoid bodies (Polfini et al.2012b) " Bagides, NF-YAs is also necessary for
maintenance of stem cells in the hematopoietic system (?h 2tal.2005) ‘gypporting the
hypothesis of a functional diversification of the two NF-YA isoforms.

NF-YB subunit is ubiquitously expressed and no differential splicing events have
been described in mammals (Figure 2.7B). NF-YB can be acetylated and
ubiquitynated, but the specific roles of these modifications have not yet been
elucidated (Li et al.,1998; Salsi et al.,2003; Manni et aI.,2008).

As far as NF-YC is concerned, a first indication that this subunit is differentially
spliced was the discovery of a shorter mRNA lacking 62 amino acids inside the HFD,
named NF-YCb (Chen et al,2002) - yowever, this isoform is largely localized in the
cytoplasm and is not assembled into functional NF-Y trimers. Ceribelli et al. then
described many NF-YC isoforms, as a consequence of alternative splicing and of the
presence of two alternative promoters (P1 and P2). At least four NF-YC splicing
variants were identified in human cell lines, that are translated into the canonical
37 kDa protein rather than into polypeptides of 39, 48 and 50 kDa (Cerielli et al.,2009)
The region affected by alternative splicing events is in the Q-rich transactivation
domain of NF-YC. The new transcripts coding for NF-YC (48kDa) and NF-YC
(50kDa) retain an additional 312bp exon downstream of exon 9 (named exon 9bis),
while NF-YC (39kDa) has an extra 57bp exon downstream of exon 8 (named exon
8bis). The longer NF-YC (50kDa) isoform includes both exon 8bis and 9bis (Figure
2.7¢). Analysis of 13 human cell lines showed that the different NF-YC mRNAs
coexist inside the cell, with the 37kDa transcript being the prevalent one. In
addition, a second promoter (P2) has been identified into the first intron of the
RefSeq NF-YC (37kDa) mRNA (Cerbelli et al.2009) = py npromoter seems to be the
housekeeping promoter in various cell lines, while P2 promoter has a lower basal
activity, but can be activated depending on the cellular environment. Both
promoters contain CCAAT boxes, and ChIP experiments confirmed that NF-Y is

bound to both promoters.
Localization

Besides gene and protein expression, subcellular compartmentalization is another
important level of regulation for DNA-binding proteins. Immunofluorescence

experiments showed that NF-YA has predominant nuclear localization in
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proliferating cells, whereas NF-YC and NF-YB are also present in the cytoplasm
(Frontini et al.,2004) " ayen though in S phase they seem to relocate inside the nucleus as
well. NF-YA has a nonclassical Nuclear Localization Signal (NLS) in the conserved C-
terminal region of the protein, which allows Importin-mediated transfer inside the
nucleus. Therefore, NF-YA is imported inside the nucleus separately from the other
subunits.

Differently, the HFM-subunits take part in the nuclear localization of the histone fold
partner: nuclear localization of NF-YC depends on its interaction with NF-YB. NF-YB
and NF-YC do not contain any autonomous NLS and their nuclear transport as a

heterodimer depends on Importin13. (Frontini et al.,2004; Kahle et al.,2005)

2.5 NF-Y and disease

Although mutations in genes coding for NF-Y subunits have never been described,
several reports indicated that alterations of NF-Y functions may contribute to the
pathogenesis of various diseases. Systematic evaluation of protein expression
profiles of cancer cells indicated that NF-YA is often upregulated in lymphomas,
gliomas, breast and endometrial cancers, as well as in some cervical, lung and

ovarian cancers (Uhlen et al.,2010; Garipov et al.,2013)

. Moreover, NF-Y binding-sites are
enriched in promoters of genes overexpressed in cancers, such as in the breast,
colon, thyroid and prostate tumours, as well as in leukemia, as described in a
recent review (Y €ta2013) Bagides, a number of key regulators of the cell cycle, such
as Topoisomerase Ila, Cdc2, Cyclins and Cdc25C, and anti-apoptotic genes, among
which Bcl-2 and BI-1, are under the transcriptional control of NF-Y (Hu etal.2002; Caretti et
al.,2003, Benatti et al.,2008) 'O the whole, NF-Y controls both cell cycle-related genes and
human disease-related genes.

Polyglutamine diseases offer a few good examples of NF-Y-associated human
diseases. Huntington disease is a neurodegenerative disorder caused by mutations
in Huntingtin (HTT) protein which lead to expansion of polyglutamine tracts. In
post-mitotic neurons of striatum and cortex, mutant HTT binds many TFs and
cofactors with Q-rich activating domains, thus restricting their activity. Recent
analyses performed on mice models of HD highlighted that the subunits containing

(Yamanaka

a GIn-rich domain, that are NF-YA and NF-YC, can form complexes with HTT
et al,2008) - Thejr accumulation into cytosolic aggregates depleted the nuclear
compartment, reducing CCAAT-binding activity in neurons: this determines a
downregulation of Heat Shock Proteins HSP40 and HSP70 and worsen the effects of
misfolded protein aggregates, increasing neurologic toxicity.

Another polyglutamine disease which involves NF-Y is the SpinoCerebellar Ataxia

Type 17 (SCA17), caused by GIn expansion in the TBP factor. TBP and NF-Y co-
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activate a few genes, including those of HSP chaperones. Huang et al. recently
reported that, in vivo, polyglutamine-TBP determines NF-YA aggregates, and

(Huang et al.,2011)  The exact

results in degeneration of cerebellar Purkinje cells
contribution of NF-Y to the pathogenesis of HD and SCA17 has not been well
established, but initial analyses suggest that it could be worth to define that
mechanisms.

A different category of pathologies that could be linked to NF-Y misfunctions is that
of Hematopoietic disorders. Indeed, NF-Y orchestrates the tissue- and
developmental stage- specific expression of human y-globin genes (HBG1 and
HBG2) (#huetal2012) “racryiting either transcription activators or repressors, that are
GATA-2 and BCL11A, respectively. Expression of y-globin should be limited to fetal
liver, bone marrow and spleen, but in some B-thalassemias y-chain production
persists until adulthood.

In a different study, specific expression of Hoxb4 was found to be dependent on
NF-Y (Gilthorpe et al.2002) "giyen that the transcriptional activator NF-Y and the repressor
protein YY1 mediate opposing transcriptional effects through the same site. This is
a relevant finding, since expression of Hoxb4 determines the expansion of
hematopoietic stem and progenitor cells in vivo and in vitro. This makes of NF-Y a
prospective candidate for therapeutic stem cell expansion in leukemia therapy.
Finally, NF-Y also plays a role in regulation of the MHC gene. This is a cell surface
molecule which allows interactions of leukocytes, determining susceptibility to
autoimmune diseases via cross-reacting immunization (Villerd etal.,2000),

Moreover, current studies in the Drosophila system demonstrate novel roles of NF-Y
in eye development and apoptosis (& €t al-2013),

Apoptosis (programmed cell death) is a vital cellular process which allows to
remove damaged cells: a deficiency in apoptosis often results in development of
tumours and/or autoimmune diseases, while excess of cell death is associated with
neurodegenerative diseases.

As concerns the role of NF-Y in apoptosis and DNA-damage processes, NF-Y
controls cell cycle promoters in response to DNA damage, through p53-dependent
transcriptional inhibition (ImPriano et al.2005; Imbriano et al.,2012) K53 5 jndirectly bound to
CCAAT-promoters through NF-Y and, upon DNA damage, the NF-Y/p53 complex
recruits histone-deacetylases (HDACs) and releases acetyltransferases (HATSs), thus
converting the chromatin structure into a repressive non-transcriptional state.
Interestingly, it is well-known that more than 50% of tumours are associated to
p53 mutations, many of which are Gain-of-function (GOF) mutations. One of the
most prevalent GOF mutants, R175H, is able to convert the repressive wt-p53

attitude at CCAAT boxes, into activation of growth promoting genes (P Agostino et

al.,2006; Imbriano et al.,2011)
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A growing number of gene expression profile experiments support the notion that
activation of CCAAT-dependent genes is crucial in cell transformation (Figure 2.8).

NF-Y cooperates with neighbouring transcription factors and oncogenic factors (a9

et al.2012) - consistently with the enrichment of CCAAT motifs in the promoters of

genes overexpressed in cancer (Goodarzi et al.2009; Dolfini et al.,2012a)

Analysis of TFBS in promoters of genes overexpressed in human cancers.

CANCER TYPE ENRICHED TFBS REFERENCE
Human embryonic lung fibroblasts (WI-38) and | NF-Y, E2F, CDE, ELK1, Tabach et al., 2005
in vitro cancerous transformation process CHR, CHR-NF-Y-CDE

Small Cell lung Cancer, Leukemia, Lymphoma | NF-Y Rhodes et al., 2005
DLBCL

Squamous Cell Lung Carcinoma
Lung adenocarcinoma

Breast Cancer, Prostate Cancer
Hepatocellular Carcinoma
Adrenocorticoal Carcinoma

Brest Cancer NF-Y, E2F, NRF1 Scafoglio et al., 2005

Estrogen treatment

Anaplastic Thyroid Carcinoma NF-Y, E2F Salvatore et al., 2007

U87, A549, LANI1, SHEP, NCIH929 NF-Y, E2F, FOS Blum et al., 2007

Ras inhibitor S-farnesylthiosalicylic treatment

Brest Cancer cell metastasis NF-Y, YY1, E2F Thomassen et al., 2008

Brest Cancer Cell NF-Y, ELKI, E2F, NRFI Niida et al., 2008

Malignant progression

Hormone Refractory Prostate Cancer NF-Y, SP1, E2F1, CREBI, Calvo et al., 2009
TFAP2A

Burkitt's Lymphoma NF-Y, E2F, ELK4, NF-AT, Goodarzi et al., 2009
MYB, Let7, SPI

Prostate Cancer NF-Y, E2F, ETF/TEAD2, Blum et al., 2009

Fetal Prostate stem cell AP2, AhR/Armnt

HCT116 (colorectal cancer) NF-Y, E2F Yamanaka et al., 2009

P27 target genes

P27 and P16 targets

Normal Hematopoietic Stem Cell (HSC) NF-Y, Evi-1, ATF4, IRFI1, Fosberg et al., 2010
NFI, k1, CMYC/MAX, MAZ

Colorectal Cancer NF-Y, E2F Jurchott et al., 2010

MER/ERK pathway regulated genes

Follicular Lymphoma NF-Y Sinha etal., 2010

Breast Cancer

HCV infected liver cancer

Leukemia

Diffuse large B-cell lymphoma (DLBCL)
CNS tumor NF-Y, E2F
Liver/Lung Cancer
GC-DLBCL

B lymphoma

Figure 2.8| The studies in which NF-Y binding site was reported to be
enriched in genes overexpressed in cancer are listed, together with the other
signica nt TFs (Dolfiniet al.,2012a).

The assessment of 46 microarray studies of cancer versus normal tissues identified
the role of many known transcription factors and miRNAs in cancer, taking a step
forward in the knowledge of regulatory perturbations in cancer (Gocdar et al.2009) - g

expected, pathways involved in cell growth and proliferation, such as mitotic cell
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cycle, DNA replication and chromatin-assembly genes, are upregulated in tumour
samples as compared to normal data sets (Figure 2.9). Metabolic pathways, such as
glycolysis, are also upregulated in many malignancies, whereas stress responses
that lead to cell-cycle arrest, such as “negative regulation of progression through
cell cycle” are often downregulated. As shown in the pathway-regulatory interaction
map (Figure 2.9), genes with a NF-Y-binding site are significantly associated with
sterol biosynthetic process, antigen processing and presentation, chromatin
assembly and modification and mitotic cell cycle. As this last GO term concerns, it is
already known that NF-Y can promote tumorigenesis through cyclin B2
overexpression, for instance (Park etal.2007),

Taken together, these results suggest that targeting NF-Y interactions with DNA

could be a potential strategy for blocking proliferation of cancer cells.
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3. AIM OF THE WORK

Although mutations of NF-Y genes have never been identified in human diseases, it
is increasingly accepted that NF-Y activity is involved in the development of
different pathologies. Misregulated transcriptional activity of NF-Y can be
determined by altered binding at promoters or association with mutated proteins.
Since NF-Y-dependent genes and NF-Y itself play a key role in tumour formation
and/or progression, targeting NF-Y interactions with DNA could be a potential
strategy for blocking proliferation of malignant cells. With the aim to deepen our
knowledge of NF-Y biology and to develop new NF-Y targeted therapies, we studied
three different aspects of NF-Y activity:

I. The inhibition of NF-Y binding to DNA as a valid strategy to block
proliferation of cancer cells;

II. The complex regulation of NF-Y subunits expression, both at the
transcriptional and post-translational levels;

ITII.  The non-transcriptional role of NF-Y in controlling cell proliferation.
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4. TASK I:
TARGETING NF-Y IN CANCER CELLS

4.1 Background
4.1.1 Topoisomerase IIa

Expression of human DNA topoisomerase Ila gene (TOP2A) is highly regulated by
the binding of NF-Y to its promoter (Benatti et al,2008 and 2011) 'TQpPJA js a homodimeric
nuclear protein that solves the DNA topological problems throughout the cell cycle
(Vos et al,2011)  Indeed, transcription and replication of DNA imply topological
modifications in its double-stranded conformation: TOP2A can reduce supercoiling
of DNA during DNA synthesis and also decatenates sister-chromatids
entanglements at mitosis. TOP2A performs its activity through a double-stranded
break in the DNA backbone, the passage of another portion of the duplex through
the break, and the religation of the cleaved DNA(Peweese et al.2008) “\whjle TOP2A is
carrying out the decatenation cycle, the enzyme establishes covalent interactions
with the cleaved DNA strand, producing a transient TOP2-DNA cleavable complex
(TOP2-cc).

TOP2A is an ubiquitous enzyme, but its expression fluctuates throughout the cell
cycle: its level is low in G1 phase, increases during S phase and peaks at the G2/M
phase interface (Woessneretal. 1991) " congistently with the importance of TOP2A for DNA
replication, mitosis and cell proliferation. Interestingly, Topoisomerases are part of
the chromosome scaffold in mitosis (Wang:2002; Cortés et al.,2003; Nitiss,20092) 5 TOP2A has
been associated to the decatenation checkpoint. Catenations between sister
chromatids need to be eliminated prior to mitosis, to permit accurate chromosome
condensation and segregation: TOP2A plays a crucial role in delaying the onset of
mitosis until complete disentanglement has occurred (- etal-,2009),

Expression of TOP2A seems to be mainly regulated at the transcriptional level 292"

et al,2003): \ithin the first 617bp of the promoter there are several cis-acting

elements (Hochhauser et al.,1992)
GC2) and four inverted CCAAT boxes (ICB1-ICB4). An additional ICB (ICB5) is
present in the 5'UTR, into the first exon of TOP2A gene. NF-Y is the main
transcriptional activator of TOP2A (Benatti etal.,2008 and 2011). tha hinding of NF-Y to four

of five ICBs present in TOP2A regulatory region has a positive effect on

, specifically two Sp proteins consensus sites (GCland

transcription. Conversely, NF-Y binding to ICB2 has been associated to confluence-
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induced repression of TOP2A (Isaacs etal.199) ‘Moreover, NF-Y is involved both in p53-
dependent and -independent negative regulation of TOP2A, whose transcriptional
levels can be reduced by decreasing NF-Y binding to ICB1 or by the recruitment of
p53 at ICB sites (oshietal,2003),

Due to its central role in cell proliferation, TOP2A is actually an important target for
clinically useful anticancer agents (Nitiss 2009b; Pommier 2013) " gince rapidly growing cancer
cells often express high levels of TOP2A.

Drugs targeting TOP2A can be classified as either TOP2 catalytic inhibitors or TOP2
poisons (Nitiss 20092 and b) ~TOpP2 poisons trap TOP2-cc intermediates, generating
enzyme-mediated DNA damage: these agents include both DNA-intercalating (such
as Doxorubicin and other Anthracyclines, Mitoxantrone, mAMSA) and non-
intercalating agents (such as Etoposide and Teniposide). As concerns these latters,
it has been suggested that protein-drug interactions have a crucial role in trapping
TOP2-cc. Differently, several groups of compounds can inhibit TOP2 activity without
affecting DNA cleavage, by blocking the enzyme in a non-covalent clamp around
DNA. DNA damage can subsequently be generated when DNA/RNA polymerases
collide with these trapped complexes, triggering nucleolytic and/or proteolytic
processing. Catalytic inhibitors are either non-hydrolysable ATP analogues or,
mostly, non-competitive ATPase inhibitors, as the Bisdioxopiperazines ICRF-187
and ICRF'159 (Nittis,2009a and b)_

DNA lesions resulting from TOP2A inhibition can be detected by the DNA damage
checkpoint, that arrests cell cycle progression in order to repair DNA: if this is not
possible, the cell undergoes programmed cell death (Sancar et al.,2004 ; Branzei et al.,2008)
Two DNA damage checkpoints can be activated, one in late G1, which prevents
entry into S phase, and the other in late G2, which prevents entry into mitosis.
Furthermore, if DNA damage occurs during S phase, an intra-S checkpoint can be
elicited (Caldwell et aI.,2008).

Despite the use of TOP2-targeting drugs in clinical practice, unfortunately some of
the intercalating poisons, especially Anthracyclines, trigger side effects that are
independent of their action against TOP2. On the contrary, Bisdioxopiperazines
show poor anti-tumour activity, but their clinical usage aims to reduce
cardiotoxicity in patients treated with anthracyclines.

Even though several TOP2A inhibitors already exist, the positive results obtained in
clinical practice prompted the scientific community to search for new effective drugs
with lower side effects. Curcumin, the pigment derived from the rhizome Curcuma
longa, showed promising anticancer properties, with selective cell death-inducing
ability in tumour cells. The apoptotic process seems to be related to TOP2 poisoning
and consequent DNA damage induction (Martin-Cordero et al.,2003; Lopez-Lazaro et aI.,2007).

Indeed, in vitro experiments have demonstrated that Curcumin can directly interact
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with purified TOP2A and DNA, inducing TOP2A-cc. However, a recent bioinformatic
blind docking study predicted that the derivative bis-DemethoxyCurcumin has

higher binding affinity with TOP2A than Curcumin or Demethoxycurcumin (Kesharwani
and Misra,2011).

4.1.2 Curcumin and its derivatives

Phytochemicals from dietary agents, especially herbs and spices, are currently
under investigation for the prevention and therapy of various diseases, thanks to
their pleiotropic properties and very low toxicity. The polyphenol Curcumin is the
major active compound obtained from the dried rhizome of Curcuma longa,
together with smaller quantities of the Curcumin-derivatives DemethoxyCurcumin,
bis-DemethoxyCurcumin and the recently identified CycloCurcumin. The yellow
powder obtained from the plant was traditionally used not only as food spice and
colouring agent, but also in cosmetics and traditional Asian medicine (G0 et al..2008)
for treatment for example of inflammations, hepatic disorders, wound healing and

(Singh,2007)  present studies confirmed that Curcumin has anti-

rheumatism
inflammatory, anti-oxidant, chemopreventive and chemotherapeutic activities. The
wide range of activities of Curcumin are likely correlated to its ability to affect many
cellular pathways, by regulating many transcription and growth factors, cytokines,
protein kinases and other enzymes. Microarray analysis of mRNA expression
revealed a genome wide effect of Curcumin treatment (Téiten et al.2009) = Additional
informations about the mechanism of activity are still required, but new
perspectives emerged from the identification of Curcumin as an inhibitor of p300-
mediated epigenetic regulation (Marcu et al., 2006 ; Balasubramanyam et al.,2004)

Besides the promising effects observed both in cellular and animal models,
numerous clinical trials verified the safety and efficacy of Curcumin in different
types of human cancers. Early clinical trials showed that Curcumin is well tolerated

(Goel et al.,2008 ;

up to 12 g/day Lao et al,2008) and that a maximum daily intake of

Curcumin of 1 mg/kg body weight has no adverse effects. In addition, positive

results of Curcumin efficacy were obtained in the treatment of multiple myeloma,

post-operative inflammation, pancreatic and colon cancers (Shehzad et al,2010)

Unfortunately, regardless of its safety and efficacy, Curcumin is characterized by

poor absorption, rapid metabolism and systemic elimination (Anand etal..2007)

In order to overcome these limitations, Curcumin derivatives/analogues with

improved anti-tumour potential or bioavailability are under investigations (©hor et

al.,2006)

In our previous studies, we demonstrated that bis-DemethoxyCurcumin (bDMC) is

more stable in physiological conditions than its lead compound, overcoming one of

21


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Singh%20S%22%5BAuthor%5D

the most limiting factors for clinical applications of Curcumin (8asile et al..2009) “\yhjje
Curcumin triggers a G2/M arrest, due to impairment of microtubule spindle
formation, bDMC is able to induce a concomitant and more stable G1/S and mitotic
block in HCT116 cells (Figure 2.10). Our results pointed out that DNA-damage is
concomitant to cell cycle arrest in bDMC treated-cells, whereas it is likely the result
of severe mitotic arrest after Curcumin incubation (Basie et al.2009) " 553 and p21 are
both necessary for Curcumin-induced post-mitotic G1/S cell cycle arrest (mitotic
slippage), while a p53-independent p21 upregulation is involved in G1/S arrest
directly activated by bDMC. Moreover, bDMC exhibited higher cytotoxicity in ovarian
cancer cells and greater anti-carcinogenic and anti-metastatic activities than
Curcumin (Anand et aI.,2008).

These previous studies drew our attention on bDMC. Our current analyses focus on
the activity of bDMC as DNA-damaging agent and TOP2A inhibitor. We highlight
that bDMC leads colon cancer cells to apoptosis by targeting TOP2A. Indeed, bDMC
affects both enzymatic activity and NF-Y-mediated transcription of TOP2A.

Curcumin
DAC
bDMC

Mitotc
-)

- Slippage ==
b U Figure 2.10| Graphical abstract
% representing Curcumin, bis-
DemethoxyCurcumin (bDMC) and

DiacetylCurcumin (DAC) activities
/ in HCT116 cells, (Basile etal.,,2009),

' |—.<_ bDMC

S

4.2 Results

4.2.1 bDMC triggers irreversible cell death in colorectal carcinoma cells,
but not in healthy cells

We already demonstrated that bDMC administration has a cytostatic effect on
HCT116 cells, inducing a concomitant G1/S and G2/M arrest of the cell cycle (Basile et
al2009) - Time-course experiments of bDMC administration for up to 24 hours,
followed by release in drug-free medium, not only confirmed our previous findings,

but highlighted an additional cytotoxic activity. Indeed, PI cytofluorimetric analyses
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pointed out that SubG1l events increase in a time-dependent way (Figure 4.1A and
B), from 0.6% in DMSO-treated cells to 7.5% after 24h of bDMC.
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Figure 4.1| bDMC triggers irreversible cell death in HCT116 cells. (A) PI-
Cytometric cell-cycle analysis of HCT116 cells treated with bDMC for 4, 8, 16, 24h
and released in drug-free medium for further 16 and 24h (16hR and 24hR),
following 24 h of bDMC treatment. (B) Graphical quantification of SubG1 events
detected by PI-cytofluorimetric analysis after incubation with bDMC for the
indicated times. (C) Percentage of Annexin V-positive cells after 24h treatment
with bDMC is compared with Control (CTR) and DMSO-treated cells and with cells
released for additional 24h into fresh medium (24hR). (D) Western blot analysis of
yH2AX and PARP1 following time-dependent treatment of HCT116 cells. Actin was
used as loading control.

Interestingly, the release of cells from bDMC into fresh medium further increased
SubG1 events to 14% and 23% after 16h and 24h from release, respectively. Flow
cytometric quantification of AnnexinV positive cells showed that after 24h of bDMC
incubation already 20% of cells are positive to the staining (Figure 4.1Cc), hinting
that bDMC irreversibly commits cells to apoptosis. Consistently, we detected time-
dependent cleavage of PARP-1 and phosphorylation of H2AX Ser139 (yH2AX)

(Figure 4.1D), which continued to increase after release from bDMC. The same
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results were obtained in colorectal carcinoma Lovo cells, with bDMC triggering time-
dependent increase of SubGl events (up to 18% after 24h release into fresh

medium) (Figure 4.2A and B) and activation of yH2AX (Figure 4.2C).
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Figure 4.2| bDMC triggers irreversible cell death in Lovo cells. (A) PI-
Cytometric cell-cycle analysis of Lovo cells treated with bDMC for 4, 8, 16, 24h
and released in drug-free medium for further 16 and 24h (16hR and 24hR)
following 24 h of bDMC treatment. (B) Graphical quantification of SubG1 events
detected by PI-cytofluorimetric analysis after incubation with bDMC for the
indicated times. (C) Western blot analysis of yH2AX following time-dependent
treatment of Lovo cells. Actin was used as loading control.

In order to characterize the cytotoxic effects of bDMC, we performed the same
treatments with 30uM bDMC in human normal fibroblasts (HF) and hepatic fetal
epithelial cells (WRL-68). We could not detect any increase of SubG1 events (Figure
4.3A and B) hor YH2AX activation in WRL-68 cells treated for up to 24h (Figure 4.3C),

even after release from bDMC.
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Figure 4.3] bDMC does not elicit cell death in WRL-68 cells. (A) PI-
Cytometric cell-cycle analysis of WRL-68 cells treated with bDMC for 4, 8, 16, 24h
and released in drug-free medium for further 16 and 24h (16hR and 24hR)
following 24h of bDMC treatment. (B) Graphical quantification of SubG1 events
detected by PI-cytofluorimetric analysis after incubation with bDMC for the
indicated times. (C) Western blot analysis of yH2AX following time-dependent
treatment of WRL-68 cells, in comparison to HCT116 cells treated for 24h. Actin
was used as loading control.

Due to the longer doubling-time of HF cells compared to HCT116 or WRL-68 cells,
we performed time-course analyses after 24 and 48 hours from bDMC
administration, and released cells in fresh medium for additional 24/48h.
Nevertheless, the lack of a significant increase of SubG1 events (Figure 4.4A and B)
and yH2AX phosphorylation was confirmed also in HF cells (Figure 4.4C).
Furthermore, we performed dose-response analyses comparing cancer cells versus
healthy cells (Figure 4.5A and B): as expected, IC50 concentrations are lower in
HCT116 and Lovo cells (~30 pM) than in HF and WRL-68 cells (>320 pyM and 55
MM, respectively), further corroborating the tumour selectivity of bDMC activity.

In order to better characterize bDMC activity, we then performed cellular and

molecular experiments in HCT116 as model cell line.
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Figure 4.4| bDMC does not induce cell death in HF cells. (A) PI-
Cytometric cell-cycle analysis of HF cells treated with bDMC for 24 and
48h and released in drug-free medium for further 24 and 48h (24hR
and 48hR) following 48h of bDMC treatment. (B) Graphical
quantification of SubG1 events detected by PI-cytofluorimetric analysis
after incubation with bDMC for the indicated times. (C) Western blot
analysis of yH2AX following time-dependent treatment of HF cells, in
comparison to HCT116 cells treated for 24h. Actin was used as loading
control.

Figure 4.5| Cancer cells are more sensitive to bDMC than
healthy cells. Percentage of cell survival of (A) HCT116 and LOVO
tumor cells compared to (B) HF and WRL-68 normal cells, following
administration of increasing concentrations of bDMC for 24h
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4.2.2 bDMC induces DNA damage in HCT116 cells

H2AX Ser139 phosphorylation is an important molecular marker both of apoptosis

and of DNA double-strand breaks (DSBs). Therefore, we wondered if the increase of
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yYH2AX observed after bDMC treatment of cancer cells could be the result of DNA
damage rather than apoptosis. To discriminate between these two possibilities, we
co-treated HCT116 cells with bDMC and the pan-caspase inhibitor Z-VAD.
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Figure 4.6| bDMC induce DNA damage. (A) Graphical quantification of SubG1
events detected by PI-cytofluorimetric analysis after incubation with bDMC and Z-
VAD alone or in combination for 24h. (B) Western blot quantification of yH2AX
expression levels versus actin following bDMC and Z-VAD rteatments for 24h,
alone or in combination.

Cytofluorimetric analysis highlighted that Z-VAD blocked the accumulation of
SubG1 cells induced by bDMC (Figure 4.6A), but a partial activation of yH2AX was
still detectable in Western Blot (Figure 4.6B), suggesting that bDMC can induce DNA
damage. When DSBs occur, the cell activates a complex pathway composed of
sensor, mediator, transducer and effector proteins (Bakkenist andKastan,2004) " [GBg are
thus recognized, transducers such as ATM/ATR/DNA-PK are activated and, in turn,
they phosphorylate sensors, mediators (as H2AX, BRCA1l) and distal transducers
and effectors (as Chkl and Chk2). We previously demonstrated that 24h bDMC
determines activation of ATM (Basile et al.,2009) “\which is the major transducer of DSBs
response pathway. Western Blot experiments demonstrate that a DNA-damage
response is actually elicited in bDMC-treated cells, since ATM, BRCA1, Chkl and
H2AX are phosphorylated (Figure 4.7).
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In order to further support this hypothesis, we pre-treated cells with Wortmannin
(WORT), an inhibitor of PI3-Kinases involved in DNA damage and repair
mechanisms, namely ATM and DNA-PK (Sarkeria et al.,1998) \WORT decreased yH2AX
activation (Figure 4.8A) and reduced G2/M population, from 47% in bDMC-cells to

31% in WORT-bDMC-cells, with a concomitant increase in G1 events (Figure 4.8B).
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Figure 4.8| bDMC elicits a G2/M DNA damage checkpoint. (A) Western blot
analysis of yH2AX expression and (B) graphical distribution of events detected by
PI-cytometric analysis after 24h treatment of HCT116 with Wortmannin (WORT)
and bDMC, alone or in co-treatment.

These data indicate that bDMC elicits a G2/M DNA damage checkpoint, which
probably prevents cells from entering the next G1 phase. Cytofluorimetric
evaluation of cell populations expressing yH2AX confirmed that after 24h treatment
with bDMC there is an increase of positive cells with a 4N DNA content, most likely
G2/M arrested cells (Figure 4.9A). We then sought to understand if bDMC cause
chromosome aberrations in these mitotic DNA-damaged cells. Chromosome spreads
of HCT116 (Figure 4.9B) treated for 24h with bDMC were analyzed by Giemsa
staining: we detected chromatid-gaps and -breaks in bDMC-cells, supporting the
hypothesis that G2/M-arrested cells are damaged and presumably committed to
apoptotic death.

We already showed that in HCT116/E6 cells, lacking p53, bDMC induces an even
more robust arrest in G2/M phase compared to HCT116 (Basiie etal,2009). 5154 jn these
cells, bDMC triggers a time-dependent increase of SubG1l events and of yH2AX
(Figure 4.9C and D), corroborating that damaged cells are G2/M cells subsequently

committed to cell death.
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Figure 4.9| bDMC accumulates DNA-damaged cells in G2/M phase.
(A) Percentages of yH2AX-positive cells in 2N and 4N cells after bDMC
treatments for 24h. (B) Representative Giemsa-stained mitotic chromosome
spread of HCT116 treated with DMSO (a) or bDMC (b) for 24 h.
Enlargements (box ¢ and d) show chromosome aberrations of bDMC-cells.
(C) Graphical quantification of SubG1 events detected by PI-cytofluorimetric
analysis after incubation of HCT116/E6 with bDMC for the indicated times.
(D) Western blot analysis of yH2AX after time-dependent treatment of
HCT116/E6. Actin was used as loading control.

4.2.3 bDMC as a TOP2A poison

It has been demonstrated that Curcumin can induce Topoisomerase I and
Topoisomerase II complexes with DNA (Lopezlazaro et al,2007) Zn4q recent studies
revealed that bDMC has a stronger binding affinity for TOP2A than Curcumin
(Kesharwani and Misra,2011) “T3king into account these results and the ability of bDMC to
induce DNA-damage and chromosome breaks, we speculated that bDMC could
inhibit TOP2A activity in HCT116 cells.

We performed an in vitro TOP2 activity assay with a commercial kit, quantifying the
ability of TOP2 to decatenate a specific substrate, kinetoplast DNA (kDNA), in the
presence of DMSO or bDMC. As shown in Figure 4.10A, 30 UM bDMC reduced to 50%
TOP2 activity and besides, bDMC showed a significant inhibitory ability when

compared to the known TOP2 poison Etoposide (ETP). We thus assessed if bDMC
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was able to trap TOP2A-DNA covalent complexes in cells, by a band-depletion
assay. Indeed, the enzyme covalently linked to DNA cannot enter SDS-
polyacrylamide gels, resulting in a loss of the respective immunoreactive band in
Western Blots of whole cell lysates, unless Micrococcal Nuclease (MNase) digestion
allows the release of TOP2A from DNA complexes. We performed a bDMC time-
course experiment and for each time point we prepared protein extracts and

compared TOP2A levels before and after digestion with MNase. Western Blots in
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Figure 4.10B shows that MNase digestion restored TOP2A levels (at least partially)
only after 4h and 8h of incubation with bDMC, consistently with the presence of
TOP2A-DNA complexes. Conversely, after 16 and 24 hours of bDMC treatment no

increase in TOP2A levels was observed after MNase incubation.

Since poisoning of TOP2A can be an indirect effect (-épeztdzaro et al,2007) " que to an
increase of reactive oxygen species (ROS), we performed a band-depletion assay
with extracts of cells pre-treated and co-treated with the antioxidant N-

acetylcisteine (NAC). This assay (Figure 4.10c) demonstrated that bDMC can trap

30



enzyme-DNA complexes also in the presence of NAC, ruling out that this
phenomenon could be indirectly mediated by ROS production. All together, these
data clearly suggest that bDMC acts as a TOP2A poison up to 8h of treatment.

4.2.4 bDMC induces transcriptional repression of TOP2A by affecting NF-Y
binding to its promoter region

Western Blot analysis of MNase-digested extracts highlighted that TOP2A
expression levels decrease in a time-dependent way, being reduced by 60-70%
after 24h of bDMC (Figure 4.11A and B). In order to understand whether this could be
ascribed to increased protein degradation, we co-treated cells with bDMC and the
proteasome inhibitor MG132. The graphical quantification of Western Blot

experiments in Figure 4.11B clearly suggests that proteasomal degradation is not the

A B
bDMC i
S $o 1
[ 1,0
SIS SO b
Ses 8 22 o8
ACTIN e g0 06
oo
TOP2A wmmo— —e ee oo Q> 0.4
10 05 04 03 03 02
0
bDMC - + o+
MG132 - - 4
C
D
© 12
5@ 08- bDMC - 16hR 24hR 8o O
%E 06 - og 08
gg 04 - ACTIN == w= = 30 06 -
z 02- l - TOP2A == — — <8 04 —
E oo+M M - 2 02
DMSO 4h 8h 16h 24h E 00 - 5 .Q_ "Q_
—_— o &
bDMC S ¥ 9
bDMC

Figure 4.11| TOP2A expression is downregulated by bDMC. (A)
Quantification of TOP2A protein levels in MNase-treated extracts after 4, 8,
16 and 24h of incubation with bDMC. The indicated values are
quantifications of TOP2A immunoreactive bands normalized vs actin levels.
(B) Quantification of TOP2A expression (normalized to actin) following
bDMC and bDMC-MG132 administration for 24h versus DMSO (arbitrarily set
at 1). (C) Real-time PCR analysis of TOP2A mRNA in bDMC-cells,
represented as mRNA fold change versus DMSO (arbitrarily set at 1). GAPDH
has been used as internal control. (D) Analysis of protein and mRNA levels
of TOP2A after incubation with bDMC for 24h, followed by release for 16h
(16hR) and 24h (24hR) in fresh medium.
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cause of TOP2A halving.

Consequently, we analyzed the level of TOP2A transcription after incubation with
bDMC: real-time RT-PCRs (Figure 4.11c) clearly show time-dependent
downregulation of TOP2A gene transcription. Furthermore, even after the release of
cells into fresh medium, both protein and mRNA levels of TOP2A continue to be
reduced (Figure 4.11D).

NF-Y is the major transcription factor controlling the activation of TOP2A
transcription, through direct binding to the CCAAT boxes in its promoter region.
Therefore, we assessed NF-Y binding to TOP2A gene regulatory region after 24h
bDMC treatment, by Chromatin Immunoprecipitations (ChIP). Interestingly, NF-YA
and NF-YB binding was reduced by 40% and 30%, respectively (Figure 4.12A and B).

Furthermore, epigenetic markers associated to transcriptionally active chromatin
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Figure 4.12| Inhibition of NF-Y-mediated TOP2A transcription by
bDMC (A) Semi-quantitative ChIP analysis of NF-YA, NF-YB, acetyl-H3
(H3ac) and acetyl-H4 (H4ac) binding to TOP2A promoter in HCT116 treated
with DMSO or 24h-bDMC. (B and C) ChIP real-time PCR analysis of
chromatin-associated NF-Y, H4ac and H3K4me3 to TOP2A promoter
following 24h (B) or 8h (C) of incubation with bDMC. Image (D) shows
mRNA expression levels of p21 in 24h bDMC-treated cells and (E) shows
semi-quantitative PCR analysis of the recruitment of NF-Y and acetylated
histones on p21 regulatory region, in cells treated for 24h with DMSO and
bDMC.
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and associated to NF-Y binding(fossati et al.2011) " g, ,ch a5 acetylation of histone H4
(H4ac) and tri-metylathion of histone H3 Lys4 (H3K4me3), are cut by about 40%.
ChIP analyses performed at an earlier time-point of bDMC incubation, pointed out
that NF-YB and H4ac are already maximally depleted from TOP2A promoter after 8h
of treatment, whereas H3K4me3 is only slightly decreased after 8h and further
decreases at 24 hours (Figure 4.12B and C). These results hint that NF-Y reduction,
together with early and late NF-Y-dependent epigenetic modifications of the
promoter can be responsible for the observed downregulation of TOP2A
transcription.

In order to rule out global, non-specific effects on histone acetylation, we analysed
the transcription of 21, that is transcriptionally upregulated (Figure 4.12D) and

therefore associated to increased H3ac and H4ac (Figure 4.12E).

4.2.5 bDMC treatment affects the levels of NF-Y subunits inside the nucleus

The decrease of NF-Y recruitment onto TOP2A promoter raised the question
whether this was dependent on reduced expression levels of NF-Y. Western Blots of
whole cell extracts (Figure 4.13A) and RT-PCRs (Figure 4.13B) of cells treated with
DMSO or bDMC for 24h highlighted a decrease of ~50% of NF-YA subunit, both at
the mRNA and protein levels. Conversely, no significant variations were observed in

NF-YB and NF-YC expression levels.
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Figure 4.13| bDMC affects NF-Y subunits expression. (A) Western blot
of whole cell extracts of DMSO and bDMC-treated cells (24h) with NF-Y
antibodies and (B) Semi-quantitative RT-PCRs of NF-YA, NF-YB and NF-YC
subunits after bDMC administration for 24h.

Differently from NF-YA, that is mostly localized into the nucleus, NF-YB and NF-YC
can shuttle between cytoplasm and nucleus (Frontini et al.2004) " gqp this reason, we

assessed the localization of the subunits by Western Blot analysis of nuclear and

33



cytosolic protein extracts. Figure 4.14A shows a time-dependent accumulation of NF-
YC and -YB into the cytosol following bDMC administration, which is maximum after
24h-treatment. However, a clear decrease is observed in nuclear extracts already
after 8h of incubation with bDMC. To investigate whether this was related to
alterations in nuclear export or nuclear import, we co-treated cells with bDMC and

an inhibitor of nuclear export CRM1-mediated, Leptomycin B (LMB).
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Western Blots performed on nuclear extracts (Figure 4.14B) highlighted that NF-YB
and NF-YC levels do not rise in co-treated cells compared with bDMC alone, while
p53 increase confirmed the efficiency of LMB treatment. These data indicate that
bDMC triggers NF-YB/NF-YC retention into the cytosol, together with NF-YA
reduction, thus determining TOP2A transcriptional downregulation.

Since it is known that TOP2A can be cooperatively regulated by NF-Y and Sp1 (Magan
et al,2003) " \ve checked if also Spl expression could be affected by bDMC treatment.
Western Blot experiments carried out with chromatin-enriched and whole cell
extracts of HCT116 (Figure 4.15) pointed out that Sp1 levels decrease already after
8h of bDMC treatment, while its recruitment onto chromatin is mainly reduced after
24h bDMC, consistent with a time-dependent release of Spl from TOP2A promoter,

which could be secondary to the release of NF-Y binding.
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4.2.6 Both enzymatic and transcriptional TOP2A targeting contributes to
bDMC cytotoxic activity

With the aim of determining the role played by TOP2A in the cytotoxic activity of
bDMC, we knocked down TOP2A by siRNA transfection. Protein levels were reduced
by about 70% after 48h from transfection, and TOP2A could be further decreased
by bDMC treatment (Figure 4.16A).
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Figure 4.16| bDMC activity is mediated by dual
targeting of TOP2A at the transcriptional and
enzymatic levels. (A) Western blot of TOP2A after
siRNA-mediated knockdown and bDMC treatment for
24h. (B) Quantification of SubG1 events detected by PI-
Cytofluorimetric analysis after bDMC treatment for 24h
and release for additional 24h in control and TOP2A-
inactivated cells.



After RNAi, SubG1 events increased from 1.8% to 11.5%, that is indicative of the
important role played by TOP2A in HCT116 cell viability (Figure 4.16B). Interestingly,
24h bDMC administration was not able to further increase SubGl events in
knocked-down cells, hinting that the initial inhibition of TOP2A enzymatic activity is
important for cytotoxicity. On the other hand, when cells are released into fresh
medium for additional 24h, SubG1 events doubled both in control and silenced cells
(Figure 4.16B), suggesting that long-term apoptosis relies on TOP2A transcriptional

downregulation rather than TOP2A poisoning.

4.3 Discussion

High expression levels of TOP2A have been associated to high proliferation and
malignancy of cancer cells. As expected, these TOP2A-overexpressing tumours are
particularly sensitive to TOP2-targeting drugs. For this reason, therapy-induced
downregulation of TOP2A has been associated to a positive response to
chemotherapy and longer relapse free survival, but also to subsequent drug

resistance (Tinari et al.,2006)

Nonetheless, TOP2A is the target of many effective
chemotherapeutic drugs currently used in clinical practice, such as Etoposide. Our
analyses pointed out that bDMC has a cytostatic and cytotoxic activity in cancer
cells, which can be ascribed, at least in part, to its dual effect on TOP2A activity and
expression. Indeed, bDMC acts as TOP2A inhibitor, as demonstrated by in vitro
decatenation and band-depletion assays performed in HCT116 (Figure 4.10). bDMC
induces persistent and irreversible DNA damage in cancer but not in normal cells,
which are less sensitive to bDMC treatment, as highlighted by higher IC50
concentrations (Figure 4.5). Curcumin and its derivatives were already demonstrated
to be tumour-selective agents, due to their lower uptake in healthy cells or to
increased sensitivity of cancer cells (82sile et al-.2013) "Taking into account that various
tumours are characterized by increased TOP2A levels compared to their normal
counterpart, it could be that TOP2A-targeting is at the basis of bDMC cancer
selectivity.

TOP2A has an important role in DNA replication and in cell cycle progression,
especially in G2/M phase. bDMC administration delays cells in the passage from
early- to late-S phase (Baslleetal.2009 anq moreover, it triggers G2/M accumulation of
damaged-cells harbouring chromosome aberrations and H2AX phosphorylation
(YH2AX) (Figure 4.9A and c). In fact, bDMC triggers a DNA-damage response and
activates the G2/M checkpoint, as demonstrated by the reduction of G2/M cells
after pre-treatment with the PI3-K inhibitor WORT (Figures 4.7 and 4.8). Indeed, in

the absence of an effective G2/M checkpoint, bDMC-cells are accumulated in the
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following G1 phase rather than in SubG1, indicating that the prolonged activation of
the checkpoint in G2/M is important to commit cells towards apoptosis.

We demonstrated that short-term exposure to bDMC (4h and 8h) determines the
concomitant inhibition of TOP2A transcription and activity, while longer incubation
(16h and 24h) mainly downregulates TOP2A expression (Figures 4.10 and 4.11). We
should bear in mind that bDMC undergoes a rapid cell metabolism, and its
concentration inside the cell is reduced to 7.5% and 6.2% after 4h and 8h of
incubation, respectively, and to <0.5% after 24h (Basile et al..2009) = o together, these
data indicate that bDMC exerts its main direct activity by 8h from incubation, when
we observed enzymatic inhibition of TOP2A and the maximal reduction of NF-Y
function. Nevertheless, bDMC activates long-term transcriptional inhibition of
TOP2A. Both of these aspects are important for bDMC anti-cancer activity, as
demonstrated by TOP2A siRNA experiments (Figure 4.16): TOP2A poisoning is
important for first-line induction of cell death (within 24h bDMC), but inhibition of
TOP2A transcription plays a role in long-term, irreversible activation of cell death,
even after drug release.

TOP2A transcriptional inhibition is determined by reduction of NF-YA protein, which
is the limiting-subunit of the complex, and retention of NF-YB/NF-YC into the
cytosol (Figures 4.13 and 4.14). Although bDMC treatment doesn’t result in an
impressive reduction of NF-YA and NF-YB binding to TOP2A promoter (of about 30-
40%),we already know that TOP2A promoter activity is highly sensitive to small
variations in NF-Y binding (Benatti etal..2011) “Mmqgreover, another transcription factor that
is tightly related to NF-Y and is involved in the control of TOP2A, Spl, undergoes a
reduction in protein expression and chromatin association following bDMC
treatment. In addition to the NF-Y/Spl cooperation in the regulation of gene
transcription of multiple targets, the interplay between NF-Y and Sp1 is also due to
the NF-Y-mediated transcriptional control of the Spl gene. ChIP-seq ENCODE data
show NF-Y binding on Spl promoter (Resenbloom et a.2013) 5n4 - consistently, its mRNA
levels decrease in NF-Y-inactivated cells (Benattietal..2011)

Taken together, we identified TOP2A as an important target for bDMC tumour-
selective cytostatic and cytotoxic activity. Moreover, we pointed out that the
regulation of NF-Y activity can be a good and interesting strategy in cancer therapy.
Bearing in mind that NF-Y has been identified among the regulators of oncogenic
transcriptional changes and that upregulation of NF-Y target-genes correlates to
poor clinical prognosis (6°cdarzi et al.,2009; Yamanaka et al. 2009) "thig study can pave the way
to new strategies to fight cancer cell proliferation.

In order to achieve this goal, we still heed to deepen our knowledge about the

regulation of NF-Y subunits expression and activity.
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5. TASK II:
REGULATION OF NF-Y EXPRESSION

5.1 Background

Large-scale analyses of gene expression profiles indicated that NF-YA is
upregulated in different kinds of tumour (Unlen et al.,2012; Garipov et al.,2013) g \wever, NF-Y
subunits transcriptional regulation has not yet been extensively studied, and it will
be interesting to understand how NF-YA, -YB and -YC are controlled. Previous
works of our group pointed out that after NF-YA knock down in HCT116 cells,
expression levels of NF-YB are increased, and silencing of NF-YB determines an
upregulation of NF-YA and NF-YC transcripts (Benatti et al.,2008 and 2011) " gince available

ENCODE ChIP-Seq data indicate that NF-Y (Figure 5.1) and NF-Y-dependent
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Figure 5.1| NF-Y is recruited on its own gene promoters. ChIP-seq and
ENCODE data obtained from UCSC Genome Browser (Feb. 2009 GRCh37/hg19
assembly). Figures highlight in vivo binding sites of NF-YA and NF-YB and
promoter regions are identified by a peak of the histone marks trimethyl-H3k4
(H3K4me3) and acetyl-H3K27 (H3K27Ac).



transcriptional regulators are bound on NF-Y subunits’ promoter regions (Rosenbloom et
al.2013) it s likely that NF-Y regulates its own expression: understanding how and to

what extent is the aim of the second task of my studies.

5.2 Results

5.2.1 Abrogation of NF-YA subunit by RNAi positively regulates NF-YB and
NF-YC expression

"

As described above (§2.4), two major NF-YA isoforms have been described, a “long
and a “short” one, whose relative abundance varies in different cell types.
Moreover, NF-YC mRNA can undergo various alternative splicing events, leading to
expression of 37-, 39-, 48- and 50-kDa NF-YCs, as well as a shorter NF-YC, named
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Figure 5.2| NF-YA depletion leads to upregulation of NF-YB and NF-YC. (A)
Western Blot analysis performed with the indicated antibodies on Whole Cell
Extracts (WCE) after 54h of shRNA lentiviral infection of HCT116 cells. Actin was
used as loading control. (B) Protein levels of NF-YA, -YB and -YC in WCE and
Nuclear Chromatin-enriched extracts (N.C.) after 72h shRNA infection. Histone H3
was used as normalizer. (C) Transcriptional levels of NF-Y subunits following 54h
and 72h from lentiviral infection with shCTR and shNF-YA.
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NF-YCb, that is mainly cytoplasmic (ceribelli etal,2009) " ag described for NF-YA, also NF-
YC splice variants are differentially expressed depending on cell type. HCT116 cells
express NF-YA short and mainly the NF-YC (37kDa) variant, with the other isoforms
being detected about 6 PCR cycles later.

In order to understand the biological relevance of NF-Y for its own regulation, we
knocked-down the limiting subunit of the trimer, NF-YA, by lentiviral delivery of
shRNAs. A vector containing a non-targeted shRNA was used as control (shCTR).
Protein levels of NF-YA are reduced of about 70% after 54h (Figure 5.24) and 72h
(Figure 5.2B) from HCT116 infection, while NF-YB and NF-YC protein expression is
clearly upregulated (two- and three-fold, respectively). Nevertheless, silencing of
NF-YA determines ~80% reduction of all of the three NF-Y subunits in chromatin-
enriched extracts (Figure 5.2B), that is consistent with the depletion of the DNA-
binding and limiting subunit of the complex. As previously demonstrated (enatti et
al.2011) “the knock-down of NF-YA induces DNA damage, as indicated by activation of
yH2AX, and triggers an upregulation of p53 protein (Figure 5.2A).

To ascertain whether increased protein amounts of NF-YB and NF-YC were due to
higher levels of transcription, we performed RT-PCR analyses on shCTR and shNF-
YA cells. As shown in Figure 5.2¢c, NF-YB and NF-YC mRNA levels have an average
three-fold increase in shNF-YA cells compared to shCTR cells. As concerns minor
NF-YC splice variants, they show only a slight increase in shNF-YA cells (Figure 5.3),
ruling out that specific isoforms different from the constitutive NF-YC (37kDa) could

be activated in response to NF-YA depletion.

Figure 5.3| Silencing of
NF-YA has little effects on
minor NF-YC splice-
variants. Semi-quantitative
RT-PCR of NF-YC (39, 48 and
50 kDa) after 54h and 72h
from lentiviral infection of
HCT116 with shCTR and
shNF-YA constructs.

NF-YC (39Da)
NF-YC (48kDa
NF-YC (50kDa

YACTIN
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With the aim to confirm the negative role played by NF-Y in the transcriptional
regulation of NF-YB and NF-YC, we exploited HCT116 cells stably transfected with
wild-type NF-YA or the well characterized dominant negative NF-YAmM29 (NF-YA-
DN) (mbriano et al..2005) "1 thjs NF-YA mutant, three amino acids in the DNA-binding
domain have been mutated, allowing proper association with the NF-YB/NF-YC
dimer, but not the recognition of the CCAAT box. Western Blot analyses pointed out
that NF-YA overexpression leads to downregulation of NF-YB and NF-YC protein
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levels compared to cells transfected with a control vector (CTR) (Figure 5.4). On the
contrary, expression of NF-YA-DN determined a slight increase of the two HFM-

subunits, as expected.

X Figure 5.4| Overexpression
4 of NF-YA or a dominant

> negative mutant (NF-YA-
DN). Protein levels of NF-Y
NF-YA -— subunits in  Whole Cell
_ pr—— Extracts of HCT116 stably
SIS transfected with NF-YA, a
NF-YC w— === dominant negative NF-YA
mutant (NF-YA-DN) or an

ACTIN ———— | — empty control vector (CTR).

5.2.2 Impairment of NF-Y activity affects chromatin structure in the
promoters of NF-Y subunits

The in vivo binding of NF-Y on NF-YA, NF-YB and NF-YC promoters has been
identified by ChIP-Sequencing experiments performed in K562, HelaS3 and
GM12878 cell lines (Rosenbloom et al.2013) " girt e validated NF-Y binding to promoters
of NF-YB, NF-YC P1 and NF-YC P2 in HCT116 cells, and as already observed by
Ceribelli et al., NF-YC P2 regulatory region showed higher NF-Y enrichment
compared to P1 (Ceribelli et al.2009) "y rthermore, ChIP real-time PCRs highlighted that
the histone marks acetyl-H3 (H3ac), acetyl-H4 (H4ac) and acetyl-H3K56
(H3K56ac), indicative of an active chromatin state, were higher in P1 promoter
rather than in P2 (Figure 5.5), hinting that the constitutive NF-YC promoter in
HCT116 cells is P1.

We therefore carried out Chromatin Immunoprecipitation (ChIP) experiments in

E ENF-YC P1 promoter

i Figure 5.5| NF-YC P1 is the active
= “NF-YC P2 promoter basal promoter in HCT116 cells.
5 600 - Quantification of the active chromatin
X ¢ 500 marks acetyl-H3 (H3ac), acetyl-H4
5 < 00 | (H4ac) and acetyl-H3K56 (H3K56ac) in
Di » the two NF-YC promoters in shCTR-
- 300 HCT116 cells, as detected by ChIP real-
Q> 200 5 ] time PCR. Data are expressed as the
10} 100 +— i_ fold enrichment of the percentage of
= 0 | ) ] immunoprecipitated sample over a non-
&) ‘ ‘ ‘ ‘ i

= H3ac Hdac H3K56ac correlated FLAG antibody.

m
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HCT116 cells after lentiviral infection with shNF-YA or shCTR, to assess if
differential NF-Y binding could be responsible for variations in NF-YB and NF-YC
transcription (Figure 5.6). NF-Y binding to NF-YB and NF-YC promoters was cut by at
least 80% after 54h from shNF-YA infection (Figure 5.6A). Conversely, when we
analysed histone marks indicative of an active chromatin state, we observed a
striking rise in acetyl-H3 (H3ac) and acetyl-H3K56 (H3K56ac) in NF-YB and NF-YC
P1 regulatory regions, together with a slight increase of acetyl-H4 (H4ac). On the
contrary, knock-down of NF-YA had little effects on global acetylation of NF-YC P2

promoter (Figure 5.6B). These data prompted us to speculate that NF-Y takes part in
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Figure 5.6] NF-Y binding to NF-YB and NF-YC promoters is
impaired after shNF-YA, while positive histone acetyl-marks
are increased. Quantification of (A) NF-YA and NF-YB and (B) of the
active chromatin marks acetyl-H3 (H3ac), acetyl-H4 (H4ac) and
acetyl-H3K56 (H3K56ac) to the indicated promoters, as detected by
ChIP real-time PCR. Data are expressed as fold change of binding in
shNF-YA (54h) cells over shCTR cells. Specific antibody
immunoprecipitations were normalized to FLAG antibody.
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the housekeeping activity of NF-YB and NF-YC P1 promoters, being able to maintain
restricted basal levels of transcription.

In NF-YB and NF-YC P1 regulatory regions, an inverse correlation between NF-Y
recruitment and open chromatin marks was confirmed also 72h post-infections
(Figure 5.7), hinting at a sensible and persistent molecular mechanism that leads to

NF-Y subunits upregulation when NF-Y transcriptional activity is impaired.
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Figure 5.7| Alterations in NF-Y binding and chromatin
structure at NF-YB and NF-YC promoters is maintained 72h
post-shRNAs infections. Quantification of NF-YA and of the active
chromatin marks acetyl-H3 (H3ac) and acetyl-H4 (H4ac) in the
indicated NF-Y promoters, as detected by ChIP real-time PCR. Data
are expressed as fold change of binding in shNF-YA (72h) cells over
shCTR cells. Specific antibody immunoprecipitations were normalized
to FLAG antibody.

5.2.3 NF-YB and NF-YC proteins are necessary for NF-Y trimer stability

To strengthen our findings about a negative autoregulatory loop in NF-Y subunits
expression, we assessed their mRNA levels in HCT116 after shRNAs-mediated
depletion of NF-YB or NF-YC. As expected, NF-YB and NF-YC were completely
inactivated by 48h post-infection (Figure 5.8). Conversely, we observed a two-fold
increase of NF-YA transcript levels. Surprisingly, only a slight increase of NF-YC was
detected after silencing of NF-YB and no significant changes were detected in NF-YC
mRNA after silencing of the corresponding histone-fold partner, compared to
shCTR. This lack of evident transcriptional effects could be ascribed to the lower
efficiency of shNF-YB and shNF-YC in depleting NF-Y complex from chromatin, as

compared to shNF-YA (Benatti etal.,2011)
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Figure 5.8| Silencing of NF-YB
or NF-YC slightly increased NF-
YA transcription. mRNA levels of
NF-Y subunits following 48h from
lentiviral infection with shCTR,
shNF-YB and shNF-YC.

Unexpectedly, Western Blot analyses (Figure 5.9A and B, left panels) showed a severe
NF-YA protein downregulation (of 80%) in shNF-YB and shNF-YC cells compared to
shCTR samples. Furthermore, knock-down of NF-YB triggers a comparable
depletion of both NF-YB and NF-YC proteins. The same phenomenon is observed
following shNF-YC infection (Figure 5.9A and B, left panels).

Since these results were in contrast with the data obtained at the transcriptional
level, we hypothesized that enhanced NF-Y degradation could occur in shNF-YB-
and shNF-YC-cells, due to the lack of NF-YB/NF-YC dimer assembly. Therefore, we
inhibited protein degradation pathways by treating HCT116 cells with the lysosomal
inhibitor Chloroquine (CQ) together with the proteasomal inhibitors MG132 and
LLnL. Under this experimental conditions, doubling of NF-YA protein levels is
detected in NF-YB or NF-YC silenced cells, compared to shCTR cells. Moreover, the
expression of the dimerization partner is completely restored (Figure 5.9A and B, right

panels).

These data suggest that the loss of one of the two HFM subunits, that hampers the
formation of a stable NF-YB/NF-YC complex, leads the respective HFM partner to

protein degradation.
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Figure 5.9| NF-YB/NF-YC dimer confers stability to the
complex. (A) Protein levels of NF-Y subunits following 48h
from lentiviral infection with shCTR, shNF-YB and shNF-YC. In
right panel, cells have been treated for 18h with inhibitors of
lysosomal degradation (Chloroquine, CQ) and of proteasomal
degradation (MG132 and LLnL). (B) Quantification of NF-YA, -
YB and -YC expression levels in shNF-Y versus control cells,
with and without administration of CQ, MG132 and LLnL.

5.3 Discussion

In the last years a multitude of studies pointed out that expression of NF-Y-
dependent genes and NF-Y itself are deregulated in cancers (Gocdarz et al.2009, Uhlen et
al. 2010; Garipov et al. 2013) " NF-Y has a crucial role in cell cycle progression and it could be
a useful target for controlling aberrant hyper-proliferation of cancer cells.
Therefore, besides NF-Y activities and target-genes, we need to know the
mechanisms regulating the expression of NF-Y subunits. This subject has not been

extensively studied so far. Our previous works indicated that after NF-YA knock
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down in HCT116 cells, NF-YB and NF-YC are up-regulated. Moreover, public ChIP-
Seq data reveal that NF-Y is bound onto NF-Y subunits’ promoters. We thus
hypothesized that NF-Y transcription could be controlled through a negative self-
regulatory loop. To evaluate this model, we either silenced the different NF-Y
subunits through lentiviral delivery of specific sShRNAs or we overexpressed a wild-
type and a dominant-negative form of NF-YA, that is the limiting subunit of the
complex. Our studies highlighted that the presence of active NF-Y complexes in the
cell has an inverse correlation with the transcription of NF-YA, NF-YB and NF-YC
(Figures 5.2C, 5.3, 5.8). Chromatin Immunoprecipitations confirmed that in front of
reduced NF-Y binding to the constitutive NF-YB and NF-YC promoters, histone
acetylation is increased (Figures 5.6 and 5.7), supporting higher transcriptional levels
of the HFM-subunits. Conversely, the P2 promoter, which was previously postulated
to be an inducible promoter in response to genotoxic stress (Cerielii et al. 2009) “ghowed
low levels of activity either in shCTR or shNF-YA cells (Figures 5.5-5.7), indicating
that it is not involved in the steady-state control of NF-YC expression.

Since it is known that NF-Y can exert a negative function by recruiting
transcriptional co-repressors, it will be of great interest to identify the precise
molecular machinery involved in this negative feedback control of NF-Y
transcription. One possibility is that NF-Y serves as a platform for p53-mediated
repression, since a biochemical and functional link has already been demonstrated
between NF-Y and the tumour suppressor p53 (Di Agostino et al.,2006; Benatti et al.,2008; Imbriano et
al.,2005 and 2012) ' 1ndeed, NF-Y can mediate the binding on CCAAT promoters of p53,
which in turn recruits histone deacetylases and other repressive complexes. This is
a common mechanism which controls, for example, G2/M promoters activity in
response to DNA damage (Basile et al.,2006; Bansal et al.,2011; De Amicis et aI.,2011). It is thUS
possible that the NF-Y-p53 complex maintains low basal levels of NF-YB and NF-YC,
and functions as a sensor which enables an increase of transcription when NF-Y
protein is absent. Moreover, it is already known that NF-YC P2 promoter is under
negative regulation by p53 in growing conditions, while binding is lost following
genotoxic treatment with Doxorubicin (Ceribell et al,2009) gy rther investigations are
needed to validate this hypothesis, which could open new attractive questions
about the correlation between increased NF-Y levels in cancer cells and the
expression of mutant p53.

On the other hand, NF-Y can directly interact with several histone deacetylases
(HDACs) to mediate transcriptional repression (Pen9 et al,2003; Imbriano et al.,2005; Basile et
al.2008) ' 1n particular, NF-Y can recruit on target promoters (both directly o via p53)
HDAC1 or a Sin3/HDAC co-repressor complex, that mediates gene repression by
chromatin compaction. Interestingly, these factors have been identified on
promoter regions of NF-YA, NF-YB and NF-YC genes by ChIP-Seq analyses (Rosenbloom
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etal.2013) Fyrthermore, ENCODE and Microarray data indicated that both HDAC1 and
Sin3A expression are regulated by NF-Y (Benatti et al.2011; Rosenbloom et al. 2013) Thig coyld
contribute to create an interesting regulatory mechanism which senses the amount
of cellular NF-Y and increases its transcription when it is not sufficient to exploit its
cellular functions.

In addition, knock down of NF-YB and NF-YC in HCT116 cells evidenced that the
two histone-fold subunits can mutually stabilize each other at the protein level
(Figure 5.9). In fact, NF-YB and NF-YC mRNA levels were roughly unperturbed after
silencing of the partner subunit (Figure 5.8), most likely due to lower efficiency in
displacing NF-Y from chromatin compared to NF-YA knock-down (Benatti et al.,2011)
However, a comparative analysis of the stability of NF-Y proteins after shRNAs-
mediated silencing of single HFM-subunits, demonstrated that the formation of NF-
YB/NF-YC dimer is required for the stability of the complex.

Taken together, our results demonstrate that NF-Y expression is controlled by a
complex autoregulatory loop, which involves both gene transcription and protein

stabilization of NF-Y subunits.
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6. TASK III:
NON-TRANSCRIPTIONAL ROLE OF NF-Y

IN DNA REPLICATION
(Collaboration with Prof. J.Julian Blow, University of Dundee, UK)

6.1 Background
6.1.1 NF-Y and cell proliferation: insights from silencing experiments

The role of NF-Y in gene transcription and cell cycle control has been evaluated
either by expression of NF-YA mutants with impaired functions or by knock-down of
each of the three NF-Y subunits. Recent investigations demonstrated that the major
effect of NF-YB inactivation is a delay in G2/M progression, while a few cells are
impaired in S-phase progression (Benati et al.,2008 and 2011) = 1hdeed, transcriptome
analyses indicated that G2/M-phase genes are repressed, as well as genes of
microtubule/cytoskeleton and spindle formation GO categories, ascribing the major
function of NF-Y in cell-cycle progression to its activity in gene transcription.
Consistently, NF-YC inactivation determined similar effects and also the expression
of a NF-YA-Bdbd mutant, that lacks the C-terminal transcription activation domain,
arrested cells at the G2/M boundary (v et al2008) ynexpectedly, the lack of NF-YA
subunit has been demonstrated to elicit a different cellular response. Expression of
NF-YA-DN mutant in mouse fibroblasts slowed down cell proliferation, delaying

especially S-phase progression (! et 2}.2000)

, while deletion of NF-YA in primary
cultures of mouse embryonic fibroblasts (MEFs) caused a complete S-phase arrest,
leading cells to apoptosis (Bhattacharya et al.,2003) ~ Morepver, NF-YA-depleted HCT116
cells had a very severe phenotype, with a strong increase of cell death due to the
presence of DNA replication defects (Bematti et al.2011) " The (different phenotypes
observed after depletion of NF-YB/NF-YC rather than NF-YA can be attributed to the
higher ability of NF-YA-silencing to impair the occupancy of CCAAT promoters. In
fact, NF-YB and -YC depletion only reduces NF-Y binding to its target sequences,
thus leading to repression of highly dynamic NF-Y-dependent genes, in particular
G2/M genes. Conversely, the loss of NF-YA implies almost no occupancy of CCAAT
boxes and determines changes also in the expression of G1/S genes (Bhattacharya et
al.,2003)

, which could account for DNA damage. Nevertheless, it has been suggested

that either NF-YA subunit alone or NF-Y complex could have additional functions in
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the cell: NF-YA depletion originates spontaneous DSBs and NF-Y itself could be

fundamental for the DNA-replication process or the intra-S damage checkpoint.

6.1.2 DNA replication

The DNA double helix must be accurately duplicated at each cell cycle. The DNA
synthesis machinery copies each DNA strand starting from opening sites, called
replication origins, and then progresses from these sites in a bidirectional way. In
mammals, up to 50000 origins are activated every cell cycle, following a strict time-
regulation. Replication origins are primed by a three-step process: recognition of
origins, assembly of a pre-replication complex (pre-RC) during G1 phase and
activation of the pre-RC (Méchali2010; Takeda et al,2005 — 1n  eykaryotes, the
heterohexameric origin recognition complex (ORC) directly recognizes DNA origins,
recruiting the initiation factors Cdc6 and Cdt1; these proteins then allow the binding
of two MCM2-7 complexes (Figure 6.1). This MCM complex is an ATPase-dependent
DNA helicase, which forms a ring around the DNA (Remus etal.,2009). Httar |oading of the
helicase, the pre-RC is completely assembled and the origin is licensed. pre-RCs are
thus assembled in a highly ordered manner, to be subsequently activated at the

onset of S-phase, promoting origin unwinding and recruitment of DNA polymerases.
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Figure 6.1| Grafical representation of the process of
DNA replication initiation in eukaryotic cells. (M&chal, 2010),

This process needs to be tightly controlled as any origin can be activated only once
per cell cycle. Furthermore, pre-RCs are activated at different times during S phase,

identifying early-, mid- and late-origins. It has been recently proved that potential
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replication start-sites are in excess and that only a small subset is used at each cell
cycle: this guarantees that the entire genome can be duplicated even if some pre-
RCs fail to fire, as neighbouring dormant origins can be activated (Méchali;2010; Blow et
al.2011) "1 a similar way, dormant origins might also rescue DNA replication when
forks are stalled due to replicative stress: indeed, when DNA synthesis or the DNA-
damage pathways are impaired, an intra-S phase checkpoint is activated to prevent
late-origins firing and allow DNA repair. Furthermore, under poor cell-growth
conditions, such as low nucleotides concentration, late-origins are inhibited by the
checkpoint activity and the use of dormant origins is increased to rescue under-
replicated regions (Luciani et al.,2004; Branzei et al.,2005; Woodward et al.,2006; Karnani et aI.,2011).

Pre-RCs are converted into replication forks at the onset of S phase. Initiation of
DNA replication requires the activity of two kinases, CDK2 (Cyclin Dependent
Kinase 2) and DDK (Dbf Dependent Kinase), and the recruitment of another series
of replication factors temporally regulated during S phase, MCM10, Cdc45 and the
GINS complex (consisting of SId5 and Psf1-3): this is necessary for the following
unwinding of origins and loading of replicative polymerases (Uchivama et al.,2001; Sawyer et
al 2004; Méchali,2010) - cqc45 represents a link between initiation and elongation factors,
interacting with both pre-RC and DNA-polymerases (Masuda et al.2003) ~ cqeq5 binds
origins in a CDK- and DDK-dependent way and is loaded at early-origins in early S
phase, and at late-origins in late S phase. After origin firing, Cdc45 proceeds with
the components of the active replicating fork, since it is important also for the
elongation phase of replication (Tereer et al,2000) = At |east three polymerases are
essential for replication, performing specialized functions. After origin unwinding,
DNA polymerase a (DNApol a) is loaded onto origins and synthesizes short RNA
primers, allowing de novo synthesis of DNA. After that, DNApol a is replaced by
DNApol & and/or DNApol €: these have proofreading exonuclease activity and also
an increased processivity, thanks to their association with the processivity factor
PCNA (Takeda et aI.,2005).

Transcription and replication are highly interconnected processes, since
transcription may influence either the choice of replication origins or the chromatin
conformation around them. Indeed, in mammal cells a link has been established
between early-origins and highly transcribed genes, whereas late-origins have been
associated with non-transcribed domains (Ponaldson. 2005; Schwaiger et al..2008) ' Eyen though
active transcription exerts a negative function in firing of potential origins, the high
chromatin accessibility of gene promoters may facilitate the selection of a nearby
origin. This phenomenon could be ascribed either to the open chromatin
organization at promoters, or to a crosstalk between replication and transcription
factors (Ghosh et al.2004; Dominguez-Sola et al..2007)  pacently, increasing evidences have

emerged showing that transcription factors can have a role also in other cellular
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processes associated to chromatin structure. For example, the transcription factor
E2F1 is able to promote the assembly of repair factors to sites of DNA-damage
(Biswas et al.2012) " \yvhereas Myc interacts with the pre-RC and modulates the activation

of replication origins through a non-transcriptional mechanism (Peminguez-Sola etal.,2007)

6.2 Results

6.2.1 NF-Y is recruited onto actively replicating chromatin

Although all of the three NF-Y subunits are required for its transcriptional activity,
the conditional inactivation of NF-YB/NF-YC triggered different cell cycle defects
from NF-YA silencing (Benattietal.2011) "1 particular, the lack of NF-YA leads to a delay
in S-phase progression and a severe DNA-damage, while silencing of NF-YB or NF-
YC arrests cells in G2/M phase. These discrepancies could be ascribed to different
efficiencies in depleting NF-Y from chromatin, with the silencing of NF-YA showing
the greatest efficacy. However, taking into account that NF-Y is accumulated inside
the nucleus at the beginning of S-phase, we hypothesized that NF-YA could have a
direct uncharacterized role during S phase.

Previous works indicated that NF-Y is highly conserved from Xenopus to human,
with Xenopus NF-YB and NF-YC showing a 90% amino acid identity with human
protein, while sequence homology between Xenopus NF-YA and human is about
75% (U et al.1998) " por this reason, to shed light on the possible non-transcriptional
role of NF-Y in DNA replication, we took advantage of a Xenopus laevis cell-free
system, which supports cell-cycle-regulated DNA replication in the absence of
transcription and new protein synthesis (a comprehensive description of the principles and procedures
about the use of Xenopus egg extracts to study DNA replication is provided in Gillespie et aI.,2012)' In thIS assay, a
template DNA (demembranated X. /aevis sperm chromatin) is added to an activated
low-speed cytosolic extract derived from Xenopus eggs. DNA added to the extract is
first assembled into chromatin, then into structures analogues to interphase nuclei:
after nuclear assembly, the DNA can be efficiently duplicated, under the same cell-
cycle controls that are present in vivo.

First of all, we assessed the dynamics of replication factors association with
chromatin during replication, in order to understand if NF-Y is specifically recruited
on DNA during replication. Time-course Western Blot analysis of chromatin-extracts
demonstrated that NF-YA is actually bound to chromatin during replication and its
binding peaks just after the recruitment of the replication initiation factors MCM10,

Cdc45 and DNApol a (Figure 6.2).
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In order to understand if the presence of active replicating forks is a prerequisite
for the binding of NF-YA, we repeated the same time-course experiments in the
presence of either the CDK inhibitor p27, which allows assembly of the pre-RC but
not its activation, or Geminin, that prevents pre-RC assembly. Western blots in
Figure 6.3 clearly point out that NF-YA cannot bind to chromatin unless origins have

already been licensed and replication forks have been activated.
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Figure 6.3| NF-YA requires active forks to assemble to chromatin.
Chromatin was isolated at the indicated times from a replication reaction
assembled plus or minus the CDK inhibitor p27 or the licensing inhibitor
Geminin. Western Blot were performed with the indicated antibodies.
Histones were stained with Comassie and used as a loading control.
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6.2.2 NF-Y is required for efficient DNA replication in Xenopus egg extracts

In order to understand whether NF-Y has a functional role in the process of DNA
duplication, we immunodepleted endogenous NF-YA and NF-YB from the extracts
that we used in replication assays. The high level of protein sequence homology
allowed us to efficiently immunoprecipitate Xenopus proteins with antibodies raised
against mouse NF-Y subunits.

Analysis of DNA replication kinetics in NF-Y depleted (ANF-YA and ANF-YB)
compared to a mock depleted extracts (AIgG), highlighted a 30% decrease in
nucleotide incorporation into genomic DNA (Figure 6.4A), both by depleting NF-YA or
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Figure 6.4| NF-Y modulates DNA replication efficiency. (A) DNA synthesis
was monitored in a time-course experiment based on the incorporation of a32p-
dATP, in mock (AIgG) or NF-Y depleted (ANF-Y) extracts. (B) Western Blot
analysis of NF-YA and NF-YB in AIgG and ANF-Y extracts used in Replication
assays. (C) Time-course of replication factors association to chromatin in mock
and NF-YA depleted extracts. (D) Quantification of global DNA replication after
addition of recombinant NF-Y protein complex to AIgG or ANF-YA extracts.
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NF-YB. Western blot analyses carried out with the same extracts, demonstrated
that the procedure completely removed Xenopus NF-YA or NF-YB from the
corresponding immunodepleted extract (Figure 6.4B). Moreover, it is to be noted
that a single immunoprecipitation eliminates both the subunits from the extract,
consistently with the formation of NF-Y heterotrimeric complexes also in Xenopus
cells (H et 2l.1998) "Ag 3 consequence, we were not able to attribute the observed
impairment of DNA synthesis to NF-YA alone, rather than to NF-Y complex.
Nevertheless, we focused our attention on ANF-YA extracts. Investigations on the
binding of replication proteins to chromatin after NF-YA immunodepletion (Figure
6.4c), pointed out that active replication fork proteins are diminished in comparison
with mock-depleted extracts, confirming that NF-Y is necessary for proper DNA
replication to take place. Surprisingly, the observed replicative defects could not be
rescued by addition of recombinant NF-Y heterotrimer (Figure 6.4D), hinting that I)
by depleting NF-Y, we are removing from the extracts one or some NF-Y interactors
that are fundamental for DNA replication or II) the minor differences between
Xenopus and mouse protein sequences could account for a reduced activity of
mouse proteins in Xenopus extracts.

To overcome these limitations, in vitro DNA synthesis assays were performed on
extracts supplemented with a dominant-negative NF-YA mutant (indicated hereafter
as NF-YA mutant), that hampers the DNA binding activity of NF-Y without removing

any of the endogenous Xenopus proteins from the experimental system.
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Figure 6.5| NF-Y is required for proper DNA replication. (A) DNA synthesis
was monitored in a time-course experiment based on the incorporation of a32p-
dATP, in extracts with or without addition of a Dominant Negative-NF-YA mutant.
(B) Quantification of global DNA replication after addition of recombinant NF-YA
proteins to control extracts or extracts containing mutant dominant-negative NF-
YA.
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The presence of NF-YA mutant triggered a decrease of about 30% in the rate of
DNA replication (Figure 6.5A), consistently with the results obtained from NF-Y
immunodepletion. However, in this case replication defects were fully rescued by
addition of recombinant wild-type NF-YA protein (indicated as NF-Y) (Figure 6.5B).

Overall, these results prove that NF-Y has a non-transcriptional role in the control
of DNA replication, and suggest that it executes its function after assembly of the

pre-RC and activation of the replication fork.

6.3 Discussion

It was previously proposed that NF-Y regulates timely progression of cells through
G2/M and S phase by the specific transcription of factors promoting cell growth and
proliferation (Elkon etal.2003) " Transcriptional control of target genes associated to DNA

(Benatti et al.,2011), may be an

replication and repair, such as Cdc45L, MCMs or Cdtl
important component in the global NF-Y-dependent regulation of DNA replication.
However, our novel results show that NF-Y has a direct non-transcriptional role that
ensures efficient duplication of the genome (Figures 6.4 and 6.5). Interestingly, the
DNA binding domain of NF-YA seems to be crucial not only to mediate
transcriptional functions, but also replicative ones, hinting that NF-Y could exploit
similar molecular mechanisms to direct both DNA-dependent pathways. For
example, this mechanism could involve NF-Y-dependent epigenetic remodelling,
since epigenetic modifications can account for differential replication origins timing
and replication fork progression (Casas-Delucchi et al.,2011; Sims and Wade,2011) - Ag an example,
it was recently revealed an important role for HDAC1 and 2 in the proper chromatin
reassembly following DNA replication, which is a relevant step that modulates fork
velocity (Bhaskaraetal.2013) 11 to the fact that NF-YA depletion delays cell progression
through S-phase and prevents efficient DNA synthesis, it is possible that NF-Y-
mediated recruitment of HDAC1 to chromatin plays a significant role also in DNA
replication, rather than in transcription. Moreover, known NF-Y-related co-factors,

such as p300, are known to have a function in DNA-damage response (Hasan et al.,2001;

Vempati et aI.,2010).

Our results clearly demonstrate for the first time that NF-Y has a non-
transcriptional activity during S-phase.

Further studies will be required to define its precise molecular function and our data
open a few different possibilities: NF-Y could I) bind and stabilize the replicative
fork, II) be involved in the proper reassembly of chromatin behind the fork or III)

participate to the poorly characterized DNA replication elongation checkpoint (<o et

al2007)  which controls the velocity of replication forks under normal and stress

conditions.
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Our findings can also give further insights into the consequences of NF-Y over-
expression in cancer cells, which can contribute to higher proliferation rates. On the
contrary, DNA-damage and apoptosis observed after knock-down of NF-YA are the

global result of transcriptional inhibition together with replication defects.
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7. CONCLUSIONS

Mutations of NF-Y have never been observed in transformed cells, thus reducing the
interest of scientists addressing cancer problems in understanding the biology of
this transcription factor. Although, NF-Y has emerged as an important factor
involved in oncogenic transcriptional changes (Gcodarz et al.,2009) = \yhich could be
triggered by NF-Y hyper-activity in cancer cells. In agreement with this hypothesis,
NF-YA seems to be upregulated in many malignant lymphomas, gliomas, breast
cancer and endometrial cancers, as well as a few cervical, lung and ovarian
cancers. Despite these data available from Human Protein Atlas database
(http://www.proteinatlas.org/cancer), an exhaustive study on NF-Y expression and
regulation has never been done in cancer versus normal cells.

Our data provide evidence for the complex mechanism which regulates NF-Y
subunits, suggesting that their controlled expression is fundamental for proper cell
proliferation. In particular, NF-YA deregulation seems to trigger more evident
biological consequences than NF-YB or NF-YC. Consistently, both overexpression
and depletion of NF-YA lead to cell death with the activation of a common p53-
dependent apoptotic pathway (Benatti et al.,2008; Gurtner et al.,2010) \yo demonstrated that a
transcriptional autoregulatory loop occurs in order to maintain controlled
housekeeping expression levels, and to increase or decrease NF-Y synthesis when
cellular levels of its subunits are lowered or raised, respectively. Besides, we
showed that the assembly of NF-YB/NF-YC dimer is necessary to stabilize the NF-Y
complex. This contributes to reinforce the self-regulatory loop which regulates NF-Y
intracellular concentrations: if even only one of the subunits is lacking, the whole
trimer is depleted from the cell, strongly stimulating an increase of NF-Y
expression.

This fine tuning is indicative of the essential role of NF-Y for cell survival Indeed, we
demonstrated that the modulation of NF-YB/NF-YC subcellular localization by the
anti-tumor drug bDMC has a positive anti-proliferative effect on cancer cells,
contributing to cell death both via transcriptional mechanisms (TOP2A
downregulation) and probably non-transcriptional activities (delay in S-phase
progression an replicative stress).

Our results point out that NF-Y not only orchestrates cell proliferation through its
transcriptional activity, but it also plays a direct role in DNA replication, suggesting
that it could have a double function in promoting hyper-proliferation of malignant

cells
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Gene transcription and DNA replication are essential prerequisites for cell
proliferation. Coordination of these processes is a key determinant of gene
organization and of the complex architecture of mammalian genomes (fuvet etal.,2007),
being implicated in genome stability and tumorigenesis. The activation of replication
origins in early S-phase could result from i) a particular genomic context involving
transcription factor binding-sites or i) the transcription of neighboring
housekeeping genes. Indeed, early replication origins are associated with an open
chromatin structure, which is permissive to both replication and gene expression
(Chakalova et al. 2005) ' The effect of this open conformation is to promote the expression
of nearby genes, but this is progressively weakened with the increasing distance
from the putative replication origin.

In the last years various transcription factors and their binding sites were shown to
play an important role in DNA replication. Our data clearly suggest that NF-Y can be
one of these transcription factors regulating S phase progression, presumably
through its activity of pioneer factor (Figure 7.1) (Fleming et al..2013) "'NE.Y not only
performs a genetic function early in the activation of transcription, but also binds
DNA in condensed chromatin prior to other factors, thus allowing the recruitment of

other proteins involved in gene transcription and/or replication.

Most transcription Pioneer transcription
factors factors

QQ’Q
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1- cooperativity allows 1 - independent
nucleosome/chromatin binding nucleosome/chromatin binding
2 - simultaneous binding 2 - precedes other factors binding

with other factors

Figure 7.1| Properties that distinguish pioneer factors from other transcription factors(zaretand Carrall,2011),
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8. MATERIALS AND METHODS

8.1 Cell lines and treatments

HCT116 colorectal carcinoma cells were grown in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 10% heat inactivated fetal calf serum (FCS).
Human hepatic fetal epithelial WRL-68 cells and colon carcinoma Lovo cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
FCS. Primary human fibroblasts (HF) were grown in DMEM with 10% FCS, 2mM
Glutamine and 55mg/l Gentamicin. Stable expressing NF-YA cells were obtained by
lentiviral infection of HCT116 cells with pSIN-NF-YAs or pSIN-NF-YAs-DN particles
(gift of R. Mantovani, University of Milano) for 48 hours. Infected cells were then
selected using puromycin and maintained in medium supplemented with puromycin
(1pg/ml). All cell lines were cultured at 37°C with 5% CO,. Doubling time has been
estimated of about 16 h for HCT116, LOVO and WRL68 cells, and 24 h for HF cells.
bis-DemethoxyCurcumin (bDMC) [1,7-bis[4-hydroxyphenyl]hepta-1,6-diene-3,5-
dione] was synthesized as previously reported (Basie et al.2009) Ly the Chemistry
laboratory of Prof. Saladini and Dr. Ferrari, University of Modena and Reggio Emilia.
As determined by NMR and combustion analyses, the purity was >98%. bDMC was
added to warm medium at 30 puM concentration, when not differently specified.
Dimethyl Sulfoxide (DMSO, Sigma-Aldrich) was used as control, as it is the solvent
in which bDMC is dissolved.

For pharmacological inhibitions, cells were pre-treated for 1 h and then co-
incubated with bDMC or treated only with the inhibitors for the indicated times, with
25 pM Z-VAD-fmk (Enzo Life Sciences), 10 pM Wortmannin (WORT; Enzo Life
Sciences), 1 UM Z-Leu-Leu-Leu-H (MG132; Sigma-Aldrich), 5uM N-Ac-Leu-Leu-
norleucinal (LLnL; Sigma Aldrich), 20mM N-acetylcisteine (NAC; Sigma-Aldrich), 10
ng/ml Leptomycin B (LMB; Enzo Life Sciences) and 50 pM Chloroquine (Sigma
Aldrich).

8.2 Flow cytometric analysis
8.2.1 Cell cycle analysis

Cells were harvested after drug treatments by trypsinization, collected in culture
medium and washed in 1X Phosphate Buffered Saline (1X PBS: 137 mM NaCl, 2.7
mM KCI, 4.3 mM Na2HPO4, 7.7 mM KH2P0O4, pH7.4) to get rid of serum proteins.
Cells were then resuspended in 500 pl of Propidium Iodide (PI) staining solution (50
pg/ml PI, 0.1% sodium citrate, 0.1% Triton X-100, 0.1 pg/pl RNAseA in 1X PBS)
and incubated for 30 minutes at 4°C in the dark. DNA distribution analysis was then
performed by an Epics cytofluorimeter (Beckman Coulter).

Apoptotic cells were detected by FACS using Annexin V-PE conjugate (BD
Biosciences, Becton Dickinson Italia) following the protocol of the manufacturer.
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8.2.2 Indirect immunofluorescence staining

Cells were harvested after drug treatments, washed twice in 1X PBS and fixed in
1% formaldehyde for 10 minutes at 37°C, followed by post-fixation with 90%
methanol for 30 minutes on ice. After two washes in blocking solution (0.5% BSA in
1X PBS) and permeabilization with 0.25% Triton X-100 for 5 minutes, cells were
stained with anti-phospho-H2AX(S139) primary antibody (Millipore, #05-636) over-
night at 4°C, and then incubated with rabbit anti-mouse FITC-conjugated
secondary antibody (Dako, #0313) for 2h at 4°C in the dark. Cells were
subsequently washed, treated with RNAseA for 10 minutes and incubated in PI
solution (30 pg/ml PI in blocking solution) for additional 30 minutes at 4°C in the
dark. Samples were then analyzed by an Epics cytofluorimeter (Beckman Coulter).

8.3 siRNA transfection

HCT116 cells were transfected (Metafectene SI*, Biontex Laboratories GmbH) with
300 nM of paired TOP2A and non-targeting control siRNAs obtained from Sigma-
Aldrich. TOP2A sense strand sequence: 5-AAGACTGTCTGTTGAAAGAA-3’. Cells
were analyzed or treated with bDMC 36 h after transfection.

8.4 Short hairpin RNA (shRNA)

pLKO.1 non-targeted short hairpin RNA (shCTR), shRNA-NF-YA targeting exon 6
(CCATCGTCTATCAACCAGTTA), shRNA-NF-YB targeting exon 5
(GCTATGTCTACTTTAGGCTTT) and shRNA-NF-YC targeting exon 5
(GCCTGGATTCACACAGAAGAT) were designed by Sigma-Aldrich. Puromycin
resistance cassette was replaced with EGFP cassette (Benatti et al.2011) " gqr |entivirus
production, the shRNA vector plasmid (20 mg) and second-generation packaging
plasmids (5 mg of pMD2-VSVG and 15 mg of pCMVARS8.91) were co-transfected in
HEK293T cells. Lentivirus-containing supernatant was collected 24h after
transfection, centrifuged at 3000 rpm to remove cell debris for 5 min, 0.45 pm-
filtered and frozen at -80°C until use. The titer of lentiviral shRNA particles was
determined by use of Fluorescent Activated Cell Sorter (FACS) counting of
transduced GFP-positive cells. HCT116 cells were infected by spinoculation (1800
rpm for 45 min at 30°C) at MOI 5. Cells were harvested at the indicated times post-
infection.

8.5 Growth assay based on Crystal Violet staining

The inhibition of proliferation was evaluated by Crystal Violet staining following 24 h
treatment with bDMC at the indicated concentrations. Briefly, cells were methanol-
fixed and stained with 0.05% Crystal Violet solution in 20% methanol for 1 h. After
washes, cells were allowed to dry and the incorporated dye was solubilised in acidic
isopropanol and quantified spectrophotometrically at 540 nm wavelength. The
extracted dye is proportional to cell humber and percentage of cell survival was
calculated by comparing the absorbance of treated versus untreated cells.
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8.6 Chromosome spreads

DMSO- and bDMC-treated cells were collected, swollen in 0.075 M KCI solution and
incubated 10 minutes at room temperature. Cells were then centrifuged at 1000xg,
washed in Fix solution (3:1(vol/vol) methanol:acetic acid) and resuspended in 150
pl of Fix solution. ~20 pl of cell suspension were dropped on a wet ice-cold slide.
Excess liquid was drained on a paper towel and slides were stained for 15 minutes
in Giemsa stain (Sigma-Aldrich, #32884). Slides were washed in distilled water,
air-dried and mounted with DPX mountant (Sigma-Aldrich, #44581). Chromosomes
were analysed with a Nikon Eclipse 90i microscope.

8.7 Protein extraction and Immunoblotting

Cells were harvested by trypsinization, collected in culture medium and washed in
1X PBS. Whole cell protein extracts (WCE) were obtained by resuspending cells in
1X SDS sample buffer (25mM Tris—-HCI pH 6.8, 1.5mM EDTA, 20% glycerol, 2%
SDS, 5% b-mercaptoethenol, 0.0025% Bromophenol blue).

For subcellular protein fractionation, cells were resuspended in 100 ul of Solution A
(10 mM HEPES pH7.9, 10 mM KCI, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol,
protease and phosphatase inhibitors), then 0.1% Triton X-100 was added. After
incubating 10 minutes on ice, the supernatant containing cytoplasmic proteins was
collected by centrifugation at 1300xg, 4 minutes at 4°C. The remaining nuclear
pellet was washed twice in Solution A and either directly disrupted in 1X SDS
sample buffer (nuclear extract) or lysed in 100 pl of Solution B (3 mM EDTA, 0.2
mM EGTA, 1 mM DTT, protease and phosphatase inhibitors) for 30 minutes,
centrifuged at 10000xg, 4 minutes at 4°C and the pellet was dissolved in 1X SDS
sample buffer, followed by brief sonication (chromatin-enriched extract).

Protein concentration was determined by Bradford dye assay, then equal protein
amounts of each sample were fractionated by SDS-PAGE, transferred to a PVDF
membrane (GE Healthcare) by electroblotting, then non-specific protein interactions
were blocked by incubation in a solution of 5% non-fat dry milk in 1X TBS-T (0.15
M NaCl, 50 mM Tris-HCI pH7.5 at 25°C, 0.1% Tween-20). For Immunoblotting, the
following primary antibodies were used (1:1000 in TBS1X-BSA 1 mg/ml): anti-NF-
YB and anti-NF-YC, purified in our laboratory from polyclonal rabbit serum; anti-
phospo-H2AX (sc-101696), anti-H3 (C16) (sc-8654), anti-p53 (DO1) (sc-126),
anti-TOP2A (K19) (sc-5347), anti-PARP1 (F2) (sc-8007), anti-NF-YA (sc-10779),
anti-Spl (sc-420 X) and anti-actin (I19) (sc-1616) from Santa Cruz Biotecnology;
antiphospho-ATM Ser1981 (No. 4526), anti-phospho-BRCA1 Ser1524 (No. 9009),
anti-phospho-Chkl Ser296 (No. 2349) from Cell Signaling Technology; and anti-a-
tubulin (T6074) from Sigma-Aldrich. Secondary antibodies HRP-conjugated were
from Santa Cruz and chemiluminescent detection reagent has been purchased from
Millipore (Luminata Classico and Forte Western HRP).

8.8 Immuno-band depletion assay

6x10° cells were lysed in 50 pl of alkaline lysis solution (200 mM NaOH, 2 mM
EDTA), and the lysate was neutralized by 8 pl of neutralization buffer (1 M HCI, 600
mM Tris pH 8.0). The neutralized lysate was mixed with 6.6 pl of 10xMNase
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reaction buffer (50 mM MgCl2, 50mM CaCl2, 5 mM DTT, 1 mM EDTA, 1 mM PMSF,
protease inhibitors) and incubated or not with 60 units of MNase. After 20 min
digestion, 60 pl of 2xSDS sample buffer were added to each sample, and the
lysates were separated on 8% SDS-PAGE gels and immunoblotted.

8.9 TOP2 decatenation assay

TOP2 activity was assayed in vitro through the Topoisomerse II assay kit (No.
TG1001, TopoGEN Inc), following the instructions of the manufacturer. Nuclear
extracts containing TOP2 activity were obtained from HCT116 cells following the
suggestions and protocol of the manufacturer, and the ability to decatenate kDNA
was analyzed in the presence of DMSO, bDMC and Etoposide (ETP) at the indicated
concentrations. Reaction products were loaded directly onto a 1% agarose gel
containing ethidium bromide (0.5 mg/ml) and TOP2 activity was measured by the
appearance of decatenated minicircular products and determined as the percentage
of DMSO by Imagel software (Image J, U.S. National Institutes of Health,
Bethesda, MD, USA).

8.10 Reverse-Transcription PCR (RT-PCR)

RNA was extracted from cells treated with the described drugs or transduced with
the indicated lentiviral vectors, by using Purelink RNA mini kit (Invitrogen, Life
Technologies) according to the manufacturer’s protocol. For cDNA synthesis, 3 ug
of RNA were retro-transcribed with a Moloney murine leukemia virus reverse
transcriptase (MMLV-RT) (Promega). RNAs were denatured at 65°C for 5 minutes
and placed on ice for 3 minutes. Then the following cDNA synthesis mix was added:
1 pl MMLV-RT (200 U/pl), 0.5 pl RNAsin (40 U/ul), 6 pl RT buffer (250 mM Tris-HCI
pH 8.3, 300 mM KCI, 15 mM MgCl,, 50 mM DTT), 0.5 pl oligonucleotide dT primers
(0,5 pg/ul), 3 pl BSA (bovine serum albumine) (1 upg/ul), 1.5 pl dNTPs (10 mM),
2.5 pl bi-distilled sterile water. The negative control (RT-) was obtained by adding
the above reaction mix lacking MMLV-RT: this control is necessary to identify
possible contaminations by genomic DNA. The samples were incubated at 42°C for
1h to allow cDNA synthesis, then the enzyme was inactivated at 95°C for 3
minutes.

Semi-quantitative PCRs were carried out by using the following reaction mix: 2 pl
DNA, 1 pyl dNTPs (10 mM), 0.5 ul forward primer (1 pg/ul), 0.5 pl reverse primer (1
pg/ul), 0.2 pl Tag polymerase (5 U/ul), 10 pyl 5X Taq buffer, 35.8 pl bi-distilled
water.

Quantitative real-time PCRs were performed using DyNAmo ColorFlash SYBR Green
Master mix (Thermo Scientific). 20 yl reactions were setup with 10 pl of 2x master
mix, 2 Jl DNA, 0.2 pl forward+reverse primers (50 pyM each), 7.8 ul bi-distilled
water.

Semi-quantitative and real-time PCRs were performed with the following
oligonucleotides designed to amplify the cDNA of:

GAPDH (f 5’-acagtcagccgcatcttctt-3’; r 5'-gcccaatacgaccaaatcc-3'),

TOP2A (f 5’-tggcagaggcagagagagtt-3’; r 5’-tcaaaaagcaccatagagttgc-3’),

p21 (f 5’-tgaccctgaagtgagcacag-3’; r 5’-gggaaaaggctcaacactga-3’),

G-ACTIN (f 5'-gccaacagagagaagatgactc-3'; r 5'-agaggcgtagagggacagc-3'),

NF-YA (f 5'- ggaggccagctaatcacatc -3'; r 5'-gccgagactcatgcaggtat-3'),
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NF-YB (f 5'-aggtgccatcaagagaaact-3'; r 5'-tgttgttgaccgtctgtggt-3').

For amplification of NF-YC isoforms in semi-quantitative PCR, the following primer
sets were used (Figure 8.1): exon8 f (5’-cagcctgtatcaggcactca-3’); exon8bis f (5'-
cctcgaaggtgcctgaaaga-3’); exon9bis r (5'-gaagaggtgcagggagttga-3’); exon10 r (5'-
ggtgacttgctggatctggt-3’).
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Figure 8.1| (A) Schematic representation of the NF-YC C-terminus genomic structure. White
boxes indicate exons coding for NF-YC (37kDa) protein, while in black are shown alternative
spliced exons in the NF-YC (39, 48, 50 kDa) proteins. Primers used in RT-PCR experiments
are mapped within the NF-YC C-terminus. (B) Different primers pairs which have been used
to detect NF-YC splice variants are indicated.

Semi-quantitative PCR products were analysed through Agarose Gel Electrophoresis
in @ 2% agarose gel in TAE (40 mM Tris pH8.0, 20 mM acetic acid, 1 mM EDTA),
visualized by Ethidium Bromide (EtBr) and analyzed by Image] software.

In real-time PCRs, relative fold change enrichments of the samples were calculated
with: 2745 where —(AACt) = —((Cttarget—Ctaappr)bomc— (Clearget— Cteapon)omso) -

8.11 Chromatin Immunoprecipitation (ChIP)

Cells were cross-linked with formaldehyde to a final concentration of 1%, then the
reaction was quenched with 0.125 M glycine. Cells were lysed in Lysis buffer (1%
SDS, 10 mM EDTA pH8.0, 50 mM Tris-HCl pH8.0, with protease inhibitors) for 10
minutes on ice. Sonication was then used to disrupt cell and nuclear membranes
and to fragment cross-linked chromatin fibres to 500bp average length. Then the
protein concentration of the lysate was measured and 400 ug of each sample were
diluted 10 times in a mixture 9:1 Dilution buffer:Lysis buffer (Dilution buffer: 1%
Triton X-100, 150 mM NaCl, 2mM EDTA pH8.0, 20 mM Tris-HCl pH8.0, protease
inhibitors) and used for immunoprecipitation with 4 ug of the following, over-night
at 4°C, on a rotating wheel: anti-H3ac (Millipore, No. 06-599); anti-H4ac (Millipore,
No. 06-866); anti-NF-YA (Santa Cruz, sc-10779); anti-NF-YB (purified in our
laboratory from polyclonal rabbit serum); anti-H3K59ac (Active Motif, No. 39281);
anti-FLAG (Sigma Aldrich, No. F3165) used as control for non-specific interactions.
Simultaneously, proteinG beads (KPL) were diluted 10 times in a solution 9:1
Dilution buffer:Lysis buffer and pre-absorbed with 100 pg/ml BSA, 500 ug/ml
salmon sperm DNA. Pre-absorbed beads were washed twice in Dilution buffer and
resuspended in 1 ml of 9:1 Dilution buffer:Lysis buffer. 110 pl of beads solution
were added to each sample and incubated for 2h at 4°C, on a rotating wheel. After
gentle centrifugation (2000 rpm), 1 ml from anti-FLAG samples’ supernatant was

63



collected as INPUT and the beads were washed 4 times in Wash buffer (1% Triton
X-100, 0.1% SDS, 150 mM NaCl, 2 mM EDTA pH8.0, 20 mM Tris-HCI pH8.0,
protease inhibitors) and finally once in Final wash buffer (1% Triton X-100, 0.1%
SDS, 500 mM NaCl, 2 mM EDTA pH8.0, 20 mM Tris-HCI pH8.0, protease inhibitors).
Immunocomplexes were then eluted in 450 pl of Elution buffer (1% SDS, 100 mM
NaHCO3). Samples and Input were added with 0.25 pg/ul proteinase K, 0.25 ug/pl
RNAseA and incubated first for 1h at 37°C, then for 4h at 65°C. DNAs were finally
extracted by adding an equal volume of phenol:chlorophorme:isoamylalcohol
(25:24:1): the aqueous phases were collected and an additional back extraction
was performed on the phenolic phase, by addition of an equal volume of TE buffer
(10 mM Tris-HCI pH8.0, 1 mM EDTA, protease and phosphatase inhibitors). The
aqueous phase collected from each sample was put together with the previous one.
The purified DNAs were precipitated over-night at -20°C with 0.3 pg/ul glycogen,
1/10th of the volume of 3M sodium acetate and 3 volumes of 100% ethanol. After
30 minutes centrifugation at 14000 rpm at 4°C, the pellets were washed with 70%
ethanol and air-dried. DNAs were resuspended in 60 pl sterile TE buffer (120 pl for
Inputs) and stored at -20°C until PCR analysis.

Semi-quantitative and real-time PCRs were performed as described above, with the
following primers amplifying the promoter region of:

p21 (f 5’-gtaaatccttgcctgccagagtg-3’; r 5’-gctgcccagcgecgagecag-37),

TOP2A (f 5’-cgtcagaacagaggacagttttt-3’; r 5’-tggaagagatgggctttgg-3’),

NF-YB (f 5'-gttccttcgcagccatttt-3'; r 5'-gcgagacacaaacctccaat-3'),

NF-YC P1 (f 5'-gacctggcaccttattggac-3'; r 5'-cctctcttcccccttaaage-3'),

NF-YC P2 (f 5'-ccctgttctgcttctcaagg-3'; r 5'-ctgcagcctecttccacttt-3").

In real-time PCRs, the relative sample enrichment was calculated with the following
formula: 22<%-24¢% where ACtx=Ct input-Ct sample and ACtb=Ct input-Ct flag Ab.

8.12 Preparation and use of Xenopus egg extracts

I performed all the experiments with the Xenopus laevis cell-free system in the
Laboratory of Prof. J.]J. Blow, University of Dundee, UK. The procedures used to
prepare Xenopus egg extracts, demembranated sperm nuclei and to study DNA
replication and chromatin associated proteins are described extensively in Gillespie
et al.,2012.

8.12.1 Use of Xenopus egg extracts

Metaphase-arrested Xenopus egg extract and demembranated Xenopus sperm
nuclei were obtained from Dr. Julia Neusiedler, Blow Laboratory, University of
Dundee. Briefly, extracts were supplemented with 250 ug/ml cycloheximide, 25 mM
phosphocreatine and 15 pg/ml creatine phosphokinase, in order to maintain high
ATP levels throughout the duration of DNA synthesis reaction and supply high-
energy phosphate. Moreover, extracts were incubated with 0.3 mM CaCl, for 15 min
to release from metaphase arrest.

When indicated, recombinant NF-Y trimer (Imbrianoetal,2005) ‘NE_yA or NF-YA dominant
negative mutant (NF-YA mutant, kind gift of R. Mantovani) were added to the
extracts at the indicated concentrations.

For immunodepletion, Protein A-magnetic beads were incubated with anti-NF-YA
(sc-10779, Santa Cruz), NF-YB (purified in Imbriano Lab) or rabbit IgGs as a
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control, extensively washed and then Xenopus egg extracts were incubated with
beads for 30 min at 4 °C. After removal of the beads, the process was repeated
another time.

8.12.2 TCA replication assay

For DNA synthesis assays, sperm nuclei were incubated at 5-10 ng DNA /ulin
activated extracts, supplemented with ?P-dATP. Reactions were terminated by
addition of a solution containing 0.5% SDS and protease K, then cold 10%
Trichloroacetic acid solution (TCA) was added to facilitate precipitation of the DNA.
DNA synthesis was assayed by measuring incorporation of 3°P-dATP into acid-
insoluble material followed by scintillation counting.

8.12.3 Chromatin isolation from egg extract

Briefly, a synthesis reaction has been set up, with or without addition of 100 nM
recombinant p27 or 100 ug/ml recombinant geminin. At each timepoint, 10 ul of
reaction were diluted with ice-cold Nuclear Isolation Buffer (NIB) (50 mM KCI, 50
mM HEPES-KOH pH 7.6, 5 mM MgCl,, 0.5 mM spermidine, 0.15 mM spermine, 2
mM DTT) containing phosphatase inhibitors, under-laid with NIB + 20% sucrose
(w/v) and centrifuged in a swinging bucket rotor at 2100g for 5 min at 4°C.
Following a wash of the cushion, chromatin was compacted by spinning at 13
000g for 2 min in a fixed angle rotor. The resulting pellet was resuspended in 1X
SDS sample buffer, separated on 4-12% Bis-Tris gradient SDS-PAGE gels
(Invitrogen) and proteins were electrotransferred to PVDF membranes (GE
Healthcare). After blocking in PBS/0.2% Tween-20/5% non-fat milk, and after
incubation with primary and secondary antibodies, membranes were developed
using enhanced chemiluminescence detection (SuperSignal West Pico
Chemiluminescent; Thermo Scientific). The lower portion of each gel was typically
cut and stained with Coomassie to visualize histones. The following antibodies were
used: anti-NF-YA (sc-10779) from Santa Cruz Biotecnology; anti-NF-YB, purified in
our laboratory from polyclonal rabbit serum; anti-MCM3, anti-MCM4, anti-MCM10,
anti-Cut5, anti-PCNA, anti-DNA polymerase a and anti-Cdc45, provided by 1.]J. Blow
Laboratory, University of Dundee
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Concurrent inhibition of enzymatic activity and
NF-Y-mediated transcription of Topoisomerase-ll«
by bis-DemethoxyCurcumin in cancer cells

S Belluti', V Basile', P Benatti', E Ferrari?, G Marverti® and C Imbriano*"

Topoisomerases-lla (TOP2A) enzyme is essential for cell viability due to its fundamental role in DNA metabolism and in
chromatin organization during interphase and mitosis. TOP2A expression is finely regulated at the transcriptional level through
the binding of the CCAAT-transcription factor NF-Y to its promoter. Overexpression and/or amplification of TOP2A have been
observed in many types of cancers. For this reason, TOP2A is the target of the most widely successful drugs in cancer
chemotherapy, such as TOP2A poisons, which stabilize TOP2A-DNA cleavage complexes and create DSBs, leading to
chromosome damage and cell death. We previously reported that the Curcumin-derivative bis-DemethoxyCurcumin (bDMC) is an
anti-proliferative agent that inhibits cell growth by concomitant G1/S and G2/M arrest. Here we showed that bDMC irreversibly
induces DSBs in cancer cells, but not in normal cells, by targeting TOP2A activity and expression. TOP2A ablation by siRNA
corroborates its contribution to apoptosis induced by bDMC. Short-term exposure to bDMC induces retention of TOP2A-DNA
intermediates, while longer exposure inhibits TOP2A transcription by affecting expression and sub-cellular localization of NF-Y
subunits. ChIP analysis highlighted reduced recruitment of NF-Y to TOP2A regulatory regions, concomitantly to histone
deacetylation and decreased gene transcription. Our findings suggest that the dual activity of bDMC on TOP2A represents a
novel therapeutic strategy to induce persistent apoptosis in cancer cells and identify NF-Y regulation as a promising approach in

anti-cancer therapy.

Cell Death and Disease (2013) 4, €756; doi:10.1038/cddis.2013.287; published online 8 August 2013

Subject Category: Cancer

Mammalian cells express two Topoisomerase |l (TOP2)
enzymes, TOP2A and TOP2B, but only the first is essential
for cellular viability."® TOP2A has a key physiological function
in DNA metabolism of eukaryotic cells and has a structural
role in chromatin organization during interphase and
mitosis.>* The development of TOP2A-depleted mice termi-
nates at the four- or eight-cell stage because of chromosome
segregation defects.® TOP2A expression is low in quiescent
cells and increases when cells are stimulated to re-enter the
growth phase of the cell cycle: its levels rise throughout the S
phase and peak during G2/M phase.®® The expression of
human TOP2A mRNA is controlled by its promoter region,
whose activity is regulated through cis-acting elements within
the first 617 base pairs.® Among multiple transcription factors
controlling TOP2A transcription throughout the cell cycle, Sp
and NF-Y have been shown to bind GC consensus sites and
four inverted CCAAT boxes (ICB1-ICB4), respectively.'®'2
NF-Y is a heterotrimeric complex composed of three
conserved subunits, NF-YA, NF-YB and NF-YC.'® NF-YA
interacts with the NF-YB/NF-YC heterodimer and determines
specific NF-Y binding to the CCAAT box. Although NF-Y acts
as a transcriptional activator of TOP2A, its binding to ICB2 has

been described to downregulate the promoter activity by
confluence arrest.'

TOP2A transcription can be inhibited by wt p53 and the
disruption of ICBs abolishes the p53-dependent downregulation
of TOP2A."5"® |n addition, p53-independent mechanisms can
lead to decreased TOP2A mRNA levels through reduced
NF-Y binding to ICB1.'®

Increased TOP2A protein levels have been detected in
cancer cells compared with non-malignant cells, although a
strong heterogeneity of TOP2A expression within different
cancer cells has been observed.'” For this reason, TOP2A is
the target for some of the most widely successful drugs used
to treat human cancers.'®19

Two different classes of drugs targeting TOP2A have been
described: the first one, referred to as TOP2A poisons,
increases the concentration of covalent enzyme-cleaved DNA
complexes and generates DNA strand breaks. The second
class is composed by catalytic TOP2 inhibitors, compounds
that prevent TOP2 from carrying out its physiological
enzymatic activity.'®

TOP2-DNA covalent complexes have severe effects on cell
proliferation and viability: TOP2 poisons block both replication
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and transcription processes and lead to the activation of
apoptosis by inducing DNA strand breaks.?%23

Although the great potential of TOP2 targeting drugs
towards multiple type of human cancers, TOP2 poisons can
lead to secondary malignancies. In particular, etoposide and
teniposide administration in chemotherapy regimens have a
high potential of generating translocations, responsible for
secondary malignancies,?*2® while anthracyclines generate
free radicals in both normal and tumor tissues, leading to bone
marrow and cardiac toxicity.?%%”

Curcumin, the pigment derived from the rhizome Curcuma
longa, has demonstrated anticancer properties, attributed to
its selective cell death-inducing ability in tumor cells.?43° The
apoptotic process seems to be initiated by DNA damage
triggered by TOP2 poisoning.®"*2 Despite the possible side
effects of Curcumin on fertility and immune functions,®3=% in
the majority of normal and primary cells, it does not elicit a
cytotoxic response.

We demonstrated that the Curcumin derivative
bis-DemethoxyCurcumin (bDMC) is more stable in physiological
condition than its lead compound, circumventing one of the
most limiting facets of Curcumin in clinical applications.®®
bDMC exhibits improved cytotoxicity in ovarian cancer cells
and shows higher anti-oxidant, anti-mutagenic, anti-carcino-
genic and anti-metastatic activities than Curcumin.3”-38
While Curcumin delays the mitotic exit as a consequence of
microtubule poisoning, bDMC is able to induce a concomitant
and long-lasting G1/S and mitotic cell cycle block in human
colon cancer cells. Concurrently to the cell cycle impairment,
bDMC activates a DNA-damage response, which can be
responsible for the slower kinetic in re-entering the cell cycle
after the release.®®

Our present investigations focus on the activity of bDMC
as DNA-damaging agent and inhibitor of TOP2A. We
highlight that bDMC triggers DNA damage in cancer cells
by targeting TOP2A, both through inhibition of its enzymatic
activity and through repression of its NF-Y-dependent
transcription.

Results

Effect of bDMC on proliferation and cell cycle distribution
in cancer and normal human cells. We have already
shown that bDMC treatment induces a concomitant G1/S
and long-lasting mitotic arrest of the cell cycle of human
colon cancer cells HCT116. In particular, the passage from
early to late S is delayed when bDMC is added to
synchronized GO/G1 cells.®®

In addition to cytostatic effects, cytotoxicity was observed
following bDMC administration at IC50 concentration (30 pM)
to HCT116. A time-dependent increase of SubG1 events was
detected by PI cytofluorimetric analysis in bDMC-treated
cells (from 0.6% in control cells to 5.1 and 7.5% after 16 and
24 h, respectively) (Figures 1a and b). The presence of
AnnexinV-positive cells (from 4% in dimethyl sulfoxide
(DMSO) to 20% in bDMC cells) clearly suggested that bDMC
triggers apoptotic cell death (Figure 1c). Interestingly, when
HCT116 were released from bDMC into the fresh medium,
SubG1 events raised up to about 14 and 23% after 16 and
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24 h, hinting that bDMC irreversibly commits cells to apoptotic
death (Figures 1a and b). Cleavage of PARP-1 and
H2AX Ser139 phosphorylation (yH2AX) followed the time-
dependent increase of SubG1 events and further grew when
cells were released from bDMC (Figure 1d). Exposure to
bDMC induced the same effects on colorectal carcinoma
Lovo cells (Supplementary Figures S1a—c).

To investigate the cytotoxicity of bDMC against tumor
versus healthy cells, human normal fibroblasts (HF) and
hepatic fetal epithelial cells (WRL-68) were treated with 30 uM
bDMC (Figures 2a and b). No increase of SubG1 events was
detected, also when cells were released from drug incubation
(Figures 2c and e). The lack or very low expression of
yH2AX in treated and released cells further corroborates the
tumor selectivity of bDMC (Figures 2d and f). Moreover,
dose-response experiments highlighted that IC50 is signifi-
cantly higher in HF (>320uM) and WRL68 (55 uM)
cells, compared with HCT116 and LOVO tumor cells
(Figures 2g and h).

bDMC induces double-strand breaks (DSBs) and
chromosome aberrations in HCT116 cells. H2AX
phosphorylation has an important role not only in apoptosis
but also in response to DSBs.*® To examine the relationship
between yH2AX and DNA damage rather than apoptosis, we
co-treated cells with bDMC and the pan-caspase inhibitor
Z-VAD. Although Z-VAD was able to completely abolish the
accumulation of SubG1 events, yH2AX was only partially
reduced compared with bDMC-treated cells, coupling its
expression to DNA damage (Figures 3A and B).

We previously demonstrated that bDMC administration for
24 h resulted in ATM (ataxia telangiectasia mutated) activation.®®
ATM has a major role in signal transduction in response to
DSBs,*® and once activated, it is able to phosphorylate
different proteins associated with the DNA damage response,
such as sensors, mediators, as H2AX and BRCA1, transdu-
cers and effectors of DSB, among which are ChK2, ChK1 and
p53.*" Western blot analysis with Phospho-BRCA1 (Ser1524)
and Phospho-ChK1 (Ser296) antibodies further demon-
strated the activation of a DNA damage response induced
by bDMC (Figure 3C). Pre-treatment with Wortmannin
(WORT), which is able to disrupt multiple DNA damage and
DNA repair mechanisms via inhibition of PI3K-kinases (ATM
and DNA-PK),**™* resulted in a clear reduction of H2AX
phosphorylation (Figure 3D). In addition, WORT determined a
robust decrease of G2/M population (from 46.3% in bDMC-
treated cells to 31.2% in WORT-bDMC-treated cells) and an
increase of GO/G1 events (from 34.4 to 44.9%), hinting that
the activation of the DNA damage checkpoint occurs in G2/M
and prevents cells from entering the next G1 phase
(Figure 3E).

Fluorescent-activated cell sorting (FACS) was used to
quantify the levels of H2AX phosphorylation in 2N and 4N
populations. Following 24h treatment with bDMC, we
observed the accumulation of yH2AX-positive cells with a
4N DNA content (Figure 3F), presumably G2/M arrested cells.
Also HCT116/E6 cells, in which the lack of p53 causes a
robust arrest in G2/M and prevents the G1/S block following
bDMC administration,®® showed an evident time-dependent
increase of yH2AX, corroborating that DNA damaged cells are
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Figure1 bDMC triggers irreversible cell death in HCT116 cells. (a) Cytometric cell-cycle analysis of HCT116 cells treated with 30 .M bDMC for 4, 8, 16, 24 h and released
in drug-free medium for additional 16 and 24 h (16hR and 24hR) following 24 h of bDMC treatment. (b) Percentages of SubG1 events detected by Pl cytometric analysis
following the indicated time exposure to bDMC. Reported values are an average of 10 independent experiments £ S.D. (¢) The percentage of Annexin V-positive cells after
24 h treatment with 30 M bDMC is compared with Control (CTR) and DMSO-treated cells. Data are means of three independent experiments + S.D. (d) Western blot
expression analysis of yH2AX and cleaved PARP1 following time-dependent administration of 30-xM bDMC to HCT116 cells. Actin was used as loading control

mainly distributed in the G2/M phase of the cell cycle
(Supplementary Figures S1d and e).

We then evaluated the ability of bDMC to cause chromo-
some aberrations. Cells were treated with DMSO or bDMC for
24 h, and Giemsa-stained metaphases were analyzed: while
control cells did not show chromosome abnormalities, we
detected an average of two chromatid-type aberrations per
cell, in particular gaps and breaks, following bDMC adminis-
tration (Figure 3G). The same defects were detected in
HCT116/E6 cells (data not shown).

All together these data suggest that bDMC induces DNA
damage in G2/M cells, which are prevented from entering the
next G1 phase and presumably are then committed to
apoptosis.

bDMC inhibits TOP2« activity. TOP1 and TOP2-DNA
complexes have been observed following Curcumin adminis-
tration to K562 cells.®® Considering that bDMC has a
predicted stronger binding affinity to TOP2A compared with
Curcumin,*® we hypothesized that DNA damage and
chromosome aberrations induced by bDMC could be due
to the inhibition of TOP2A in HCT116 cells.

To test TOP2A inhibitory activity of bDMC, we performed a
cell-free TOP2A relaxation assay (Figure 4a). The kinetoplast

DNA (kDNA) was used as a specific substrate for TOP2
enzymes. In accordance with its known activity as TOP2A
poison, etoposide inhibited TOP2A-dependent decatenation.
bDMC was found to halved DNA decatenation at lower
concentrations than etoposide.

To assess whether bDMC could act as TOP2A poison, we
verified the formation of TOP2A-DNA complexes through a
band-depletion assay.*® We compared the levels of TOP2A in
the samples of each bDMC time point with or without
Micrococcal Nuclease (MNase) addition, which allows the
release of TOP2A from DNA complexes possibly induced by
bDMC. MNase digestion partially restored TOP2A levels in
cellular extracts from HCT116 treated with bDMC for 4 and
8h, consistently with the presence of TOP2A-DNA com-
plexes. Differently, no increase was observed following
MNase addition in 16 and 24 h bDMC samples, hinting at a
different mechanism triggering TOP2A depletion (Figure 4b).

Increase of cellular levels of reactive oxygen species (ROS)
could have a role in the formation of TOP2-DNA complexes
induced by Curcumin.®® Therefore, a band-depletion assay
was performed with extracts from cells pre-treated with the
antioxidant N-acetylcisteine (NAC). Figure 4c shows that NAC
did not abolish TOP2A band depletion, ruling out that ROS
could mediate TOP2A-DNA complexes.
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Figure2 bDMC does not induce cell death in human healthy cells. (a and b) Cell-cycle analysis of HF (a) and WRL-68 (b) cells treated with 30 M bDMC for the indicated
time points and released into fresh medium for additional 16, 24 or 48 h. (¢) Quantification in percentage of SubG1 population in HF cells treated with bDMC and released into
fresh medium for 24 and 48 h (24hR and 48hR). Values are means of three independent experiments + S.D. (d) Expression levels of yH2AX in DMSO- and bDMC-treated and
released (R) HF cells. (e) Percentage of SubG1 population in WRL-68 cells following bDMC administration and released into drug-free medium (16hR and 24hR). Values are
means of three independent experiments + S.D. (f) Western blot analysis with anti-yH2AX and anti-actin antibodies in WRL-68 cells treated and released from bDMC for the
indicated time points. (g and h) Percentage of cell survival of HF and WRL-68 normal cells (g) and HCT116 and LOVO tumor cells (h) following administration with increasing
concentrations of bDMC for 24 h

These data clearly suggest that bDMC induced retention of bDMC impairs NF-Y-dependent gene transcription
TOP2A-DNA intermediates up to 8 h, after which reduced protein of TOP2«. Despite MNase digestion, a time-dependent
levels cannot be ascribed to bDMC activity as TOP2 poison. decrease of TOP2A levels was observed following bDMC
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Figure 3 bDMC induces DNA damage and activates the DNA-damage response in HCT116 cells. (A) Quantification of SubG1 phase cell number following
Z-VAD/bDMC co-treatment or bDMC (30 «M) alone for 24 h. Data represent the average of three independent experiments + S.D. (B) Western blot and quantification of
yH2AX expression levels versus actin following bDMC and bDMC-Z-VAD 24-h treatments. (C) Western blot analysis of total extracts of 24-h 30-uM bDMC-treated cells
with the indicated antibodies. (D) Changes of yH2AX expression levels in cells pre-treated with WORT compared with cells treated for 24 h with bDMC. (E) Percentage of
cells throughout the different phases of the cell cycle of bDMC-treated cells before and after WORT pre-incubation. The indicated events are means of three independent
experiments + S.D. (F) Percentages of yH2AX-positive cells in 2N and 4N populations after 30-uM bDMC treatments for 24 h. (G) Representative Giemsa-stained
mitotic chromosome spread of cells treated with 30 uM DMSO (a) or bDMC (b) for 24 h. Enlargement of dashed box (c and d) shows chromosome aberrations of

bDMC-cells
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Figure 4 bDMC inhibits TOP22 enzymatic activity. (a) Inhibition of TOP2A-dependent decatenation of kDNA following increasing concentrations of bDMC and Etoposide
(ETP) versus DMSO (arbitrarily set at 100%). (b) Western blot analysis of TOP2A expression after 4, 8, 16 and 24 h after 30 xM bDMC addition, with or without MNase
digestion. (c) TOP2A expression analysis of untreated and MNase-treated samples upon bDMC-NAC treatment
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administration (Figure 5a). In addition, proteasome inhibition
by MG132 did not raise TOP2A levels (Figure 5b), suggesting
that neither the formation of TOP2A-DNA complexes or
protein degradation were responsible for TOP2A halved
levels. For this reason, we analyzed TOP2A mRNA levels
after time course incubation with bDMC. Real-time RT-PCR
analysis revealed that bDMC induced a clear time-dependent
decrease of TOP2A gene transcription, with maximal
inhibition after 24 h (Figure 5c). The release from bDMC for
16 and 24 h did not restore TOP2A mRNA and protein levels
(Supplementary Figures S2a and b).

The transcription factor NF-Y is the key activator of TOP2A
and specifically binds the CCAAT boxes of its regulatory
regions. Chromatin immunoprecipitation (ChIP) experiments
were performed to investigate NF-Y binding to TOP2A
promoter after 24 h of bDMC administration. Compared with
DMSO, the binding of NF-YA and NF-YB subunits was
reduced by about 40 and 30%, respectively (Figure 5d). A
strong correlation between NF-Y binding and epigenetic
marks has been described, therefore we investigated by ChIP
the levels of acetylated histones H3 and H4 (H3ac and H4ac)
and H3K4me3, an epigenetic marker associated with active
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Figure 5

Inhibition of NF-Y-mediated TOP2A transcription by bDMC. (a) TOP2A protein analysis in MNase-treated extracts following time course incubation with bDMC

(80 uM). The indicated values represent the quantification of TOP2A immunoreactive bands of two independent experiments normalized to actin levels. (b) Quantification of
TOP2A expression levels (normalized to actin) following bDMC and bDMC-MG132 administration for 24 h versus DMSO (arbitrarily set at 1). (c) Real-time analysis of TOP2A
transcripts in cells treated with 30 M bDMC, represented as mRNA fold change versus DMSO (arbitrarily set at 1). GAPDH has been used as internal control. The indicated
values are mean of four independent experiments + S.D. (d) ChIP semi-quantitative PCR analysis of NF-YA, NF-YB, acetyl-H3 and acetyl-H4 binding to TOP2A promoter in
cells treated with DMSO or bDMC (30 M) for 24 h. (e and f) ChIP real-time analysis of chromatin-associated NF-Y, acetyl-H4 and H3K4me3 to TOP2A promoter following
24-h (e) and 8-h (f) incubation with 30 M bDMC. (g) Semi-quantitative analysis of the recruitment of NF-Y and acetylated histones on p21 regulatory region cells treated for
24 h with DMSO and 30 M bDMC. (h) mRNA expression levels of p21 in 24 h bDMC-treated cells
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gene promoters, whose deposition is strongly dependent
upon the binding of NF-Y.*”*® Although H3ac was not
modified by bDMC, the levels of H4ac were reduced by
about 60% on the TOP2A promoter region (Figure 5d).
Real-time PCRs highlighted that maximum NF-Y and H4ac
reduction were induced after 8 h, while H3K4me3 showed a
decrease at 24 h, hinting that NF-Y dissociation could lead to
later effects on the chromatin structure of TOP2A promoter
and therefore on gene transcription (Figures 5e and f).
On the other hand, both H3 and H4 acetylation increased
on p21 regulatory region, consistently to its transcriptional
activation (Figures 5g and h). Taken together, these
data indicate that bDMC induces the transcriptional
repression of TOP2A by affecting NF-Y binding to its
promoter region.

bDMC affects NF-YA expression and sub-cellular
localization of NF-YB and NF-YC subunits. We next
wondered whether decreased NF-Y binding to TOP2A
CCAAT boxes could be ascribed to reduced NF-Y cellular
levels upon bDMC treatment. Total extracts were prepared
from HCT116 cells treated with DMSO and bDMC for 24 h.
Western blot analysis showed a decrease of the DNA binding

Dual activity of bDMC on Topoisomerase-1lo
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subunit NF-YA, consistently with  mRNA halved levels
(Figures 6a and b); no changes were observed in NF-YB
and NF-YC expression levels (Figures 6a and b). While
NF-YA has been shown to be mainly localized in the nucleus,
NF-YB and NF-YC shuttle from the cytoplasm to the
nucleus.*® Therefore, we performed western blot analysis
of NF-Y subunits on nuclear and cytosolic fractions of
bDMC-treated cells. As shown in Figure 6c, NF-YB and
NF-YC were accumulated in the cytoplasm. A time-dependent
increase of cytosolic NF-YB and NF-YC was observed
following bDMC administration, with a maximum peak after
24 h of treatment (Figure 6d), although nuclear NF-YB and
NF-YC were reduced to minimum levels already after 8h. To
discriminate whether nuclear export rather than import was
affected by bDMC, we co-treated cells with Leptomycin B
(LMB), a known inhibitor of CRM1 exportin: no increase of
nuclear NF-YB and NF-YC was observed in co-treated
versus bDMC-treated cells (Figure 6e). The accumulation of
nuclear p53 confirmed the efficacy of LMB treatment on
HCT116 cells. These results support the hypothesis that
bDMC induces Topo lla transcriptional repression by
decreasing NF-YA levels and retaining NF-YB/NF-YC into
the cytoplasm.
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Figure 6 bDMC affects NF-Y subunits expression and sub-cellular localization. (a) Western blot analysis of total extracts of DMSO and bDMC (30 xM)-treated cells (24 h)
with antibodies against the three NF-Y subunits. (b) Semi-quantitative RT-PCRs of NF-YA, NF-YB and NF-YC subunits following 24 h treatment with DMSO and 30 M bDMC.
(c) Expression levels of NF-YB and NF-YC in nuclear and cytosolic fractions of HCT116 cells treated with 30 M bDMC for 24 h. Tubulin and H3 were used as loading control
for cytosolic and nuclear extracts, respectively. (d) Time course analysis of NF-Y subunits expression in nuclear and cytoplasmic cellular compartments. (e) Nuclear expression
levels of NF-YB, NF-YC and p53 following co-incubation of 30 (M bDMC with LMB for 8 h versus bDMC alone. Histone H3 was used as loading control. (f) Expression levels of
SP1 in total and chromatin-enriched extracts following time course incubation with 30 xM bDMC
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The transcriptional control of TOP2A gene has been shown
to be played by NF-Y in cooperation with the transcription
factor Sp1.%° For this reason, we decided to investigate
whether also Sp1 could have a role in the time-dependent
decrease of TOP2A mRNA levels. Chromatin-enriched and
whole-cell extracts were prepared following 4, 8 16 and 24 h
exposure of HCT116 cells to bDMC and western blot analysis
performed with anti-Sp1 antibody. As shown in Figure 6f,
while total Sp1 levels were already reduced at 8h, bDMC
mainly affected Sp1 chromatin recruitment following 24 h.

Cell death induced by bDMC is mediated by TOP2«
enzymatic and transcriptional targeting. To assess the
importance of TOP2A in mediating bDMC apoptotic
response, we knocked down TOP2A by transient RNA.I.
TOP2A protein levels were reduced by >70% (Figure 7a)
and SubG1 events raised from 1.8 to 11.5% after small
interfering RNA (siRNA) transfection for 48h (Figure 7b),
highlighting the fundamental role of TOP2A in HCT116
viability. Following bDMC administration, SubG1 events
raised to 6.3% in control cells, while no increase was
observed in TOP2A-deficient cells (from 11.5 to 8.7%),
although TOP2A protein levels were further reduced
(Figure 7a). On the other hand, the release from bDMC for
additional 24 h resulted in twofold increase of apoptosis also
in TOP2A knockdown cells (from 6.3 to 13.7% in control cells
and from 8.6 to 16.4% in silenced cells).

These data suggest that both enzymatic and transcriptional
TOP2A targeting contributes to bDMC cytotoxic activity. The
lack of an additive apoptotic effect of bDMC administration on
TOP2A-silenced cells, indicates that within the first 24h an
important role is played by the enzymatic inhibition of TOP2A.
Reduced TOP2A levels avoid a further increase of apoptotic
events. Differently, TOP2A-depleted cells are still committed
to irreversible cell death when bDMC is removed, suggesting
that long-term apoptotic effects can be ascribed to TOP2A
transcriptional inhibition rather than its poisoning.

Discussion

High TOP2A levels result in enhanced proliferation rates of
many human malignancies and correlate with shortened
patient survival.>'™>® These types of tumors are most
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Figure 7 bDMC cytotoxic activity is mediated by Topoisomerases llo: enzymatic
and transcriptional targeting. (a) Western blot analysis of TOP2A following
siRNA-mediated knockdown of TOP2A and bDMC (30 M) treatment for 24 h.
(b) Quantification of SubG1 population upon 30 M bDMC treatment and release
(R) in control and TOP2A-inactivated cells
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susceptible to TOP2-targeting chemotherapeutics. For these
reasons, TOP2A expression is a double-edged sword: on one
side, high TOP2A levels could indicate tumor aggressiveness
and poor outcome, on the other side, this could determine a
positive response to chemotherapeutic drugs targeting this
enzyme.

Our results provide evidence that bDMC suppresses cell
proliferation and induces apoptosis, at least in part, by
targeting TOP2A, thus encompassing bDMC in the category
of TOP2-based DNA-damaging agents. Indeed, bDMC
reduces cell viability by inducing DNA breaks and a persistent
and irreversible DNA damage response and inhibits TOP2A
activity as highlighted by MNase band-depletion and cell-free
TOP2A relaxation assays (Figure 4).

Interestingly, bDMC does not cause DNA damage-induced
cell death in normal cells, which are less susceptible to bDMC,
as highlighted by higher IC50 concentrations (Figure 2).
Tumor selectivity of Curcumin and its derivatives has been
already attributed to different mechanisms, such as lower
drug uptake in healthy cells,?* rather than increased sensi-
tivity of cancer cells due to lower glutathione levels or
constitutive expression of NF-kB.%® Taking into account that
tumor cells have normally higher expression of TOP2A
compared with normal cells, our data suggest that one of
the molecular basis for bDMC cancer cell selectivity and
susceptibility could be dependent on the levels of TOP2A
target protein.

TOP2A has a fundamental role in DNA replication, and it
has been shown that DNA damage induced by TOP2A
poisons is related to their interaction with DNA replication fork
progression.>® Although bDMC delays the progression from
early to late S phase,®® the majority of cells positive for yH2AX
following bDMC administration are accumulated in G2/M
phase (Figure 3), and chromosome aberrations are observed
in mitotic cells (Figure 3). DNA damage response and repair
are activated in G2/M cells, as demonstrated by the clear
reduction of the G2/M population following pre-treatment with
the PI3K-kinases inhibitor WORT (Figure 3). Surprisingly,
these cells escaping the G2/M DNA damage checkpoint are
not driven to apoptosis but are accumulated in the next G0/G1
phase, suggesting that apoptosis is triggered by a persistent
activation of the DNA damage response in G2/M cells.

Although 4- and 8-h treatment with bDMC induces a
concurrent inhibition of transcription and activity of TOP2A,
prolonged administration for 16 and 24h results only in
reduced gene transcription (Figures 4 and 5). The inability of
long-term poisoning of TOP2A by bDMC could be due to the
rapid metabolism of the molecule inside the cell. After 24 h,
<0.5% of bDMC was detected inside the cells,*® and about
7.5% (£ 1.5) and 6.2% (= 0.7) after 4 and 8 h, respectively
(data not shown). These data strongly suggest that the main
effects are induced by bDMC within 8h, consistently with
maximum TOP2A enzymatic inhibition and reduced NF-Y
activity in 8 h, although the molecular mechanisms triggered
by bDMC or its metabolites, leading to TOP2A transcriptional
inhibition, could continue for longer time.

To shed light on the contribution of TOP2A poisoning rather
than transcriptional inhibition on apoptosis activation, we
silenced TOP2A through transient RNAI (Figure 7). TOP2A
knockdown leads to about sixfold increase of SubG1 events,



and bDMC treatment for 24 h is not able to further augment
apoptosis, suggesting that direct TOP2A targeting contributes
to bDMC pro-apoptotic activity. The inhibition of mRNA levels,
and consequently of protein levels of TOP2A, has a major role
in the irreversible activation of cell death, observed after drug
removal at 24 h.

TOP2A transcriptional inhibition results from decreased
recruitment of the transcription factor NF-Y to its regulatory
regions (Figure 5), as a consequence of halved NF-YA nuclear
levels and NF-YB/NF-YC cytoplasmic retention (Figure 6).
Despite a reduction of only 40 and 30% in the binding of NF-YA
and NF-YB, respectively, to TOP2A promoter, TOP2A gene
transcription is strongly affected by bDMC. This result is
consistent with our previous data observed in NF-YB-inacti-
vated cells: although NF-YB knockdown induces a robust
decrease of TOP2A levels, NF-YA and NF-YB binding were
reduced by about 20% compared with control cells.®’

Finally, we showed that bDMC induces decreased expression
and chromatin recruitment of Sp1, important functional
partner of NF-Y in the control of TOP2A gene transcription
(Figure 6). These results are in agreement with (i) Sp1
downregulation observed upon NF-Y inactivation by gene
expression profiling,?” and (i) ChIP-seq analysis (ENCODE
Data at UCSC Genome Browser) showing NF-Y binding to
Sp1 regulatory regions. All together, these data suggest that
NF-Y directly controls Sp1 transcription, and therefore, TOP2A
transcriptional downregulation induced by bDMC can be
ascribed to reduced NF-Y and, consequently, Sp1 levels.

In addition to the identification of TOP2A as one of the
molecular targets of bDMC, our data highlight that NF-Y
regulation can be an interesting approach in anti-cancer
therapy, taking into consideration that (i) NF-Y is one of the
transcription factors orchestrating oncogenic transcriptional
changes,®®®° and (i) clinical studies correlated upregulated
expression of NF-Y target genes to poor clinical prognosis in
multiple types of cancer.®®

Materials and Methods
Cell lines and treatments. Human colorectal carcinoma HCT116 cells were
cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10%
fetal calf serum (FCS). Human hepatic fetal epithelial WRL-68 cells and colon
adenocarcinoma LOVO cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% FCS. Primary human fibroblasts (HF) were grown in
DMEM 10% FCS, with Glutamine (2 mM) and Gentamicin (55 mg/l). Doubling time
has been estimated of about 16 h for HCT116, LOVO and WRLE8 cells, and 24 h
for HF cells.

bDMC (1,7-bis[4-hydroxyphenyl]hepta-1,6-diene-3,5-dione) has been synthe-
sized as previously reported® and added to warm medium at the indicated
concentrations. DMSO (Sigma-Aldrich Srl, Milan, Italy) was used as control. For
pharmacological inhibitions, cells were pre-treated for 1h and then co-incubated
with bDMC for the indicated times with 25 uM Z-VAD-fmk (Enzo Life Sciences, Inc.,
Farmingdale, NY, USA), 10 uM WORT (Enzo Life Sciences, Inc.), 1 uM MG132
(Sigma-Aldrich Srl), 20 mM NAC (Sigma-Aldrich Srl) and 10 ng/ml LMB (Enzo Life
Sciences, Inc.).

Crystal Violet assay. The inhibition of proliferation was measured by Crystal
Violet staining, and the concentration at which cellular growth is inhibited by 50%
(IC50) was determined following 24h treatment with bDMC, as previously
reported.>* Briefly, the cell monolayer was fixed with methanol and stained with
0.05% Crystal Violet solution in 20% methanol for 1h. After washes, cells were
allowed to dry. The incorporated dye was solubilized in acidic isopropanol and
determined spectrophotometrically at 540 nm wavelength. The extracted dye was
proportional to cell number.
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Flow cytometric analysis. Cells were harvested after drug treatments at
the indicated time points and DNA distribution analysis of propidium iodide
(PI)-stained cells was performed by an Epics cytofluorimeter (Beckman Coulter
Srl, Milan, Italy).%® Apoptotic cells were detected by FACS using Annexin V-PE
conjugate (BD Biosciences, Becton Dickinson Italia, Milan, Italy) following the
protocol of the manufacturer.

Indirect immunofluorescence staining was performed as previously
described.>” Briefly, harvested cells were washed with PBS 1X, fixed in 1%
formaldehyde for 10min at 37°C and post-fixed with 90% ethanol. After
permeabilization with 0.25% Triton X-100 in PBS 1X for 5 min, cells were stained
with anti-phospho-H2AX Ser139 (No. 05-636, Millipore Spa, Vimodrone, ltaly;
1:25) o.n. at 4°C and with rabbit anti-mouse FITC-conjugated secondary
antibody (No. 0313, Dako ltalia Spa, Milan, Italy; 1:50) for additional 2 h at 4 °C.
Following RNAse A treatment for 40 min, cells were incubated with PI (30 mg/ml)
for 30 min at 4 °C and analyzed by an Epics cytofluorimeter (Beckman Coulter
Srl).

Chromosome spreads. DMSO- and bDMC-treated cells were collected,
swollen in hypotonic solution (75mM KCI) and incubated for 10 min at room
temperature. After two washes in Fix solution (3 : 1(vol/vol) methanol:acetic acid),
the cellular suspension was dropped on a wet ice-cold slide and stained for 15 min
in Giemsa stain (No. 32884, Sigma-Aldrich Srl). Slides were washed in distilled
water, air-dried and mounted with DPX mountant (No. 44581, Sigma-Aldrich Srl).
Chromosomes were analyzed with a Nikon Eclipse 90i microscope (Nikon
Instruments Spa, Florence, Italy).

Immunoblotting. Whole-cell protein extracts were prepared by resuspending
cells into 1X SDS sample buffer (25mM Tris=HCI pH 6.8, 1.5mM EDTA, 20%
glycerol, 2% SDS, 5% p-mercaptoethenol, 0.0025% Bromophenol blue). Nuclear
and cytoplasmic extracts were obtained by resuspending cells in 200 ul of Solution
A (10mM HEPES pH7.9, 10mM KCI, 1.5mM MgCI2, 0.34M sucrose, 10%
glycerol, protease and phosphatase inhibitors), adding 0.1% Triton X-100 and
incubating cells for 10 min on ice. The supernatant containing cytoplasmic proteins
was collected by centrifugation at 1300 x g for 5min at 4 °C, and the remaining
pellet (nuclei) was disrupted in 1X SDS sample buffer (as above). Chromatin-
enriched extracts were prepared as previously described.>” For immunoblotting,
equivalent amounts of cellular extracts were resolved by SDS-PAGE, electro-
transferred to PVDF membrane (GE Healthcare Italia, Milan, Italy) and
immunoblotted. The following primary antibodies were used: anti-NF-YB and
anti-NF-YC purified rabbit polyclonal antibodies; anti-phospo-H2AX (sc-101696),
anti-H3 (C16) (sc-8654), anti-p53 (DO1) (sc-126), anti-TOP2A (K19) (sc-5347),
anti-PARP1 (F2) (sc-8007), anti-NF-YA (sc-10779), anti-Sp1 (sc-420 X) and anti-
actin (119) (sc-1616) from Santa Cruz Biotecnology, Inc. (Dallas, TX, USA); anti-
phospho-ATM Ser1981 (No. 4526), anti-phospho-BRCA1 Ser1524 (No. 9009),
anti-phospho-Chk1 Ser296 (No. 2349) from Cell Signaling Technology, Inc.
(Danvers, MA, USA); and anti-o-tubulin (T6074) from Sigma-Aldrich Srl.
Chemiluminescent detection reagent has been purchased from Millipore Spa
(Luminata Classico and Forte Western HRP).

Immuno-band depletion assay. Briefly, 6x10° cells were lysed
in 50 ul of alkaline lysis solution (200 mMMNaOH, 2mM EDTA), and the lysate
was neutralized by 8 ul of neutralization buffer (1M HCI, 600 mM Tris pH 8.0).
The neutralized lysate was mixed with 6.6 ul of 10 x MNase reaction
buffer (50 mM MgCl,, 50mM CaCl,, 5mM DTT, 1mM EDTA, 1mM PMSF,
protease inhibitors) and incubated or not with 60 units of MNase.
After 20 min digestion, 60 ul of 2 x SDS sample buffer were added to each
sample, and the lysates were separated on 8% SDS-PAGE gels and
immunoblotted.

TOP2 decatenation assay. TOP2 activity was assayed in vitro through the
Topoisomerse Il assay kit (No. TG1001, TopoGEN Inc., Port Orange, FL, USA),
following the instructions of the manufacturer. Nuclear extracts containing TOP2
activity were obtained from HCT116 cells following the suggestions of the
manufacturer, and the ability to decatenate kDNA was analyzed in the presence of
DMSO and bDMC. Briefly, decatenation assay was performed with 50 ng kDNA in
a 10-ul reaction mixture containing 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1
0mM MgCI2, 0.5 mM dithiothreitol, 2mM ATP, 30 ug/ml BSA with DMSO or 30,
60, 120 M of bDMC and 0.5 ug of cell nuclear extract. Reactions were incubated
at 37°C for 30min and stopped by adding 5 pl of stop buffer (5% Sarkosyl,
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0.125% bromphenol blue and 25% glycerol). Samples were loaded directly onto a
1% agarose gel containing ethidium bromide (0.5 ug/ml). TOP2 activity was
measured by the appearance of decatenated minicircular products and determined
as the percentage of DMSO by ImageJ software (Image J, U.S. National Institutes
of Health, Bethesda, MD, USA).

RT-PCR. RNA was extracted from cells treated with DMSO and bDMC using
the Purelink RNA mini kit (Invitrogen, Life Technologies ltalia, Monza, ltaly)
according to the manufacturer's protocol, and 3 ug of RNA were retro-transcribed
with a Moloney murine leukemia virus reverse transcriptase (Promega ltalia SrL,
Milan, Italy). Semi-quantitative and quantitative real-time PCRs were performed
with oligonucleotides designed to amplify the cDNA of: GAPDH (forward
5'-ACAGTCAGCCGCATCTTCTT-3’; reverse 5'-GCCCAATACGACCAAATCC-3),
TOP2A (forward 5'-TGGCAGAGGCAGAGAGAGTT-3'; reverse 5-TCAAAAAG
CACCATAGAGTTGC-3') and p21 (forward: 5'-TGACCCTGAAGTGAGCACAG-3';
reverse: 5-GGGAAAAGGCTCAACACTGA-3). Semi-quantitative PCR results
were analyzed by ImageJ software, whereas relative fold change enrichments of
realtime PCR samples were calculated with the formula 2~ A% where
— (AACt) = — ((Chiarget — ClaappH)oomc — (Cliarget — Ctaappr)omso)-

siRNA transfection. HCT116 cells were transfected (Metafectene SIT,
Biontex Laboratories GmbH, Martinsried/Planegg, Germany) with 300 nM of paired
TOP2A and non-targeting control siRNAs obtained from Sigma-Aldrich Srl. TOP2A
sense strand sequence: 5'-AAGACTGTCTGTTGAAAGAA-3'. Cells were analyzed
or treated with bDMC 36 h after transfection.

ChIPs. ChiPs were performed as previously described.>* In all, 4 ug of the
following antibodies were added to each IP and incubated overnight at 4 °C on a
rotating wheel: anti-H3Ac (No. 06-599, Millipore Spa), anti-H4Ac (No. 06-866,
Millipore Spa), anti-H3K4me3 (No. ab8580, AbCam, Cambridge, UK), anti-NF-YA
(No. sc-10779, Santa Cruz), anti-NF-YB purified polyclonal antibody and anti-
FLAG (No. F7425, Sigma-Aldrich Srl), used as control for non-specific interactions.
DNAs were resuspended in TE buffer, and PCR analyses were performed with the
following primers: p21 (forward: 5'-GTAAATCCTTGCCTGCCAGAGTG-3';
reverse: 5'-GCTGCCCAGCGCCGAGCCAG-3') and TOP2A (forward: 5'-CGTCA
GAACAGAGGACAGTTTTT-3; reverse 5-TGGAAGAGATGGGCTTTGG-3').
Semi-quantitative PCR results were analyzed by ImageJ software. Relative fold
change enrichments of real-time quantitatve PCR samples were calculated
with the formula 2~ A% where — AACt= — ((Ctsample — Clinput)omc —

(Ctsample - Ctinpul)DMSO)'
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Abstract

Background: The activation of autophagy has been extensively described as a pro-survival strategy, which helps to keep
cells alive following deprivation of nutrients/growth factors and other stressful cellular conditions. In addition to
cytoprotective effects, autophagy can accompany cell death. Autophagic vacuoles can be observed before or during cell
death, but the role of autophagy in the death process is still controversial. A complex interplay between autophagy and
apoptosis has come to light, taking into account that numerous genes, such as p53 and Bcl-2 family members, are shared
between these two pathways.

Methodology/Principal Findings: In this study we showed a potent and irreversible cytotoxic activity of the stable
Curcumin derivative bis-DeHydroxyCurcumin (bDHC) on human colon cancer cells, but not on human normal cells.
Autophagy is elicited by bDHC before cell death as demonstrated by increased autophagosome formation -measured by
electron microscopy, fluorescent LC3 puncta and LC3 lipidation- and autophagic flux -measured by interfering LC3-lI
turnover. The accumulation of poly-ubiquitinated proteins and ER-stress occurred upstream of autophagy induction and
resulted in cell death. Cell cycle and Western blot analyses highlighted the activation of a mitochondrial-dependent
apoptosis, which involves caspase 7, 8, 9 and Cytochrome C release. Using pharmacological inhibitions and RNAi
experiments, we showed that ER-stress induced autophagy has a major role in triggering bDHC-cell death.

Conclusion/Significance: Our findings describe the mechanism through which bDHC promotes tumor selective inhibition
of proliferation, providing unequivocal evidence of the role of autophagy in contrasting the proliferation of colon cancer

cells.
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Introduction

Apoptosis, also known as type I cell death, is the best described
mechanism of cell death and is morphologically characterized by
cell shrinkage, membrane blebbing, nuclear condensation, and
formation of apoptotic bodies [1]. An energy-dependent cascade
of molecular events coordinates the apoptotic process, which can
be distinguished into two main pathways: the extrinsic death
receptor pathway and the intrinsic mitochondrial pathway. The
two pathways seem to be linked and influenced one another, and
both trigger the activation of caspases 3, 6 and 7, proteases
targeting hundred proteins and leading to cell demolition [2].

Besides apoptosis, autophagy has been described as an
alternative self-destructive cellular process. Autophagy has been
long known to provide cellular survival following nutrients/growth
factors deprivation or other stressful conditions, and only more
recently it has been linked to cell death. Also known as type II cell
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death, autophagy activation is characterized by the presence of
autophagic vacuoles in the cytoplasm, and enlargement of the
endoplasmic reticulum (ER) and the Golgi apparatus [3]. Double-
membraned autophagic vesicles encapsulate cytoplasm and
organelles and, after their fusion with lysosomes, autophagolyso-
somes degrade their contents [4]. The classic autophagy pathway
acts downstream of the mTOR (mammalian target of rapamycin)
kinase. When this Ser/Thr kinase is associated in mTORCI
protein complex, it is able to suppress the autophagic machinery.
16 autophagy-related (ATG) proteins have been described to
participate to the autophagy pathway [5], and the majority of
them play a role in the complex process of double-membraned
vesicles formation and growth, downstream of mTORCI1 [6].
Although the inhibition of mTORC]1 pathway is the best known
mechanism through which autophagy is induced, many other
signaling cascades and transcriptional events can be involved in
the activation of the autophagic process. In particular, various
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kinases control different steps of this catabolic process, such as
AMP-activated protein kinase, Akt, mitogen-activated protein
kinase (ERK, p38 and JNK) and protein kinase C [7].

The role of autophagy in cell survival rather than cell death is
dependent on cell and tissue context as well as on the nature of the
stress stimulus [8].

Apoptotic and autophagic cell death are not mutually exclusive
pathways: they can induce cell death simultaneously and
cooperatively (for a review see [9]). Autophagic morphologies of
cells are observed shortly before or during cell death; although,
whether autophagy is the mechanism by which cells actually die
and whether cell death is executed by autophagy or with
autophagy is still discussed [10].

The distinction between apoptotic and autophagic cell death is
even more complicated by two considerations: i) various cellular
stresses triggering signal transduction pathways can elicit both
apoptosis and autophagy and i) many proteins essential for
autophagy are also involved in apoptotic-cell death, such as
ATGS5, the transcription factor p53 and the Bcl-2 family members.

pd3 is a well known oncosuppressor, activated following a
variety of stress stimuli, and responsible for transcriptional
regulation of both pro- and anti-apoptotic genes. While the pro-
apoptotic genes, such as Bax, Puma and Noxa are up-regulated,
the anti-apoptotic ones, as Bcl-20, are down-regulated by nuclear
p53. Also cytoplasmically localized p53 has been shown to be
important in controlling the apoptotic response, by inducing Bax
oligomerization at the mitochondria or by releasing the pro-
apoptotic BH3-only proteins from their anti-apoptotic partners
Bcl-2/Bcl-XL [11].

The role of p53 in tumor suppression has been also ascribed to
its activity in regulating autophagy. p53-mediated activation of
autophagy leads to cell death through transactivation of the
autophagy-inducing protein DRAM and inactivation of the
mTOR pathway [12,13]. In opposition, pharmacological inhibi-
tion and inactivation of p53 suggest a negative regulation of
autophagy through transcription-independent mechanisms [14].

In addition to p53, the Bcl-2 family members are common
players of apoptosis and autophagy. They are central to the
regulation of the outer mitochondrial membrane permeabilization
(MMP), which is responsible for the release into the cytoplasm of
proteins mediating cell death, such as Cytochrome C. Bcl-2
proteins have been shown to inhibit autophagy by disrupting the
Bel-2/Bcl-XL-Beclin-1 complexes [15]. It is not clear how Bcl-2
proteins participate to the apoptotic versus the autophagic process,
but the two different functions could be determined by protein
localizations at the mitochondria rather than ER [16]. Relative
levels of Bcl-2 and Beclin-1 emerged among the multiple cellular
factors controlling whether autophagy contributes to cancer
mnhibition or survival (reviewed in [17]).

Various natural products and drugs are able to induce cancer
cell death through the activation of autophagy or by targeting the
pathways of autophagy [18]. Tamoxifen, Imatinib, Resveratrol
and Curcumin are examples of molecules exerting their cytotoxic
activity towards cancer cells via induction of autophagic cell death
[17,18].

Curcumin, the active component found in the rhizome of
Curcuma longa, has shown therapeutic activity against various
tumors. It can inhibit the initiation, progression and tumor cell
survival [19]. In particular, mouse models and human clinical
trials demonstrated its chemopreventive potential for colorectal
cancer [19]. In colorectal carcinoma cell lines, Curcumin inhibits
cell proliferation by inducing a G2/M cell cycle arrest or apoptosis
when used at high doses [20,21]. Moreover, the modulation of

PLOS ONE | www.plosone.org

bDHC Autophagic-Mediated Cell Death

cellular apoptotic pathways by Curcumin has been recently
observed on cancer cells of patients with colorectal cancer [22].

Microarray studies showed that Curcumin-induced apoptosis is
regulated by multiple signaling pathways [23,24]. Curcumin up-
regulates the pro-apoptotic proteins (Bax, Bim, Bak, Puma and
Noxa) and down-regulates the anti-apoptotic ones (Bcl-2 and Bcl-
XL) in different cancer cells, triggering the release of Cytochrome
C and the activation of caspase 3 [24]. In human melanoma, HL-
60 leukemia and gastric cells, Curcumin activates apoptosis
through the Fas receptor/caspase 8 pathway [25,26,27]. In
addition to the apoptotic activity, Curcumin induces ER stress
in various human tumor cells, among which liposarcoma cells
[28], non small cell lung cancer cells [29] and leukemia cells [30].

The autophagy process takes part to the anti-proliferative and
apoptotic activities of Curcumin, both i vitro and i vive: in cancer
cells and in a xenograft mouse model, Curcumin and its
metabolite Tetrahydrocurcumin inhibit the growth of malignant
cells by activating autophagic-cell death via Akt/mTOR/p70S6K
signaling and ERK1/2 pathways [31,32,33]. In glioma initiating
cells, Curcumin administration results in tumor suppression
because of autophagy-induced differentiation events [34].

Despite Curcumin inhibition of key molecular pathways of
tumorigenesis, clinical trials revealed low bioavailability, limited
tissue distribution and rapid metabolism [35]. 90% of Curcumin
decomposes rapidly in neutral and basic conditions through
oxidation, reduction, glucuronidation and sulfation [28,29]. To
overcome these limitations, natural and synthetic analogs have
been synthesized, among which bis-DeHydroxyCurcumin (bDHC)
(Fig. 1A, left panel). Cells administration of bDHC for 72 h at
IC50 concentrations resulted in a slight decrease of ant-
proliferative activity compared to Gurcumin in androgen-depen-
dent and-independent prostate cancer cell lines and in estrogen-
dependent and —independent breast cancer cell lines [36,37].

In this report, we investigated the tumor-selective inhibitory
efficacy of bDHC on the proliferation of human colorectal cancer
cells. Compared to Curcumin, bDHC is more active in inducing
an irreversible cytotoxic effect in HCT116 and LOVO cells, but
not in human normal cells.

The accumulation of poly-ubiquitinated proteins and the
induction of ER stress are upstream signals of autophagy, which
triggers mitochondrial-dependent apoptosis. Pharmacological and
RNAi-mediated inhibition of ER-stress and autophagy highlights
that autophagy potentiates the anti-proliferative effect of bDHC.
Our studies demonstrate that bDHC acts as a pro-autophagic
cytotoxic drug, unraveling its therapeutic potential in fighting
selectively tumor development.

Materials and Methods

Cell culture and drugs

Human colorectal carcinoma HCT116, HCT116/E6 and
HCT116 Bax —/— were generously provided by Bert Vogelstein
(Johns Hopkins University School of Medicine, Baltimore, MD).
Cells were cultured in Iscove’s Modified Dulbecco’s Medium
(IMDM), supplemented with 10% fetal calf serum (FCS). Primary
human fibroblasts (HF) were grown in DMEM 10% FCS, with
Glutamine (2 mM) and Gentamicin (55 mg/L). Hepatic fetal
human epithelial WRL68 cells and colon adenocarcinoma LOVO
cells were maintained in DMEM medium supplemented with 10%
FCS. Doubling time has been estimated to be 16 hours for
HCT116 and LOVO tumor cells, and 24 hours for HF and
WRL68 normal cells.

Curcumin [1,7-bis[3-methoxy-4-hydroxy-phenyl]hepta-1,6-di-
ene-3,5-dione] and bDHC [1,7-bis[3-methoxy-phenyl]hepta-1,6-
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Figure 1. bDHC induces cell cycle impairment and apoptosis in HCT116 cells. A. Left panel: Structure of bDHC. Right panel: Dose-response
effect of bDHC on cell viability upon 24 hours treatment, compared to control and DMSO-treated cells. B. PI/FACS analysis of cell cycle progression
after DMSO, Curcumin (10 uM) and bDHC (30 uM) treatments for 16 and 24 hours (left and right panel, respectively). The indicated events are means
of ten independent experiments (A=SubG1, B=G0/G1, C=S, D=G2/M). C. PI/BrdU bivariate FACS analysis of 16 and 24 hours treatments with
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DMSO, Curcumin and bDHC. Analysis was gated to exclude SubG1 population. D. Left panel: The percentage of Annexin V positive cells upon
24 hours treatment with bDHC is compared to DMSO- and Curcumin-treated cells. Data are means of three independent experiments —/+ SD. Middle
panel: Pl/monoparametric cell cycle analysis of bDHC-treated cells versus bDHC-cells released for 24 hours in fresh medium. Events are indicated as
means of three independent experiments (A =SubG1, B=G0/G1, C=S, D=G2/M). Right panel: y-H2AX expression levels versus actin in cells treated

with bDHC for 24 hours.
doi:10.1371/journal.pone.0053664.9001

diene-3,5-dione| were synthesised as previously reported [20]. The
purity of synthesized compounds, determined by NMR techniques
and combustion analysis, was >98%. Curcumin and bDHC were
added to warm medium at 10 uM and 30 uM concentrations,
respectively. C3-bDHC  was administered to cells at 3 uM
concentration. HCT116 cells were incubated with Adriamycin
(1.3 uM) for 48 hours. For pharmacological inhibitions, cells were
pre-treated for 1 hour and then co-incubated with bDHC for
additional 16 or 24 hours with 25 uM ZVAD-fmk (Enzo Life
Sciences), 5 puM LEVD-fmk (Enzo Life Sciences), 3 uM Wort-
mannin (Enzo Life Science), 2 pM Cycloheximide (Sigma
Aldrich), 20 pM Chloroquine (Sigma Aldrich), 50 pM Salubrinal
(Santa Cruz). Thapsigargin (Sigma Aldrich) was administered to
cells for 36 hours at 1 uM concentration.

Cytometric analysis (FACS)

Flow Cytometric cell cycle analysis was performed as previously
described [20]. Indirect fluorescence staining was performed using
anti-phospho-Histone H3 (Ser10) (Cell Signaling #9706) and
mouse anti-FITC (Dako #F0313) antibodies. Cells were harvested
after drug treatments, washed twice with PBS 1x, fixed in 1%
formaldehyde for 10 min at 37°C, and post-fixed with 90%
methanol o.n. at —20°C. After permeabilization with 0.25%
Triton X-100 in PBS 1x for 5 min, cells were stained with
primary antibody (1:25) o.n. at 4°C, and secondary antibody (1:50)
for additional 2 hours at 4°C.. Cells were then treated with RNAse
A for 40 min, incubated with Propidium Iodide (30 ug/ul) for
additional 30 min at 4°C in the dark and analyzed with cytometer.

Apoptotic cells were identified by FACS using Annexin V-FITC
conjugate (Bender MedSystems) following the protocol of the
manufacturer.

Cellular uptake studies
bDHC was extracted from cells and culture medium as
previously reported [20].

Crystal Violet assay

The inhibition of proliferation was measured by Crystal Violet
staining and the concentration at which cellular growth is
inhibited by 50% (IC50) was determined following 24 hours
treatment with bDHC. After removal of cell culture medium, the
cell monolayer was fixed with methanol and stained with 0.05%
Crystal Violet solution in 20% methanol for 30 min. After washes,
cells were allowed to dry. The incorporated dye was solubilized in
acidic isopropanol (I N HCI: 2-propanol, 1:10) and determined
spectrophotometrically at 540 nm wavelength. The extracted dye
was proportional to cell number. Percentage of cytotoxicity was
calculated by comparing the absorbance of treated to untreated
cells.

Acridine Orange staining

HCT116 cells were treated with DMSO and bDHC for 8 and
16 hours. After this, cells were incubated with Acridine Orange
(1 ug/ml) for 15 min at 37°C, followed by visualization with a
Zeiss AxioSkop 40 fluorescence microscope (Carl Zeiss, Germany).
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Intracellular ATP content

Determination of intracellular ATP content was performed by
using ATP bioluminescence assay kit CLSII (Roche), following the
manufacturer’s protocol.

Mitochondrial membrane potential

Mitochondrial membrane potential was measured by evaluating
the binding of 3,3-Dihexyloxacarbocyanineiodide (DiOC6), a
cationic dye that binds to mitochondria with intact membrane
potential. Cells were labeled after DMSO or bDHC incubation for
16 and 24 hours with DiOC6 (4 nM) for 40 min at 37°C.
Thereafter, cells were washed twice with PBS 1x and the
fluorescence intensity was analyzed using Beckman Coulter
cytometer.

Immunoblotting

Cells were lysed in Laemmli sample buffer 1x for total cellular
extracts. Nuclear/ cytoplasmic extracts were prepared as reported
in Ref. [38]. Western blot analysis was performed as previously
described [20]. The following primary antibodies were used: anti-
p53 DO-1 (Santa Cruz #sc-126), anti-phospo-H3 (Serl0)
(Millipore #05-817), anti-H2A acid-patch (Active Motif), anti-
p21 (Upstate), anti-actin (Santa-Cruz), anti-PARP1 (Santa Cruz #
sc-8007), anti-yH2AX (Millipore, #05-636), anti-GADD153
(F168) (Santa Cruz # sc-575), anti-tubulin (Sigma-Aldrich), anti-
cleaved caspases 3, 7, 8, 9 (Cell Signaling), anti-caspase 4 4B9
(Enzo Life Sciences), anti-Bax (N-20) (Santa Cruz #sc-493), anti-
Bcl-2 (Santa Cruz #sc-509), anti-Bcl-XL (Santa Cruz #sc-8392),
anti-LC3B (Sigma Aldrich #1.7543), anti-Ub (Santa Cruz #sc-
8017), anti-ATG7 (Sigma Aldrich #A2856), anti-Beclin 1 (Sigma
Aldrich #B6061) and anti-H3 (C16) (Santa Cruz #sc-8654).
Chemiluminescent detection reagent has been purchased from
Millipore (Luminata Classico and Forte Western HRP).

Isolation of cytosolic fraction by digitonin lysis method

2.000.000 HCT116 cells were washed twice in PBS 1x and
then resuspended in digitonin lysis buffer (75 mM NaCl, 1 mM
NaH,PO,, 8 mM Na,HPO,, 250 mM Sucrose, 190 mg/ml of
digitonin, protease inhibitors). Each sample was incubated on ice
for 5 minutes and then centrifugated at 15.000xg at 4°C for
30 minutes. The supernatants were collected and used for Western
blotting by using anti-Cytochrome C antibody (Santa Cruz # sc-
13560).

Immunofluorescence

Immunofluorescence analysis was performed as previously
described [20,39], using anti-p53 DO-1 (Santa Cruz #sc-126)
and anti-LC3B (Sigma Aldrich #L7543) antibodies diluted 1:100
in PBS+BSA 1%. p53 cellular localization was examined with
Zeiss AxioSkop 40 fluorescence microscope (Carl Zeiss, Jena,
Germany), images collected with an AxioCam HRc camera and
AxioVision version 3.1 software package. Staining of endogenous
LC3B was analyzed by confocal microscopy (Leica DM IRE2).
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Plasmids and transient transfection

HCT116 were transiently transfected with Bcl-2, Bcl-XL or
carrier plasmids with FuGENE (Promega). Human Bcl-2 and Bcl-
XL expression vectors were kindly provided by M. Priault (CNRS
IBGC UMR 5095, Bordeaux, France) [40]. Cells were recovered
48 hours after transfection for Western blot and cell cycle analysis.

Small interfering RNA (siRNA)

HCT116 cells were transfected (Lipofectamine 2000, Invitro-
gen) with 200 nM of paired ATG7, BCNI and non-targeting
control small interfering RNAs (Sigma Aldrich), as described by
Hoyer-Hansen et al. [41]. CHOP siRNA
(HSC.RNAI.N004083.10.2 from IDT) was a kind gift of A.
Pietrangelo (University of Modena and Reggio Emilia, Modena,
Italy). Total extracts and FACS samples were prepared after 72 h
upon siRNA transfection.

RT-PCR analysis

RNA extraction, retrotranscription and semiquantitative PCRs
were performed as previously described [42,43]. Actin and LC3B
were amplified with the following oligonucleotides: Acting,,: 5'-

GAGGCCCAGAGCAAGCGT-3'; Actinge,: 5'-
GCTCGAAGTCCAGGGCGACG-3";  LC3By,,:5'-CCTGGA-
GAAAGAGTGGCATTT-3'; LC3BRey: 5'-GAAGGCA-

GAAGGGAGTGTGT-3'.

Scanning electron microscopy (SEM)

Cells grown in monolayer on coverslips were fixed in 1.25%
glutaraldehyde in PBS 1 x for 30 min R.'T. and washed in PBS 1 x
for three times. After dehydration in graded ethanol solutions, the
specimens were critical-point dried with COg using a Ciritical
Point Dryer 010 Balzer, mounted on aluminium stubs, and
sputter-coated with 10 nm gold-palladium in a Coating Unit E
500 (Polaron). Observations were performed by Philips XL-30

scanning electron microscope.

Transmission Electron Microscopy analysis

Cells, scraped from Petri dishes, were centrifuged at 12000 xg
for 5" at 10°C. The resulting pellets were fixed overnight with
2.5% glutaraldehyde (Agar Scientific, Stensted, UK) in Tyrode’s
buffer, post-fixed for 2 hours in 1% osmium tetroxide (Agar
Scientific), dehydrated and embedded in TLV resin (TAAB,
Aldermaston, UK). Semithin sections obtained through the whole
thickness of pellets were stained with toluidine blue and observed
with a Zeiss Axiophot light microscope (Oberkochen, Germany).
Ultrathin sections were stained with uranyl acetate and lead citrate
and observed with a Jeol 1200 EXII electron microscope (Jeol,
Tokyo, Japan).

Chromatin Immunoprecipitation (ChiIP)

ChIPs were performed with chromatin from DMSO and
bDHC treated cells for 24 hours as described in Martens ef al.
[44]. PCR oligonucleotides were previously reported [43].

Statistical analysis

Results are shown as means of at least three independent
experiments +/— SD. Statistical analysis was done using one-way
ANOVA, followed by LSD test to determine whether there were
differences between specific groups.
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Results

Effects of bDHC on viability and cell cycle progression of
HCT116 cells

Full dose-response experiments were performed in HCT116
cells to identify the ability of bDHC to suppress cell growth.
bDHC cytotoxicity was assayed through Crystal Violet vital
staining method and the 50% inhibitory concentration for cell
growth (IC50) was estimated equal to 30 pM, following 24 hours
of treatment (Fig. 1A, right panel).

The effect of bDHC on cell cycle progression was investigated
by fluorescent-activated cell sorting (FACS) analysis (Fig. 1B).
HCT116 cells were treated for 16 and 24 hours with bDHC and
the distribution into cell cycle phases was compared to DMSO and
Curcumin treated cells. As previously shown [20], Curcumin
arrested cells in G2/M phase and halved the population in G0/G1
and S phase within 16 hours; no significant increase of SubGl
events was detected. Differently, bDHC accumulated cells not only
in G2/M (from about 23% of control cells to 37% of treated cells)
but also in SubG1 phase (from 2.5% to 10%). With prolonged
exposure, SubG1 events slightly raised upon Curcumin (from 4%
to 8.6%), while an evident increase was detectable with bDHC
(from 4% to 33%).

A cell cycle profile was then created by performing PI/BrdU
biparametric analysis and using selective gating excluding SubG1
population (Fig. 1C). As expected, Curcumin halved S phase
population and doubled G2/M cells. As well as Curcumin,
bDHC-treated cells showed a clear decrease of early S population
(from about 33% to 5.9% and 4.8% after 16 and 24 hours,
respectively) and an accumulation of G2/M events (from about
25% to about 42% and 50%, following 16 and 24 hours), while no
significant changes in G0/G1 percentage were detected.

To discriminate between G2 and mitotic populations, the cells
were dual probed with PI and a specific antibody against the
mitotic marker phospho-histone H3Ser10 using flow cytometry
(Fig. SIA). While about 90% of 4n cells were positive to phospho-
histone H3Ser10 following Curcumin treatment, only about 2%
were detected as mitotic population upon bDHC administration.

The comparison between monoparametric and biparametric
analyses (Fig. 1B and Fig. 1C) highlighted that the main effect of
bDHC treatment is a G2 block after 16 hours and cell death upon
24 hours.

Cytotoxic activity of bDHC was examined by SEM analysis
(Fig. S1B). Deep morphological alterations of the surface, such as
loss or enlarged microvilli, membrane “blebs” and apoptotic
bodies were present in bDHC treated cells. Moreover, a strong
increase of Annexin V positive cells was detected following
24 hours of bDHC administration (61%) compared to DMSO
(7%) and Curcumin (24%) treated cells (Fig. 1D, left panel),
suggesting the activation of an apoptotic cell death.

To examine the reversibility of bDHC-growth arrest, HCT116
cells treated for 24 hours with bDHC were then washed to remove
dead cells and released for 24 hours into fresh medium. An
irreversible effect on cell viability was observed, with a clear
accumulation of SubG1 events (38%) and no increase in any other
phase of the cell cycle (Fig. 1D, middle panel).

Similarly to HC'T116, human colon adenocarcinoma LOVO
cells showed an evident increase of SubG1 events following bDHC
administration for 24 hours (from 2.6% in DMSO to 27.7% in
bDHC treated cells) (Fig S1C).

Consistently with the appearance of cells with hypodiploid
SubG1 DNA content, bDHC triggered the phosphorylation of the
histone variant H2AX (y-H2AX), whose function is associated
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with DNA fragmentation during apoptosis [45], both in HCT116
and LOVO cells (Fig. 1D, right panel and Fig. S1C, right panel).

bDHC induces cell death in HCT116 cells but not in
human normal cells

We next wondered whether bDHC had a tumor-selective
activity. Untransformed human fibroblasts (HF) and hepatic fetal
human epithelial normal cells (WRL68), whose doubling time is
24 hours, were treated for 24 and 48 hours with bDHC 30 uM
and growth suppressive activity was then investigated by FACS
(Fig. 2A and B, left and middle panels). In HF cells, bDHC
induced a progressive accumulation of S (from 19.8% to 21.9%
and from 11.4% to 17% within 24 and 48 hours, respectively) and
G2/M events (from 16.8% to 24.7% within 24 hours, from 8.5%
to 34.5% within 48 hours). bDHC administration to WRL68
resulted in an increase of both S and G2/M events as well, but
differently from HF cells, maximal effects were detected after
24 hours (from 14% to 20.6% in S phase, and from 19.1% to
33.7% in G2/M phase). Interestingly, neither HF nor WRL68
cells were committed to apoptotic cell death and, coherently, no
increase of y-H2AX expression was observed upon bDHC
treatment (Fig. S1D).

To investigate the stability of the cell cycle block induced in
normal cells, HF cells were treated with bDHC for 48 hours, then
washed and released in drug-free medium for 24 hours. Unlike
HCT116, HF cells passed from G2/M to G1 phase (from 48% to
56.3% after the release), and no increase of SubG1l was detected
(Fig. 2A, right panel). The reversible effects of bDHC on normal
cells were even more evident in WRL68 cells, whose cell cycle
distribution after 48 hours and following the release into fresh
medium perfectly overlapped that of control cells (Fig. 2B, middle
and right panels).

These data hint that bDHGC reversibly blocks the cell cycle
progression of non-malignant cells without inducing apoptosis.

With the purpose of unraveling the nature of bDHC selectivity
towards colon cancer cells rather than normal cells, we performed
further studies to estimate the variation of cellular uptake as a
function of treatment concentration in HCT116 and HF cell lines.
Data were normalized and presented as ng/mg of total proteins
(Fig. 2C, upper panels) and culture medium residual amounts (ug)
(Fig. 2C, lower panel). Drug uptake increased in a dose-dependent
manner in both cell lines, but HCT116 revealed a significant
higher uptake as compared to HF cell line at 30 uM : 4575+40
versus 2979+21 ng/mg total protein (Fig. 2C, upper right panel).

bDHC-induced cell death is a caspase-dependent process

To explore the contribution of caspases on the execution of
apoptosis, we pre-incubated HCT116 cells with the broad-caspase
inhibitor ZVAD before treating cells with bDHC for 24 hours
(Fig. 3A, left panel). A dramatic drop of SubGl events was
observed concomitantly to a progressive accumulation of cells in S
and G2/M phases (from 11.7% to 24.5% in S phase and from
16% to 40% in G2/M, upon ZVAD pre-treatment). The
inhibition of apoptosis by ZVAD determined an evident decrease
of phosphorylated H2AX (Fig. 3A, right panel and Fig. S2A). The
loss of y-H2AX in ZVAD-bDHC co-treated cells corroborates the
hypothesis that bDHC triggers a caspase-dependent cell death, as
v-H2AX formation has been shown to be an early chromatin
modification downstream from caspase activation during apoptosis
[45].

Interestingly, apoptosis suppression increased the expression
levels of both p53 and p21, key regulators of the cell cycle (Fig. 3A,
right panel and Fig. S2A).
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The activation of individual caspases was then investigated by
Western blot upon 8, 16 and 24 hours of treatment (Fig. 3B, left
panel). Caspases 7, 8, 9 but not the executioner caspase 3, were
clearly cleaved by 24 hours bDHC-incubation. The treatment
with the anti-tumor drug Adriamycin demonstrated a fully
functional caspase system, which includes caspase 3, in HCT116
cells.

We then explored the impact of caspases activation on
proteolysis of poly (ADP-ribose) polymerase 1 (PARP1) substrate
(Fig. 3B, left panel). Although caspase 3 was not detected at
24 hours, the 89 KDa fragment of PARPI was observed,
suggesting a redundancy between the executioner caspases. Pre-
treatment of bDHC-cells with ZVAD completely abolished the
cleavage of pro-caspases and PARP-1, consistently with apoptosis
suppression (Fig. 3B, middle panel).

A major caspase activation pathway is the Cytochrome C-
initiated pathway, which is triggered by the permeabilization of
the mitochondrial outer membrane. Cellular fractionation fol-
lowed by Western blot showed Cytochrome C release into the
cytoplasm upon 24 hours of bDHC treatment (Fig. 3C and Fig.
S2B).

Changes in the mitochondrial potential of bDHC-treated cells
have been further investigated by labeling cells with DiOC6, a
strong cationic dye that binds to undamaged mitochondria with
intact membrane potential [46]. A clear decrease in the binding of
DiOC6 was observed in cells treated with bDHC for 16 and
24 hours with respect to control cells, indicating the loss of
mitochondrial transmembrane potential (A) (Fig. 3D, left panel).

Finally, a time-dependent decrease of intracellular ATP levels
was detected (Fig. 3D, right panel), hinting at a compromised
bioenergetic function of mitochondria triggered by mitochondrial
inner membrane permeabilization with Ay loss [47].

Role of the Bcl-2 family members in bDHC-induced
apoptosis

The intrinsic pathway of apoptosis is controlled by Bcl-2 family
members, which regulate mitochondrial outer membrane integri-
ty.
By RT-PCRs we investigated mRNA levels of the Bcl-2 anti-
apoptotic genes: while Bcl-200 decreased in a time-dependent
manner, Bcl-XL was mainly reduced upon 8 hours of treatment
(Fig. 4A, left panel). A clear decrease of Bcl-2a0 and Bel-XL protein
levels was detected upon 24 hours treatment (Fig. 4A, right panel
and TFig. S2C).

Given the significance of Bcl-2o0 and Bcel-XL as suppressors of
apoptosis, single gene transfections were performed to determine
whether either protein can inhibit bDHC-induced cell death.
SubG1 events detected upon bDHC treatment were reduced of
about 60% in Bcl-2a0 and 40% in Bcl-XL overexpressing cells,
indicating a more important role for Bcl-2a rather than Bel-XL in
bDHC-apoptotic cell death (Fig. 4B).

As to pro-apoptotic genes, while transcription levels of the BH3-
only Noxa and Puma raised compared to control cells, no increase
was observed for Bax mRNA and protein levels (Fig. 4A, left and
right panels). To shed light on the role of Bax in mediating bDHC-
cell death process, we switched to HCT116 Bax —/— cells
(Fig. 4C). Compared to HC'T116, bDHC-induced apoptosis was
partially suppressed (from 1% in control cells to only 10% in
treated-cells), in behalf of an increase of G2/M phase population
(from 24% to 41%), thus indicating that Bax contributes to bDHC
induced cell death.

Despite the participation of Bax to the apoptotic process, the
lack of its mRINA up-regulation suggests the activation of a p53
transcriptional-independent apoptotic pathway. In fact cytosolic/
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Figure 2. Reversible anti-proliferative activity of bDHC on human normal cells. A. PI/FACS analysis of HF cell cycle progression after DMSO
and bDHC treatments for 24 and 48 hours (left and middle panel, respectively). PI/monoparametric cell cycle analysis of bDHC-treated cells versus
bDHC-released cells (right panel) (A =SubG1, B=G0/G1, C=S, D=G2/M). B. Left and middle panels: Analysis of cell cycle progression of WRL68 cells
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are an average of three independent experiments —/+ SD.
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Figure 3. Caspases activation upon bDHC treatment in HCT116 cells. A. Left panel: PI/monoparametric analysis of cell cycle progression of
bDHC-treated cells with or without ZVAD pre-incubation. The indicated events are means of three independent experiments (A =SubG1, B=G0/G1,
C=S, D=G2/M). Right panel: Western blot analysis of the indicated proteins after DMSO and bDHC treatment with or without ZVAD co-incubation.
Actin was used as loading control. B. Left panel: Expression analysis of cleaved-caspases and cleaved-PARP1 by Western blot following bDHC and
Adriamycin administration. Actin was used as loading control. Middle panel: Western blot analysis of cleaved-caspases and PARP1 upon ZVAD pre-
treatment compared to bDHC alone. Right panel: Expression levels of cleaved caspase 4 and 8 in HCT116 cells incubated with bDHC for 24 hours and
co-treated with LEVD. Thapsigargin (THG) treatment for 36 hours was used as positive control. Protein loading was assessed by probing the blot with
anti-actin antibody. The asterisk in caspase 4 blot indicates a band derived from unknown cleavage. C. Cytochrome C expression analysis in
cytoplasmic and mitochondrial/nuclear extracts from HCT116 treated with bDHC for 8, 16 and 24 hours. Tubulin and total histone H2A were used as
loading controls of cytoplasmic and nuclear extracts, respectively. D. Left panel: Flow Cytometric analysis of mitochondrial membrane potential (Ay)
by measuring DiOC6 binding in HCT116 cells following administration of bDHC for 16 and 24 hours. The percentage of cells with decreased Ay is

indicated. Right panel: ATP content in HCT116 cells following incubation with bDHC versus DMSO (arbitrarily set at 100%).

doi:10.1371/journal.pone.0053664.g003

mitochondrial p53 could activate Bax/Bak without direct regula-
tion of gene expression [48]. As it concerns Puma and Noxa, they
have been shown to be activated through p53-dependent and -
independent mechanisms. Puma can be induced by ER stress [49],
and regulated by transcription factors other than p53, including
FOXO3a, p73 and E2F [50-52]. Noxa mRNA can be induced by
the proteasomal inhibitor MG132, in p53 null human cell lines
[53].

To investigate whether p53 could play a role in mitochondrial-
dependent apoptosis rather than in the transcriptional control of
the apoptotic pathway, we analyzed the expression and cellular
localization of endogenous p53 following bDHC administration.
Western blot highlighted an increase of p53 levels into cytosolic
fractions of cells treated for 16 and 24 hours with bDHGC (Fig. 4D).
Similarly, cytoplasmic p53 was detected by Immunofluorescence
only following 16 and 24 hours of bDHC incubation (Fig. 4E,
arrows). The accumulation of p53 protein outside the nuclear
compartment suggests an important role of p33 mainly into
cytoplasmic molecular mechanisms.

Activation of the endoplasmic reticulum stress response
following bDHC treatment

As well as described for the pro-apoptotic genes, also anti-
apoptotic Bcl-2 family members can be transcriptionally regulated
in a p53-independent way. The transcriptional down-regulation of
Bcel-2a following bDHC treatment could be ascribed to different
transcriptional regulators, among which CHOP (C/EBP homol-
ogous protein). Indeed, an increase of CHOP expression levels was
observed by RT-PCR and Western blot in bDHC-treated cells
(Fig. 5A). CHOP is a transcription factor induced under ER stress,
which triggers an ER-specific cascade for implementation of
apoptosis [54]. mRNA levels of several ER-stress induced genes
were studied (Fig. 5A, left panel). We observed a transcriptional
increase of the pro-apoptotic CHOP target gene DR-5 (death
receptor-3), and of two main CHOP transcriptional activators,
ATF6 and the ER-induced spliced variant of XBP1. Other ER-
stress markers, such as GRP78, a chaperone that binds to unfolded
proteins, and HERPUDI1 were up-regulated in a time-dependent
manner.

A considerable increase of H3 and H4 acetylation was observed
by ChIP in regulatory regions of ER-stress genes, consistently with
their transcriptional activation (Fig. 5B).

The analysis of cells treated for 16 hours with bDHC by
electron microscope revealed enlargement and dilation of the ER,
corroborating the activation of ER stress (Fig. 5C).

Severely damaged ER functions have been shown to induce
apoptosis. In addition to CHOP, processing of caspases 12, 4, 3, 6,
7, 8, and 9 has been observed to play a role in ER stress-induced
apoptosis. In particular, caspase 12 in rodents and caspase 4 in
humans can initiate a specific cascade independent of mitochon-

dria, linking ER stress to apoptosis [55,56,57]. We therefore
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examined caspase 4 activation following bDHC administration,
compared to Thapsigargin (THG), which is able to trigger ER
stress-apoptosis in HCT116 cells [58]. Although to a lesser degree
with respect to THG, cleavage of caspase 4 (32 kDa subunit) was
induced by bDHC and reverted by co-incubation with the caspase
4 inhibitor LEVD (Fig. 3C, right panel). Interestingly, caspase 4
inhibition resulted in a clear decrease of caspase 8 processing,
suggesting that caspase 4 acts upstream of caspase 8.

Curcumin-induced proteasomal dysfunction and inhibition
were shown to contribute to Curcumin-ER stress activation
[59,60]: we therefore examined proteasomal function by Western
blot analysis of bDHC-total cellular extracts with anti-poly-
ubiquitin antibody. Figure 5D highlights an accumulation of
poly-ubiquitinated proteins upon Curcumin administration for
24 hours. Exposure to bDHC, even after 8 hours, resulted in a
more robust increase of poly-ubiquitinated proteins than Curcu-
min, comparable to the effect of the well known proteasome
inhibitor MG132.

These data suggest that the proteasome can’t degrade the
ubiquitinated proteins accumulated in the ER lumen and that the
process of ER stress is already maximally stimulated by bDHC
upon 8 hours.

bDHC induces autophagy in p53-positive cells

Phase-contrast microscopy analysis of bDHC-treated cells
highlighted the presence of cytoplasmic vacuoles (data not shown).
We performed ultrastructural analysis by using electron micros-
copy to further investigate the morphological changes induced by
bDHC upon 16 hours of incubation. Compared to control cells,
bDHC treated cells showed double membrane vacuolar structures
with the morphological features of autophagosomes (Fig. 6A,
arrows).

Formation of autophagolysosomes was also detected by
fluorescence microscopy following staining with the lysosomo-
tropic agent Acridine Orange, whose protonated red fluorescent
form accumulates in acidic compartments [61]. While control cells
showed green fluorescence with minimal cytoplasmic red compo-
nents, corresponding to lysosomes, bDHC-treated cells displayed
considerable red fluorescence, caused by the formation and
accumulation of autophagolysosomes (Fig. 6B).

To validate the hypothesis that bDHC could induce autophagy,
we monitored by Western blot the formation of LC3-II, which is
regarded as autophagy marker [62]. bDHC induced a time-
dependent expression of the microtubule-associated protein light
chain 3 (LC3-I), and the accumulation of its processed form (LC3-
II) (Fig. 6C). Quantification of LC3-II versus actin levels
highlighted an increase of about 5 fold of LC3-II in cells treated
for 24 hours with bDHC, compared to DMSO (Fig. 6C, right
panel). Figure S3A shows the quantification of the conversion of
LC3-I into the phosphatidylethanolamine conjugate LC3-1I (LC3-
II/LC3-I ratio).
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genes upon bDHC treatment for different times versus DMSO. Right
panel: Protein expression levels of Bcl-2a, Bcl-XL and Bax following
24 hours treatment with bDHC. B. SubG1 (left panel) and Western blot
analysis (right panel) of HCT116 cells upon transient transfection of Bcl-
20, or Bcl-XL and treatment with DMSO or bDHC. Data are reported as
fold change (FC) of SubG1 population in transfected cells treated with
bDHC relative to bDHC-cells (arbitrarily set at 100%). C. PI/FACS analysis
of cell cycle progression of HCT116 Bax —/— cells after DMSO and
bDHC incubation for 24 hours. D. Western blot analysis of p53
expression in nuclear and cytosolic extracts of cells treated with DMSO
and bDHC for 8, 16 and 24 hours. Tubulin and histone H3 were used as
loading controls of cytosolic and nuclear extracts. The intensity of
immunoreactive bands was quantitated to actin (basal nuclear p53
arbitrarily set at 1). Values are means of three independent experiments.
E. Immunofluorescence analysis of endogenous p53 cellular localization
in HCT116 following time-dependent exposure to bDHC. p53 cytoplas-
mic localization is indicated by white arrows.
doi:10.1371/journal.pone.0053664.g004

Interestingly, bDHC was not able to increase LC3-1I in HF cells
after 24 and 48 hours (Fig. S4A), suggesting that bDHC-cell death
could be related to autophagy activation.

The increase of LCG3-1I and the appearance of autophagosomes
are not measure of the autophagic flux, but can reflect the
inhibition of autophagosome clearance [63]. To verify whether
autophagic flux was occurring in bDHC-treated cells, we
prevented lysosomal degradation by using Chloroquine, that
neutralizes the lysosomal pH [64]. As shown by the quantification
of LC3-II levels with respect to actin, the amount of LC3-II
induced by bDHC strongly increased in the presence of the
inhibitor, corroborating a time dependent activation of autophagy
(Fig. 6D).

Finally, we monitored bDHC-induced autophagy through
Immunofluorescence, measured as an increase in punctuate
endogenous LC3. Figure 6E shows the changes in LC3
localization upon incubation with bDHC, compared to HCT116
control cells. LC3-stained autophagic compartments are indicated
by arrows. As already observed (Fig. 6D), Chloroquine induced an
increase in the level of LC3 puncta in control cells and had an
additive effect when administered with bDHC.

P53 has been described to regulate the activation of autophagy:
nuclear pb53 can participate to autophagy induction, while
cytoplasmic p53 inhibits autophagy through a transcriptional-
independent mechanism. We therefore analyzed the effects of
bDHC administration to HCT116/E6 cells, in which p53 is
degraded by the viral E6 protein. Under normal conditions
HCT116/E6 showed higher levels of LC3-II compared to
HCT116 wt, but no increase was observed following bDHC
treatment (Fig. S4B, upper panels). Moreover, HCT116/E6 cells
were less susceptible than wt cells to bDHC-induced apoptosis, as
indicated by the lower percentage of SubG1 events (from 33% in
bDHC-treated HCT116 to 16% in bDHC-HCT116/E6 cells)
(Fig. S4B, lower left panel). The high levels of poly-ubiquitinated
proteins observed in HCT116/E6 cells suggest that bDHC can
induce ER stress also in p53 deficient cells, but it doesn’t elicit the
activation of autophagy, which can contribute to drug-induced cell
death (Iig. S4B, lower right panel).

Autophagy activation triggered by bDHC potentiates its
pro-death activity

To investigate whether autophagy and apoptosis participate
independently in parallel pathways or they affect one another, we
co-treated cells with bDHC and inhibitors of autophagy or
apoptosis.

Inhibition of apoptosis by ZVAD resulted in a conspicuous
decrease of SubG1 events and of the apoptotic markers, cleaved-
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The black arrows indicate the expanded ER. Scale bar: 1T um. D. Increase
of protein ubiquitination in Curcumin (24 hours), MG132 (24 hours) and
bDHC lysates (8, 16, 24 hours) by Western blot analysis. Actin was used
as loading control.

doi:10.1371/journal.pone.0053664.9g005

PARP-1 and y-H2AX (Fig. 7A and Fig. S2D, left panel).
Compared to bDHC, ZVAD co-treatment didn’t reduce the
transcriptional activation of CHOP and DR-5, as well as LC3-11
protein levels, indicating that ER stress response and the
autophagic process are still active when apoptosis is suppressed
(Fig. 7A, middle panels, and Fig. S3B, left panel).

The same analysis was performed following co-treatment of
bDHC with the specific caspase 4 inhibitor LEVD (Fig. 7B). As
well as observed in ZVAD co-treated cells, no decrease of LC3-11
levels was detected, while SubG1 events were significantly reduced
by LEVD, hinting at an important role of ER stress-related
caspase 4 as initiator of bDHC-induced apoptosis.

Pharmacological inhibition of autophagy by co-treatment with
Wortmannin, which blocks the early steps of autophagic degra-
dation, resulted in decreased LC3-II levels (Fig. 7C and Fig. S3B,
right panel). Concomitantly, we observed a reduction of PARP-1
cleavage, y-H2AX expression and SubG1 events, but no effects on
ER stress genes activated by bDHC (Fig. 7C and Fig. S2D, right
panel). Similarly, co-treatment with Chloroquine reduced SubGl
events of about 70% compared to bDHC-treated cells (Fig. S4C).

To further confirm the effects of autophagy inhibition on
bDHC-induced cell death, we specifically knocked down the
autophagy-related proteins Beclinl and ATG7 (Fig. 7D). Western
blot analysis showed an efficient silencing of both Beclinl and
ATG7, whose expression levels were reduced to about 10% with
respect to control cells (Fig. S2E). Interestingly, while Beclinl
inactivation didn’t affect either LC3-II levels or apoptosis upon
bDHC administration, ATG7 knock down reduced the formation
of LC3-ITI and decreased SubGl events of bDHC-cells of about
30% (Fig. 7D and Fig. S3C).

These data suggest a role of Beclinl-independent autophagy in
bDHC pro-death activity in HC'T116 cells.

As shown in Figure 5, bDHC is able to activate ER stress
response and accumulation of poly-ubiquitinated proteins. To
investigate whether ER stress activation occurred upstream of
bDHC-induced autophagy and apoptosis, we used Salubrinal, an
ER stress inhibitor, which can regulate ellF2a. phosphorylation
[65]. Salubrinal co-treatment with bDHC reduced LC3-II levels
and SubGl events (Fig. 8A). CHOP knock down by RNAi
reduced apoptosis as well, suggesting the contribution of ER stress
to the apoptotic process (Fig. 8B).

Inhibition of translation through Cycloheximide (CHX) co-
treatment reduced ER stress activation, as indicated by the lack of
overexpression of ER-stress related genes. CHX concurrently
lowered the accumulation of LC3-II, as well as y-H2AX, cleaved-
PARPI1 and SubG1 events (Fig. 8C, Fig. S2F and Fig. S3D).

Only the co-administration of CHX to cells completely
inhibited the accumulation of poly-ubiquitinated proteins induced
by bDHC, suggesting that the increase of unfolded nascent
proteins can be one of the main causes triggering ER stress
response and autophagic-cell death (Fig. S4D).

Taken together, these results indicate that bDHC-induced ER
stress leads to autophagy, which occurs upstream of apoptosis and
is not protective for bDHC-treated cells.
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Figure 6. bDHC induces autophagy in HCT116 cells. A. Optical (a and b photomicrographs) and Scanning Electron Microscopy (¢ and d
photomicrographs) representative images of cells treated with DMSO and bDHC for 24 hours. Photomicrograph of panel ¢ shows the presence of
autophagolysosomes in bDHC treated cells. Enlargement of the dashed box (panel d) illustrates a double-membraned autophagosome. Scale bar a
and b panels: 10 um; ¢ panel: 1 um. B. Detection of bDHC-induced autophagosomes formation by fluorescence microscopy following staining with
Acridine Orange. C. Left panel: Western blot and RT-PCR analysis of LC3 expression at 8, 16 and 24 hours of bDHC exposure in HCT116 cells. Right
panel shows the levels of LC3-Il versus actin following time-dependent incubation with bDHC. Values are mean of six independent experiments —/+
SD. D. Quantification of LC3-Il detected by Western blot analysis following pre-incubation (1 h) of DMSO and bDHC with Chloroquine (CQ). The levels
of LC3-Il have been normalized to actin. E. Fluorescence staining of endogenous LC3 following incubation of HCT116 cells with bDHC for 24 hours,
with or without Chloroquine (CQ). LC3-stained autophagic compartments are indicated by white arrows.

doi:10.1371/journal.pone.0053664.g006

Discussion

Apoptosis is the major source to oppose uncontrolled growth of
cancer cells and to reduce tumor cell population expansion.
Although many dietary agents show interesting chemotherapeutic
activity, they often produce major side effects. Curcumin has been
used through the ages as alternative medicinal agent and it has
been classified as safe by health authorities. It is currently in phase
II/1II clinical trials, although it shows limited application because
of its instability in physiological conditions.

In this study, we demonstrated that the stable Curcumin-
derivative bDHC 1s highly cytotoxic towards colon-cancer cells in
a dose-dependent manner. At the concentration of 30 pM, bDHC
reduces cell proliferation both by inducing a cell cycle block and
by activating the apoptotic program (Fig. 1). At the same
concentration, Curcumin is not able to induce such a high cell
death in HCT116 cells, but only a G2/M arrest can be detected
[20]. It could be that the mismatch repair system protects
HCT116 cells from Curcumin cytotoxicity, in part by activating
the G2/M checkpoint, as recently shown [66].

bDHC exhibits a selective activity towards cancer cells: in
human normal cells (HF and WRL68), it reversibly inhibits
proliferation, without eliciting a cytotoxic response (Fig. 2). Its
tumor-selectivity can be ascribed to lower uptake in normal cells
compared to colon cancer cells (Fig. 2C), but we can’t rule out that
other mechanisms are involved. As hypothesized for Curcumin, it
could be that the great efficacy of bDHC in tumor cells is caused
by (i) their lower glutathione levels, which enhances drug
sensitivity compared to normal cells or (ii) the constitutive
expression of active NF-kB in cancer cells, which is one of
Curcuminoids targets [67].

Although it remains to be determined why bDHC is particularly
active against colorectal carcinoma cells (HCT116 and LOVO
cells) rather than other types of cancer cells [36,37, VB and CI
unpublished data], this is an encouraging prerequisite for bDHC
anti-tumor activity  vivo. Indeed, Curcumin and its derivatives
show increased bioavailability in the gastrointestinal tract and,
consequently, slow the growth of gastrointestinal cancers [68,69].

Our study demonstrates that bDHC-induced apoptosis in colon
cancer cells occurs through a mitochondria-dependent pathway
(Fig. 3). Mitochondria play an essential role as sensors and
amplifiers of death signaling pathways. In particular, the collapse
of the mitochondrial membrane potential is considered an
irreversible point in the death cascade [70]. Following bDHC
treatment, we observed a decrease of mitochondrial transmem-
brane potential (Fig. 3), and the release into the cytosol of
Cytochrome C, which triggers the caspase-activating cell death
pathways [71] (Fig. 3C). Cytochrome C is a key player of
mitochondria-dependent apoptotic cell death: its release from
mitochondria elicits the formation of Apaf-1/caspase 9 apopto-
some, which further activates effector caspases 3 and 7, leading to
the cleavage of nuclear substrates, such as PARP-1 (Fig. 3B) and
lamins, and to oligonucleosomal DNA fragmentation [72].
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We showed a major role of caspases as final effectors of bDHC-
cell death (Fig. 3B). The inhibition of pro-caspases cleavage by
ZVAD completely suppresses bDHC-induced apoptosis, the
cleavage of PARP-1 and the phosphorylation of H2AX at
Ser139 (Fig. 3A-B and Fig. 7A). Even if the function of YH2AX
has been mainly linked to DNA-damage repair [73], this histone
plays a key role in programmed cell death. Its formation during
apoptosis depends on caspases activation and is concurrent with
the initiation of apoptotic endonuclease activation [45], regulating
the accessibility of various DNases to DNA [74,75].

The balance between cell proliferation and cell death is
controlled by anti- and pro-apoptotic proteins, most of which
are known pb3 target genes. RT-PCR analysis indicates that
bDHC can induce cell death by regulating the expression of the
Bel-2 family members: Bcl-200 and Bcel-X1 anti-apoptotic proteins
are down-regulated, while the pro-apoptotic Noxa and Puma
genes are up-regulated by bDHC (Fig. 4A).

Although the pro-apoptotic Bax doesn’t show any transcrip-
tional activation, bDHC treatment of HCT116 Bax—/— cells
clearly highlights its contribution to the activation of cell death
(Fig. 4A and C). Indeed, Bax-induced mitochondrial membrane
permeabilization and the resulting Cytochrome C release into the
cytoplasm, can be achieved through Bax translocation from the
cytoplasm to the outer mitochondrial membrane, without any
p53-transcriptional activation [76]. The analysis of p53 expression
and cellular compartmentalization shows that protein levels
increase exclusively into the cytoplasm, suggesting a marginal role
for p53 in the transcriptional regulation of anti- and pro-apoptotic
target genes in response to bDHC (Fig. 4D and E). A p53
transcriptional-independent activation of Bax has been described
following the activation of caspase 8 and the up-regulation of
Puma [77], consistently with our data from bDHC-treated cells
(Fig. 3 and Fig. 4). In addition to Bax, also Puma and Noxa
activation can be achieved through p53-independent mechanisms:
Puma was shown to be induced by ER stress [49] and Noxa by
proteasome inhibition [78], both injuries being observed upon
bDHC administration to HCT116 cells (Fig. 5). The increase of
P53 expression upon apoptosis inhibition by ZVAD, which results
in a G2/M cell cycle arrest, ascribes to the oncosuppressor mainly
a role in bDHC-cell cycle block rather than apoptosis (Fig. 3A).
The same behavior is observed for p21, which has a fundamental
function in maintaining the cell cycle block induced by Curcumin
and its derivatives [20].

Administration of hbDHC to HCT116/E6 cells partially reduces
but doesn’t abolish apoptosis, suggesting that a p53-independent-
cell death can occur. On the other hand, p53 has come to light as
a positive regulator of autophagy, which indeed is not induced by
bDHC in HCT116/E6 (Fig. S4B). We believe that the halved
percentage of SubG1 population in E6 compared to wt cells could
be ascribed to the lack of autophagy activation, which contributes
to bDHC-cell death.

RT-PCRs highlight the activation of various genes involved in
ER stress response: CHOP, ATF6, GRP78, HERPUDI and
sXBPl mRNA levels increase already after 8 hours of bDHC
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Figure 7. Autophagy activation leads to cell death. A. Left panels: LC3, y-H2AX and PARP1 levels in bDHC cells co-treated with ZVAD. Middle
left panel: RT-PCR analysis of the indicated genes normalized versus actin mRNA expression. Middle right panel: LC3-Il levels versus actin with or
without co-treatment. Right panels: Flow cytometric analysis of SubG1 events in cells with or without co-treatments. Data are reported as fold change
(FC) of SubG1 population relative to bDHC-treated cells (arbitrarily set at 100%). B. Left panel: Western blot analysis of LC3 and actin levels following
24 hours co-treatment of DMSO or bDHC with LEVD. Right panel: Fold change (FC) of SubG1 events in cells co-treated with LEVD and bDHC versus
bDHC-treated cells (arbitrarily set at 100%). C. Left panels: LC3, y-H2AX and PARP1 levels in bDHC cells co-treated with Wortmannin (WORT). Middle
left panel: mRNA levels of the indicated genes normalized versus actin. Middle right panel: Expression levels of LC3-Il normalized to actin with or
without co-treatment. Right panels: Flow cytometric analysis of SubG1 events in cells with or without Wortmannin. Data are reported as fold change
(FC) of SubG1 population relative to bDHC-treated cells (arbitrarily set at 100%). D. Left panels: Western blot analysis of LC3, Beclin1 (BCN1) and Atg7
expression levels in DMSO and bDHC treated cells following BCN1 (upper panel) and Atg7 (lower panel) knock down. Middle panels: LC3-Il levels in
control, BCN1 and Atg7 inactivated cells have been normalized versus actin levels. Values are mean of three independent experiments —/+ SD. Right
panels: Fold change (FC) of SubG1 events of BCN1 and Atg7 inactivated bDHC-cells versus bDHC-treated cells (arbitrarily set at 100%).
doi:10.1371/journal.pone.0053664.9007
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Figure 8. ER stress precedes autophagy-mediated cell death. A. Effects of Salubrinal (SAL) on bDHC-treated cells. Protein expression levels of
LC3 (left panel) and LC3-Il quantification versus actin levels (middle panel) in DMSO or bDHC cells co-treated with Salubrinal. Right panel: Fold change
(FC) of SubG1 events in co-treated versus bDHC-treated cells (arbitrarily considered as 100%). Values are mean of three independent experiments —/+
SD. B. Left panel: RT-PCR analysis following CHOP inactivation. Values indicate the quantification of CHOP mRNA levels relative to actin. Right panel:
Fold change (FC) of SubG1 events of CHOP inactivated bDHC-cells versus bDHC-treated cells (arbitrarily set at 100%). C. Effects of co-incubation of
bDHC-treated cells with Cycloheximide (CHX). Left and middle left panels: Protein and mRNA expression levels of the indicated genes. Middle right
panel: LC3-Il levels were quantitated versus actin, before and after Cycloheximide co-administration. Right panel: Fold change (FC) of SubG1 events in
co-treated versus bDHC-treated cells (arbitrarily considered as 100%). Values are mean of three independent experiments —/+ SD.
doi:10.1371/journal.pone.0053664.g008

treatment (Fig. 5). The activation of ER stress response, and in ER stress-induced caspase 4 leads to caspase 8 processing in
particular of CHOP, could determine the transcriptional down- HCT116 cells (Fig. 3C).

regulation of the anti-apoptotic Bcl-2, in a p53-independent Accumulating data indicate that ER stress can trigger autoph-
manner. agy [80,81,82]. In the case of Unfolded Protein Response (UPR),

Murine caspase 12 and human caspase 4 have been described to stimulation of autophagy can be required to activate the cell death
be cleaved by ER stress inducing agents, and to participate to ER- machinery [83]. The UPR and autophagic process can work
induced apoptosis [55,56]. Moreover, human cells treated with independently from each other, or they can share their
siRNA targeting caspase 4 were resistant to ER-stress induced cytoprotective or cytocidial functions, depending on the type and
apoptosis [55]. duration of the cellular stress [84].

In agreement with these data, we detected the cleavage of The intricate cross-talk between apoptosis and autophagy is
caspase 4 following bDHC administration to HCT116 cells, and a crucial to the overall fate of the cell. Indeed, the final outcome of
clear decrease of apoptosis was determined by preventing its autophagy depends on (i) the stress-inducing stimulus and (i) .thc
activation with LEVD (Fig. 3C and Fig. 7B). Consistently with cellulgr context: autoph'z?gy can help ER-stressed ‘CCHS to survive,
recent results demonstrating a novel ER stress-triggered caspase contributing to thle elimination of unfolded proteins, or can take
cascade initiated by caspase 4 and involving caspase 8 [79], LEVD part to ER stress induced cell death [85]. i
co-administration to cells resulted in a decrease not only of In this study we have shown that autophagy induced by bDHC

is a consequence of ER stress and has an important role in the

cleaved-caspase 4, but also of cleaved-caspase 8, suggesting that T AR
activation of cell death. In fact, when apoptosis is inhibited

PLOS ONE | www.plosone.org 15 January 2013 | Volume 8 | Issue 1 | 53664



through ZVAD and LEVD, ER stress and autophagy are still
active in bDHC-treated cells. On the other hand, following
pharmacological inhibition of autophagy by Wortmannin or
Chloroquine, apoptosis is strongly attenuated, suggesting that
bDHC-induced autophagy occurs upstream of apoptosis (Fig. 7C
and Fig. S4C). To better investigate the role of autophagy, we
mactivated both Beclinl and ATG7, known autophagy related
genes. The analysis of LC3-II levels upon RNAi in bDHC cells
highlights that Beclinl has a marginal function in bDHC-
autophagy, and consequently its inactivation doesn’t prevent
autophagic cell death. This was quite expected considering that
Beclinl has been mainly involved in starvation- rather than drug-
induced autophagy. Moreover, decreased levels of Beclinl protein
observed following bDHC administration are consistent with its
exclusion from bDHC-autophagy process (Fig. 7D). In particular,
time-course analysis shows that Beclinl levels are already reduced
upon 8 hours of bDHC treatment, before autophagy is activated
(data not shown). In contrast to Beclinl, Atg7 silencing results in a
significant decrease in LC3-II accumulation and alters cell death
response to bDHC.

Although the suppression of autophagy reduces SubGl
population, neither Wortmannin/Chloroquine nor ATG7 knock-
down can completely rescue the loss of cell viability caused by
bDHC, hinting at an independent apoptotic pathway running
parallel to the autophagic-mediated cell death. This is also
consistent with the percentage of apoptosis detected in
HCT116/E6, which can’t activate autophagy (Fig. S4B). Never-
theless, both autophagic-dependent and -independent cell death
seems to be triggered by ER stress.

The increase of poly-ubiquitinated proteins in bDHC treated
cells, fully suppressed by Cycloheximide (Fig. S4D), hints at a
possible activity of bDHC as proteasome inhibitor, as well as
reported for Curcumin [59,60]. The lack of p53 doesn’t reduce
proteins poly-ubiquitination, suggesting once again that p53 has a
possible role downstream ER stress response in the activation of
autophagic-cell death.

Although bDHC has shown enhanced anti-proliferative activity
compared to Curcumin in HCT116 and LOVO cells, its high
IC50 concentration could limit its possible development in clinical
application. With the purpose to reduce the dose necessary to
activate bDHC-cell death in tumor cells, we have recently
designed and tested a bDHC-analog, by inserting an alkali group
in C-3 position of bDHC backbone (C3-bDHC) [86]. C3-bDHC
has improved chemical stability in physiological conditions and it
exerts anti-proliferative activity in HCT116 and LOVO cells at
10-fold lower concentration compared to bDHC (IC50 =3 uM in
HCT116 and 4 uM in LOVO cells) [86]. Our preliminary data
support that G3-bDHC is able to induce autophagy and cell death
in HCT116 even better than its lead compound (Fig. S5).

Overall, we demonstrated that bDHC exerts a selective
cytotoxic activity on colon cancer cells, through the activation of
ER-stress induced autophagic cell death, providing new evidence
that autophagy is an effective inducer of cell death.

Further studies are needed to better characterize bDHC and its
derivatives  [86,87], new possible candidates for promising
therapies to prevent or treat colon cancer diseases through their
pro-autophagic activity.

Supporting Information

Figure S1 A. Percentages of 4n phospho-SerlOH3 positive
HCT116 cells (black bars) counted out of a total number of 4n
cells (grey bars) after DMSO, Curcumin and bDHC treatments for
16 and 24 hours. B. Scanning Electron Microscopy images of
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control and bDHC-treated HCT116 cells. Scale bar: 5 um. C.
Left panel: Distribution of LOVO cells into the different phases of
the cell cycle following treatment with DMSO or bDHC for
24 hours. The percentages are means of three independent
experiments —/+ SD. Right panel: YH2AX expression levels in
LOVO cells treated with bDHC compared to DMSO control
cells. Actin was used as loading control. D. Western blot analysis
of YH2AX expression following bDHC administration to HF (left
panel) and WRL68 cells (right panel) for 24 and 48 hours. Actin
was used as loading control.

(TIF)

Figure $2 A. Quantification of the expression levels of YH2AX,
p53 and p21 versus actin in HCT116 cells co-treated with ZVAD
or incubated with DMSO and bDHC alone (Western blots shown
in Fig. 3A). B. Cytoplasmic (left panel) and mitochondrial/nuclear
Cytochrome C levels following time-dependent administration of
bDHC. Adriamycin (ADR) was used as positive control (Western
blots shown in Fig. 3C). C. Quantification of the expression levels
of Bcl2a, Bel-X1. and BAX wersus actin in total cellular extracts of
DMSO and bDHC treated cells (Western blots shown in Fig. 4A).
D. Expression levels of YH2AX and cleaved PARP-1 in HCT116
cells co-treated with ZVAD (left panel) or Wortmannin (WORT)
and bDHC (Western blot shown in Fig. 7A). E. Beclinl (BCN1)
and ATG7 expression levels normalized to actin levels in BCN1
(left panel) and ATG7 (right panel) silenced cells untreated or
treated with bDHC (Western blots shown in Fig. 7B). F.
Quantification of the expression levels of YH2AX and cleaved
PARPI1 versus actin in HCT116 cells treated with bDHC or co-
incubated with Cycloheximide (CHX) and bDHC (Western blots
shown in Fig. 8C). All the indicated values are mean of at least
three independent experiments —/+ SD.

(TIF)

Figure 83 A. Ratio of LC3-II/LC3-I expression levels normal-
ized to actin following DMSO and time dependent exposure of
HCT116 cells to bDHC. B. LC3-II/LC3-I ratio in DMSO and
bDHC cells co-treated with ZVAD or Wortmannin (WORT)
versus DMSO. G. LC3-II/LC3-I ratio in Beclinl (BCN1) and
ATG7 mactivated cells following DMSO or bDHC administra-
tion. D. Ratio of LC3-II/LC3-I expression levels upon co-
incubation of Cycloheximide (CHX) with bDHC compared to
DMSO. Basal LC3-II/LC3-I ratio in control cells has been
arbitrarily set at 1. All the indicated values are means of three
independent experiments, *P<<0.05, **P<<0.01.

(TTF)

Figure S4 A. Left panel: Western blot analysis of LC3
expression following 24 and 48 hours of bDHC exposure in HF
cells. Right panel indicates the levels of LC3-II versus actin
following time-dependent exposure to bDHC. Values are means of
three independent experiments. B. Upper left panels: LC3
expression levels in HCT116/E6 compared to HCT116 cells.
Upper right panel: Quantification of LC3-II versus actin levels in
HCT116/E6 cells incubated with bDHC for 16 and 24 hours.
Lower left panel: Distribution of HC'T116/E6 cells throughout the
different phases of the cell cycle (PI monoparametric analysis),
following DMSO and bDHC administration for 24 hours. Lower
right panel: Western blot analysis of poly-ubiquitinated proteins in
HCT116/E6 after bDHC treatment for 24 hours. C. Left panel:
LC3, y-H2AX and PARPI levels in DMSO and bDHC cells co-
treated with Chloroquine (CQ). Actin was used as loading control.
Middle panel: LC3-II/LC3-I ratio in DMSO and bDHC cells co-
treated with Chloroquine. LC3-1I/LC3-I ratio in DMSO cells has
been arbitrarily set at 1. Values are means of three independent
experiments, ¥*P<<0.05, **P<<0.01. Right panel: Fold change (IFC)

January 2013 | Volume 8 | Issue 1 | 53664



of SubG1 events of HCT116 cells co-incubated with bDHC and
Chloroquine (CQ) compared to bDHC-treated cells (arbitrarily
considered as 100%). D. Left panel: Western blot with anti-
ubiquitin antibody of total cellular extracts of DMSO and bDHC-
treated cells co-incubated with ZVAD, Wortmannin, Chloroquine
and Cycloheximide. Middle panel: Time-dependent effect of
Salubrinal co-treatment on proteins poly-ubiquitination. Actin was
used as internal loading control. Right panel: Western blot of poly-
ubiquitinated proteins in HCT116 total extracts after CHOP
inactivation, with or without bDHC co-treatment.

(TIF)

Figure 85 Left panel: Western blot analysis of LC3 expression in
HCTI116 cells treated with DMSO, bDHC and C3-bDHC for
24 hours. Right panel: PI/FACS cell cycle analysis of HCT116
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