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ABSTRACT

Nuclear transcription factor (NF-Y) is a sequenpeesfic transcription factor that binds DNA on a
sequence spanning the CCAAT a common element greseseveral gene promoters. It has long
been considered an activator of genes involvedowtn promotion including cell cycle regulatory
genes. NF-Y is composed of three subunits (-YA X&) all required for the DNA binding and
transactivation activity. NF-YA is the regulatorylsinit of the NF-Y protein. Numerous findings
highlight that NF-Y is involved in cancer.

In manuscript |, to get clues on NF-Y function(s)ancer cells, we performed a mass spectrometry
screening of a pool of proteins that co-precipitatdh the NF-YA subunit. By this screening we
identified lamin A as a novel putative NF-Y intei@c This result was validated by co-IP
experiments using different cell lines. Confocahlgsis confirmed this interaction in different
phases of mitosis. In order to investigate the iptssnvolvement of lamin A/NF-Y complex in
gene regulation, we generated the chromatin frasti€o-IP experiments confirmed the occurrence
of lamin A /NF-Y complex in the chromatin. We fuethisolated euchromatin from proliferating
cells in order to evaluate the possible involvenadamin A in actively transcribed genes involved
in cell cycle progression where NF-Y plays a kel ias transcription factor. Our data demonstrated
that NF-Y and lamin A co-localize in transcriptidigaactive region. We performed ChIP
experiments to explore the possible recruitmentaofin A on promoters of NF-Y target genes
demonstrating that lamin A physically interactshwéieveral promoter regions carrying CCAAT-
boxes, such aSCNB2, DHFR, CCNA2, CDK1, CCNB1, CDC25C, TOPO2a andPCNA. Gain and
loss of function experiments revealed that lamincdunteracts NF-Y transcriptional activity
impacting on cell cycle progression. We performeciférase assays using tR€NB2 promoter
driven luciferase reporter construct as a sensdlNfefY activity in cellular and mouse models.
These experiments revealed that lamin A counterdifisY activity on CCNB2 promoter.
Moreover, data obtained from experiments performmeder serum deprivation or oxidative stress
conditions emphasized the importance of lamin Avagtin cell proliferation in the tumour
microenviroment characterized by low nutrient symid excessive reactive oxygen species (ROS)

production.

In manuscript 1l, we analysed the possible involeamof NF-Y and lamin A in stratifying
endometrial cancer (EC). EC is a major cause otatty for patients worldwide. EC is classified
as type | or type Il based on histologic propertiege I, also called the endometrioid type (EEC)

because of its histologic similarity to the endomoet, accounts approximately 70—-80% of sporadic
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EC. Most type | tumours occur in the setting of pmased estrogen stimulation, leading to
endometrial hyperplasia. According to FIGO defomti type | ECs include lower grade EECs
(grade 1 and 2 EEC). Unlike type | tumors, typéedions are not related to estrogen exposure or
endometrial hyperplasia and include high risk nmraitcies, as poorly differentiated high-grade
EEC (G3), and non endometrioid endometrial carce®(NEM) such as serous papillary and clear
cell carcinomas. In general, patients with EC havgood prognosis since early diagnosis is
frequent and the disease has usually not spreadntiethe uterus. However, the prognosis for
recurrent or metastatic EC remains poor. Althougssintases of low grade ECs do not behave
aggressively, in rare instances, even low-graddl-difterentiated ECs can progress in a highly
aggressive manner. In this study, we analysed skWC tissues to find novel clinical and
biological features to help the diagnosis and cgueetly the treatment of early EEC. A
retrospective cohort of several formalin-fixed, afin-embedded (FFPE) specimens from patients
with EC were analysed. Total RNA and proteins wexéracted and analyzed, respectively, by
guantitative PCR and western blotting. Our correfastudies identify NF-YAs, a splicing isoform
of NF-YA, , and lamin A as two novel potential biarkers in ECs. It has been recently
demonstrated that NF-YAs belongs to the embryot@imscell transcription factor circuitry. Lamin
A has been shown to be involved in cancer developraed tumor aggressiveness. We observed
that NF-YAs is exclusively expressed in EC tisswelsije lamin A is strongly down-modulated in
EC compared with benign tissues and its loss ofesgion correlates with higher histologic grade
and aggressiveness. Results obtained in low grede(Brade 1) tissues demonstrated that NF-YAs
expression is heterogeneous, with 55% of samplpsessing the short isoform compared to 100%
in G2 and G3 EEC and NEM. Interestingly, the presenf NF-YAs was related with lower lamin
A protein and mRNA levels. It is worth to note tlilhé presence on NF-YAs and loss of lamin A
expression was consistently associated with low&ogen receptor (ERs) expression and related
with  miR-200 family upregulation and ZEBs decreasedapression, indicators of EC
aggressiveness, thus supporting the potentialanl&F-YAs and lamin A as novel prognostic
correlation biomarkers with a potential for a maegestematic integration in clinical practice for
individualized therapy in EC, in particular in layvade malignancy.

Our studies help to promote our understanding efrttechanisms of NF-Y activity providing a
molecular evidence for the direct transcriptionaldulation of cell cycle related genes by lamin
A/NF-Y nuclear protein complex. Moreover, they opgna possibility to use lamin A and NF-YAs
expression, in combination with ERs status, indiagnosis and treatment of early EC .
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1 INTRODUCTION

1.1  NF-Y

NF-Y (also called CBF, a-CP1 and CP1) is a ubaypstprotein, composed of 3 subunits, NF-YA, -
YB, and -YC, whose genes are highly conserved fy@ast to mammals. All 3 subunits are
required for NF-Y binding to the consensus sequetheeCCAAT-box. The CCAAT box is one of

the most common cis-acting elements found in thempter and enhancer regions of a large

number of genes in eukaryote. The CCAAT box locatiathin promoters is fixed at —60/-100

nucleotides from the transcriptional start site $J%nd, whenever tested, has been shown to be

crucial for promoter activity. The structure and tBNA-binding mode of the NF-YB/NF-YC

dimer are highly reminiscent of that of other hisdold domains (HFDs), and an activation

domain is present in the NF-YA subunit (1). NF-Y#&the regulatory subunit of the trimer. The
crystal structure of NF-Y bound to a 25 bp CCAATgohucleotide shows that the HFD dimer

binds to the DNA sugar-phosphate backbone, mimgkihe nucleosome H2A/H2B-DNA
assembly. First, NF-YB and NF-YC interact to foheterodimers through their HFDs. The NF-
YB/NF-YC heterodimer then interacts with NF-YA torin the heterotrimeric NF-Y transcription

factor. The absence of any of the NF-Y subunitsltesn loss of binding of the NF-Y complex to

DNA and NF-Y-directed transcription (Figure 1).
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Figure 1. (A) Scheme of NF-Y subunit¢éB) NF-Y complex formation. NF-Y consists of thre
different subunits, NF-YA, NF-YB and NF-YC, whicheaall necessary for formation of NF-
complexes and binding to CCAAT boxes to activagadcription. The arrow with bar indicatg




A bioinformatic analysis of promoters of cycle regulatory genes shows an abundanc
CCAAT boxes in promoters regulated during the G2rshsitionprogressio (Figure 2), among
which are mitotic cyclin complexes -10). Taken together, these studies demonstrate the

binding of NFY to cellular promoters is essential for cell piefation.
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Figure 2. The NFY complex support basal transcription of a classregulatory geneg
responsible for cell cycle progression, among wiaiehmitotic cyclin complex.

It has been reported the presence of two majc-YA isoforms, “long” (347 aa)and “short” (318
aa) the short isoform lacking a -amino acid within the NF-YA aminterminal domain (11), ths
are present at different levels in various cell@antex (Figure 3). NFYAlong (NF-YAI) contains
an exon encoding the majority of a glutan-rich transactivation domain, whereas NF-short
(NF-YAs) lacks this. NFYAland NFYAs show distinct expression patterns; the forme
preferentially expressed in epithelial cells anglldtter in lymphoid cells12,13).
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Figure 3: Description of the two isofroms of I-YA originating from alternative splicing
exon 3.

The level of NF-YAlincreases through mouse and human embryonic st&ncg differentiation
whereas NF-YASs significantly downregulatecl4). Functionakignificance of the two N-YA
isoforms remais to be elucidated, L recent data indicate that NF-Y Asomotes se-renewal of
hematopoietic stem cells (15).
Although mutations in NF£ subunits have never been specifically identifiretumours, systemat
examination of expressn profiles indicates that I-Y targets araipregulated in different types
cancer. Expression of NFA in normal cells is modulated during the cell l&yd4) and its
6



abrogation plays an important role in downregutatiseveral cell-cycle control genes in
differentiated cells (5,7,9,10). Previous studigseal at understanding the biological role of NF-Y
took advantage of a loss of function approach, agexpression of dominant-negative NF-YA
mutants and conditional deletion of the mouse NF{@&ke. When a dominant-negative NF-YA
mutant that interacts with -YB/YC but does not biDdNA is expressed in mouse fibroblasts,
retardation of cell growth is observed (16). Thednout of the NF-YA subunit in mice leads to
embryo lethality; moreover, inactivation of the NP gene in mouse embryonic fibroblasts results
in inhibition of cell proliferation and growth agteat various phases of the cell cycle (17-18)ak
been demonstrated that NF-Y modulates the pronacterity of several genes in response to DNA-
damaging agents (19,20), and NF-Y overexpressioreased the proliferation rate of cancer cells
harbouring endogenous mutant p53 (Figure 4).
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Figure 4. Model proposing the molecular mechanism undeglyiime transcriptional control af
cell cycle-related genes by mut-p53/NF-Y or wtp33/K protein complexes.

Next, it has been shown that NF-Y interacts in wwith mutant p53 and increases DNA synthesis,
which is impaired upon abrogation of NF-YA express{8,21). Clinical studies have indicated that
patients with upregulated expression of NF-Y taggries have poor prognosis in multiple cancers
(22). Using global gene expression profiles, thgolvement of NF-Y in cancer-associated
pathways has been recently reported across humaeersa(23). In agreement with its wide
involvement on human cancers, previous studiesritbest that NF-Y interacts with different
partners. Indeed, in normal cells NF-YA binds toadsylase enzymes (HDACs) while in
transformed cells the acetylase p300 is prefedgnti@cruited (8,9). Although some NF-Y
interactors are already known, several partnemutiitr which NF-Y exerts its role still need to be

characterized.



12 LaminA
Lamins are type V intermediate filament (IF) pragiand the major components of the nuclear

lamina that scaffold adjacent to the inner nuciteambrane (Figure 5).
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Figure 5: Scheme of interactions of A-type lamins and NE-associatedgns with DNA,
chromatin complexes, and related transcriptionofact

As IF proteins, lamins exhibit a typical tripartisgructure consisting of am-helical rod domain
flanked by globular N-terminal head and C-termit@l domains. The C terminus contains a
nuclear localization signal (NLS) and a structumaltif similar to a type s immunoglobulin fold (lg-
fold), likely involved in protein—protein interaotis (Figure 6).

A-type lamins, whose most represented isoformslamen A and C, are alternatively spliced
products of the same gene, LMNA, and are foundughly similar amounts in most tissues. The
lamin A gene is 57.6 kb long and consists of 12nexa@ncoding two globular domains and a
central-helical coiled-coil rod domain. Lamin Cascoded by exons 1 to 9 and a portion of exon
10. Lamin A results from alternative splicing, wihiadds exons 11 and 12 and removes the lamin-
C-specific portion of exon 10. Diseases caused btations in genes encoding nuclear lamins are
generally termed laminopathies (24).

Lamins play important roles in nuclear architectureechanosignaling (25) and chromatin
dynamics (26) and impact on stem cell proliferataomd differentiation (27,28). Disruption of one
or more of these functions due to lamin mutatioasse a group of inherited diseases affecting
various tissues and organs or causing accelerggdg(26).
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Figure 5: Scheme of the LMNA gene. Examples of the maitathons that cause laminopathies
are shown above the gene; not all mutations atedlign the case of HGPS, MAD, FPLD, AR-
EDMD, RD and CMT2B1, the most common causative LMNWtation (or only mutation) i$
shown. In the cases of AD-EDMD, AWS, LGMD1B, GLD calbCM1A, a representativ
mutation among multiple causative mutations is udedd. AD-EDMD, autosomal dominant
Emery—Dreifuss muscular dystrophy; AR-EDMD, autoabnmecessive Emery—Dreifuss muscular
dystrophy; AWS, atypical Werner syndrome; CMT2Blha@ot—Marie—Tooth disorder, type
2B1; DCMI1A, dilated cardiomyopathy, type 1A; FPLDunnigan familial partial lipodystrophy;
GLD, generalized lipodystrophy; HGPS, Hutchinsonrfg&il progeria syndrome; LGMD1B, limbp
girdle muscular dystrophy, type 1B; MAD, mandibudca dysplasia; RD, restrictive dermopathly.
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Unlike lamin C, lamin A is translated as prelaminaAd undergoes posttranslational processing
steps at the C-terminal CaaX motif (Figure 7). Eagmation of prelamin A occurs at a key
aminoacid, cysteine 661, within the C-terminal Cdadk. Cysteine 661 is farnesylated by the
dimeric protein farnesyl transferase (29). The rication is necessary for further processing of the
lamin A precursor, consisting of methylation of teme residue by the enzyme Icmt, and double
cleavage leading to production of mature lamin Aativie lamin A and lamin C are solubilized in

mitosis and can also localize throughout the nuatiesim in interphase cells.
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Figure 7: Normal Prelamin A processing.

It has been shown that lamin A stabilizes the rarclemina and chromatin, with implications for
epigenetic stabilization and limiting of DNA breaksteractions of lamins with chromatin occur
through domains termed lamina-associated domaidg) with the implication that lamins
associate with chromatin at the nuclear lamindatniuclear periphery. LADs are often located in
repressive chromatin structures with an enrichréttis compartment at the nuclear periphery (24
30). Although most lamins are found near the nuale@mbranes, nucleoplasmic populations also
exist, which may have distinct roles (31-34). Lasnare often aberrantly expressed or localized in
tumours. With respect to its multiple functionsisittonvincible to presume that change of lamin A
protein levels may contribute to tumourigenesis pirdjression.

The expression of the A-type lamins is often reduaeabsent in cells that are highly proliferative,
including various human malignancies such as co#mcer, cervical cancer, lung cancer, prostate
cancer, gastric cancer, ovarian cancer and leukemd lymphoma (35-39). Several studies
reported that miR-9 is able to target and reduceinaA expression (40,41). miR-9 has been
identified as both an oncogene and a tumor suppretepending on different cancer types. In
gastric cancg@d2), endometrial cancer (43), brain cancer (44 laukemia (45) miR-9 is observed
upregulated and oncogenic, whereas in cervicalarafb.), colorectal cancer (47) and ovarian
cancer (48) it is observed downregulated and amierigenic. miR-9 overexpression was also
correlated with cancer progression, metastasispaaat prognosis (43). Moreover, cells lacking
lamin A proliferate faster and display inefficieog¢ll cycle arrest upon contact inhibition (48).
Recent data highlight the specific functions ofnaalt pool of lamina-independent A-type lamins,
located throughout the nucleoplasm, in the reguhatf early tissue progenitor cell proliferation
and commitment (31,50,51).
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1.3 Endometrial cancer

Endometrial cancer (EC) is the most common gehigat malignancy and occurs in reproductive
and postmenopausal women. EC develops in the ifineig of the uterus, also called the
endometrium (Figure 8). The human endometrium tnatifed into two functional layers: the
transient superficial stratum functionalis and gegmanent deeper stratum basalis adjacent to the
myometrium. The superficial stratum functionalis lised by Iluminal epithelium, contains
superficial glandular epithelium and stroma andcesnpletely shed and regenerated during the
monthly menstrual cycle and after childbirth.

The development of EC is most prevalent in postrpansal women. For populations within this
category, it is highly recommended to have a pebiam every year and to report any vaginal
bleeding as soon as possible to prevent the canetastasis.

The growing obesity epidemic in recent decades dadajor impact on EC incidence in most
developed countries. In 2013, 49.560 new casesddraetrial cancer were diagnosed with a 3%
death rate in the USA (52). In EC, myometrial ingasis considered one of the most important
prognostic factors. Traditionally, the main treamnef EC is surgery where it includes abdominal
total hysterectomy, salpingo-oophorectomy and ewadlyt pelvic and/or paraortic

lymphadenectomy.

TYPE ITUMORS

80% of cases

Estrogen-dependent

Endometrioid, well-differentiated morphology
Usually good prognosis

Estrogen receptor positive, diploid, microsatellite unstable
i Include KRAS and/or PTEN mutations
— Uterus
TYPE ITUMORS
10% of cases

Endometrial
Cancer

Endometrium
Less differentiated phenotype
Cervix Often serous papillary histology
lorse prognosis

— Often aneuploid with alterations in CDK2A, p53, and ERBB2

Figure 8: Endometrial cancer Tablel: Classification of endometrial cancers.

Most EC cases are sporadic, with only 10% constéeiliar (53,54). In general, patients with
EC have a good prognosis since early diagnosieeuént and the disease has usually not spread
beyond the uterus. However, women with recurredi@metastatic EC of either type have a poor
prognosis, with a median survival of 7-12 monthS).(5These patients require more effective
systemic therapy than is presently available. Guilyeadjuvant and systemic treatment of recurrent
and metastatic EC are based on conventional chemnaptyn and anti-hormonal treatment. In order

to improve therapy it is important to understand gnocesses which inhibit and stimulate cancer
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progression. EC is classified as type | or typbdsed on histologic parameters, clinical behavior
and epidemiology (Table 1). Type I, also called thedometrioid type (EEC) because of its
histologic similarity to the endometrium, accouafgproximately 70—-80% of sporadic EC. Most
type | tumors occur in the setting of unopposedogsin stimulation, leading to endometrial
hyperplasia. The cellular action of estrogens igliated trough the estrogen receptors (ERs) that
belong to the nuclear steroid receptor superfanilyo distinct ERs, defined as ERand ERB,
have been identified. In the human uterus, ER-the predominant subtype. Unlike type | tumors,
type Il lesions are not related to estrogen exmosurendometrial hyperplasia and include high risk
malignancies, as high grade EECs, serous papidady clear cell carcinoma. Some biological
molecules have been identified as prognostic markeEC, such aKkRAS PTEN, EGFR, FGFR,
P53, HER2, andERs. (56). Expression of ERs has been correlated stéthe, histologic grade and
survival. Loss of ERs has been significantly assteci with aggressive phenotype and poor survival
in EC patients (57). In particular, early stagell\ddferentiated ECs usually retain ERs expression
whereas advanced stage, poorly differentiated tusnoften lack one or both receptors. Recently, it
has also been observed an association betweemnfld&R-o and epithelial-mesenchymal transition
(EMT) (58,59).

1.4  Epithelial-mesenchymal transition (EMT) in EC.

EMT enables epithelial cells to acquire a like nmetgymal potential with increase motility and
ability to extravasate and circulate. A classifizatinto three types of EMT has been proposed
(60)(Figure 9).

C Type 3 EMT
- 5 ), Primary epithelial
= Hl

Figure 9: Classification of EMT.
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Type 1 EMT is used during development to generalés avith mesenchymal features out of
epithelial cells. The primitive epithelium, specdlly the epiblast, gives rise to primary
mesenchyme via an EMT. This primary mesenchymebear-induced to form secondary epithelia
by a MET. It is speculated that such secondaryhefp@ may further differentiate to form other
types of epithelial tissues and undergo subsedabtit to generate the cells of connective tissue,
including astrocytes, adipocytes, chondrocytesgaisasts, and muscle cells. It is a “clean” and
entirely physiological process and not associateth \wflammation, fibrosis, or an invasive
phenotype. Type 2 EMT, in contrast, occurs durilggue repair in response to traumatic or
inflammatory injury. Under normal circumstancegdy2 EMT is limited to an acute repair process
(e.g., wound healing) and can be beneficial, ggavides tissue replacement. Unlike the type 1
EMT, the type 2 EMT is expressed over extendedodsrof time and can eventually destroy an
affected organ if the primary inflammatory ins@dtriot removed or attenuated. Finally, type 3 EMT
is associated with migratory and invasive featwfesimor cells. A characteristic of type 3 EMT is
that it originates from cells that have alreadyengdne malignant transformation. Thus, the genetic
and epigenetic changes typical for cancer cellshsas the activation of oncogenes and the
inactivation of tumor suppressors, can act in cdneéh the EMT program. The composition of
the basement membrane also changes, altering C#l-iBteractions and signaling networks. The
next step involves EMT and an angiogenic switcbilifating the malignant phase of tumor growth.
Progression from this stage to metastatic canserialolves EMTSs, enabling cancer cells to enter
the circulation and exit the blood stream at a tensite, where they may form micro- and macro-
metastases, which may involve METs and thus a seMerto an epithelial phenotype. After the
transition to a mesenchymal state, cells can adfemge back to an epithelial state in a process
known as mesenchymal-epithelial transition (METiy(ife 10).

(1) Primary tumor invasion
Local recurrence

MET

-— (®)Intravasation
—_ e e = N Stroma
@ Ej 3 ® Circulating
tumor cells

@ &9
Extravasation E

Metastasis in
secondary sites

8

Figure 10: Contribution of EMT to cancer progressiop.
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In EC, alteration of EMT markers have been idesdifin metastatic disease and associated with
reduced survival (Table II). Importantly, loss giiteelial markers such as E-cadherin is associated
with adverse prognosis in both EEC and NEM tumpes$y(61-63). Increased expression of the E-
cadherin transcription repressors Twist, Snail, 8hdy has been demonstrated in EC cell lines and
in tumor samples, and down-regulation of E-cadhinimunoreactivity has been described in both
EEC and nonendometrioid malignancies (64). It hesnbshown that E-cadherin repressors Slug,
ZEB1, and HMGAZ2 were expressed preferentially atrttyoinvasive front of EEC and that EMT-
like changes could be induced in vitro through aoetlular signal-regulated kinases ERK) 1/2

phosphorylation (65).

Table I1: Factors involved in EMT in endometrial cancer
Snail/Slug Zebl
Twistl/ Twist2
Transcrptional regulators KLF17
ETVs
HMGAZ
TGE-p
Growth factors EGF
VEGF
IGF1
Oncogenes BMI-1
Tumor suppressor P33
miR-200 familv
miBNAs miR-155
miR-130
Ry
Other molecular factors IikB
PR

Tablell: EMT markers in EC

MiRNAs are small non-coding RNA elements that aantellular function by modulating the
stability and translation of multiple target mRNaisthe post-transcriptional level (Figure 11). They
play important roles in development, cellular diffetiation, proliferation, cell-cycle control, and

cell death.
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Figure 11: The miRNA processing pathway has long been vieagtinear and universal to gl
mammalian miRNAs. This canonical maturation inckitiee production of the primary miRN

transcript (pri-miRNA) by RNA polymerase Il or IHnd cleavage of the pri-miRNA by the
microprocessor complex Drosha—DGCR8 (Pasha) in nieleus. The resulting precurspr
hairpin, the pre-miRNA, is exported from the nusleby Exportin-5—Ran-GTP. In th
cytoplasm, the RNase Dicer in complex with the dewgtranded RNA-binding protein TRBP
cleaves the pre-miRNA hairpin to its mature lengdthe functional strand of the mature miRNA
is loaded together with Argonaute (Ago2) protein®ithe RNA-induced silencing complex
(RISC), where it guides RISC to silence target mRNBrough mRNA cleavage, translational
repression or deadenylation, whereas the passetrgad (black) is degraded. In this review we
discuss the many branches, crossroads and detouniRNA processing that lead to the
conclusion that many different ways exist to geteesamature miRNA.

It is recognized that, in order for tumors to deyelcells must acquire cellular characteristics tha
are very different from those of healthy cells. &inndividual miRNAs have potentially hundreds
of target genes, miRNA dysregulation will have afpund effect on the regulation of the cellular
machinery and contribute to enabling cancer haksaBeveral studies have identified miRNAs,
which are differentially expressed in EC comparedhealthy endometrial tissues (66). For
example, miR-205 (67-70), and miR-96 cluster (h$&-86, hsa-miR-182 and hsa-miR-183)
(70,71) were found upregulated in EC compared tugmetissues. Other studies identified three
MiRNAs (miR-499, miR-135b and miR-205) as upregdaand five (miR-10b, miR-195, miR-
30a-5p, miR-30a-3p and miR-21) as downregulated. (2 particular, the miR-200 family
members have been extensively studied with redpeat role in EMT in various tissues, where
they target the expression of many genes, sudmeasanscription factors ZEBs (73,74). It has been
already shown that elevated levels of all miR-28@ify, in all stages of EC, inversely correlates
with the expression of ZEBs. miR-200s upregulatltas been demonstrated in type | EEC

compared to normal endometrial tissues (75,76kapkng with observations in other tumours, such
15



asmelanoma (77,78), ovarian cancer (79), and colareercinoma (80). Recently, it has also been
suggested that miR-200 family, under influence sifagen, maintains an epithelial phenotype in
lower grade EEC (81). However, based on hormortasstaniR 200a upregulation has been linked
with outcome of EC patients. A recent study coteglamiR-200a with prolonged survival in ERs

positive subgroup, whereas an inverse trend wasrodd in the ERs negative soubgroup (82).
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2 THESISAIMSAND RESULTS

2.1 MANUSCRIPT |

The lamin A/NF-Y protein complex reveals an unknown transcriptional mechanism of cell
cycleregulation.

Lucia Cicchillitti, Isabella Manni, Carmine Mancgn&oni Alonzi, Fabrizio Carlomosti, Lucia
dell’Anna, Giulia Del’Omo, Mauro Picardo, Paoloddia, Maurizio Capogrossi, Marco Tripodi,
Alessandra Magenta, Maria Giulia Rizzo, Aymone @ertand Giulia Piaggio

The analysis of global regulatory perturbation®astuman cancers pointed at NF-Y as one of the
transcription factors responsible for oncogeniagiptional changes. Although mutations in NF-
Y subunits have never been specifically identifiedumours, systematic examination of protein
expression profiles indicates that NF-YA transcopal activity is upregulated in different types of
cancer.Thus, identification of NF-Y protein partners caglfhto the characterization of mechanisms
associated with its tumorigenic potential. In tlregent study, starting with a mass-spectrometry
screening, we identified a novel nuclear proteimplex formed by lamin A and NF-Y involved in
chromatin binding and cell proliferation. Using antbination of biochemical, cell biology and
molecular imaging techniques, we demonstrated N&alY, physically interacting with lamin A,
strongly impacts on cancer cell proliferation. Cigag in lamin A expression have been reported in
a variety of cancers, correlating with tumorigepatential and more aggressive phenotype. In our
study, ChIP experiments demonstrate that lamin Asiglally interacts with several promoter
regions of cell cycle genes in a NF-Y dependentmaann particular, we detected lamin A binding
to promoter regions encompassing CCAAT boxes adf@lgttranscribed NF-Y target genes, such
as CCNB2, DHFR, CCNA2, CDK1, CCNB1, CDC25C, TOPO2a and PCNA, as demonstrated by
histone methylation marks and pol Il recruitmenbr®bver, we showed that lamin A has a role in
transcriptional regulation of several NF-Y targetngs impairing its transcriptional activity.
Numerous studies showed that lamin A can moduleliesgnaling through several mechanisms,
for example, by sequestering transcription factorsinactive complexes, modulating post-
translational modifications and degradation, andulaing transcriptional complexes. We
hypothesizes that lamin A hinders the targetin§BfY to its consensus sites and highlight a dose-
dependent effect of lamin A binding. In fact, wesetved an increased NF-Y transcriptional
activity in LMNA silenced cells and a basaCNB2 promoter activity inversely correlated to lamin
A expression. Moreover, gain and loss of functiapeziments revealed that LMNA counteracts
NF-Y transcriptional activity impacting on cell dgagrogression. It has already been observed that
lamin A interactions often appear to be confinedptomoter subregions rather than to entire

promoter regions. Our data support a view of laAs modulator of NF-Y transcriptional activity
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by its interaction with NF-YA, and are consistenthwa locus-specific regulation of lamin A
interactions with promoters important for cell @yclegulation and tumor progression. To
demonstraten vivo the impact of LMNA on NF-Y transcriptional actiyitve took advantage of
MITO-Luc mouse model, that we recently developebburs a strictly NF-Y dependent promoter
in front of a luciferase reporter allowing us tomtor the NF-Y activity in a spatiotemporal manner
within the entire living organism. Data obtainetbagly support the physiological impact of lamin
A expression in cell proliferation. We suggestt ttlzanges in lamin A expression could modulate
NF-Y activity and, consequently, its oncogenic s@iptional potential. To investigate the role of
lamin A in cell cycle progression we compared thiitsg of SW-480 and SW-480 LMNA-KD cells
to grow under low nutrient or oxidative stress dbnds Our data indicate that the lamin A/NF-Y
complex strongly impacts on cancer cell prolifematiunder cellular stress conditions, Further
exploration to uncover the molecular mechanism{gs)wiich lamin A/NF-Y complex acts as
crucial regulator in diverse cellular processes, andarticular, in cancer could be important to

improve and potentially provide new clues into rtberapeutic approaches for cancer treatment.
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22 MANUSCRIPT I
Prognostic role of NF-YA splicing isoforms and lamin A status in low grade endometrial
cancer .

Lucia Cicchillitti, Giacomo Corrado, Mariantonia @ai, Malgorzata Ewa Dabrowska, Rossella
Loria, Rita Falcioni, Giuseppe Cutillo, Giulia P@g, and Enrico Vizza.

Endometrial cancer (EC) is a major cause of maoytédir patients worldwide. Although most cases
of low grade ECs do not behave aggressively, ia imstances, even low-grade, well-differentiated
ECs can progress in a highly aggressive mannere@uclinical approaches in the treatment of EC
mainly relies on surgical FIGO classification, bisgic subtype, and histologic grade.
Identification of novel molecular markers may béphd to avoid risk of over-and under treatment
of EC patients and to overcome recurrence. In ¢hisly we analyzed several EC tissues to find
novel clinical and biological features to help thagnosis and treatment of early ECs.

In this study, a retrospective cohort of FFPE gpeais from patients with EC and benign (NE)
specimens from patients who underwent a hystergctontreat other benign disease=(8) were
collected. According with the histologic grade, waealysed 29 low grade (G1), 49 high grade
endometrioid (G2-G3) and 10 non endometrioid EGues (NEM). Biopsies were sampled for
primary tumors in hysterectomy specimens.

A recent study based on both informatics analystsraicroarray expression profile of the motifs of
known transcription regulators and experimentatlence from ENCODE, identified NF-Y as one
of the key components the key transcription factow®lved in gynecological cancers. NF-Y is
composed of three different subunits: YA, YB and.Yl®e association between NF-YB and NF-
YC provides a docking site for NF-YA, and NF-YA tise regulatory subunit of the complex
responsible for sequence-specific DNA binding. BubNF-YA has two different isoforms, NF-
YAl (long) and NF-YAs (short), resulting from altetive splicing. It has recently demonstrated
that NF-YAs belongs to the embryonic stem cell $iption factor circuitry. We analysed the
expression of NF-Y in several FFPE specimens bypawing the protein expression level of two
subunits of NF-Y complex, NF-YA and NF-YB, in ECdabenign endometrial tissues. We found
that the exclusive expression of NF-YAIl characesibenign endometrial tissues, whereas the
appearance of the NF-YAs is specifically associat#ti a tumour phenotype. In fact, the short
form was detectable only in EC tissues. Very irgengly, NF-YAs was expressed in all high grade
EEC and NEM tissues, whereas it was detected onB56 of our low grade G1 EEC samples.
This result suggests that NF-YAs could represediagnostic marker in early EC. To explore the
potential role of NF-YAs in EC aggressiveness, watdied G1 EEC tissues in two subgroups: one

expressing only NF-YAI (NF-YAs-) and another exmmiag both isoforms (NF-YAs+).
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Concomitantly, we analysed the ERs status, wHosg of expression has been well documented in
advantage stages and poorly differentiated tumaarsll our cohort of FFPE EC samples. A
massive down-modulation of ESR1 mRNA in 61,2% hggade EC and in NEM tissues was
observed, in agreement with literature data indigata strong correlation between the
downmodulation of this gene with advanced stage@fFocusing on our G1 subgroups (NF-YAs-
and NF-YAs+), very interestingly we observed a elation with the loss of ESR1 and the presence
of NF-YAs. In fact, expression of ESR1 was loweMNR-YAs+ compared with NF-YAs- tissues.
These evidences indicate a possible involvemeNtFek As expression in EC aggressiveness.

Lack of ESR1 has been recently associated witlith@al to mesenchymal transition (EMT). We
analysed mRNA levels of several EMT markers, sick-#&adherin, N-Cadherin, miR-200 family
and its direct targets, ZEB1 and ZEB2. Analysishaf gQRT-PCR data showed that an augmented
percentage of EC tissues exhibits a low E-cadhéroadherin (E/N) ratio, an index of
differentiated phenotype, together with an increaseE-Cadherin mRNA (CDH2) expression
compared with benign tissues, and this modulatiaretated with a more aggressive
clinophatologic phenotype. The same analysis, ped in our G1 subgroups, revealed that both
E/N ratio and CDH2 mRNA levels are not related wWiR-YAs expression, since both groups
showed the same expression pattern. miR-200s headsl been demonstrated to be differentially
expressed in EC compared to healthy endometrisiids and associated with EMT in EC. Our
analysis confirmed that all members of the famityR-200a, miR- 200b, miR-200c, and miR-141)
were up-regulated in all stages of EC comparedetugn tissues and their expression inversely
correlates with ZEB1 and ZEB2 mRNA expression. ur @1 subsgroups, we observed a
consistent increase of miR-200 family expressioreisely related to ZEB1 mRNA levels in G1
EEC NF-YAs+ compared with NF-YAs-, thus indicatiagpossible involvement of NF-YAS in
miR-200 family regulation. Several studies identifiA-type lamins as an indicator of differentiated
tumour cells and demonstrated to represent a patdnbdmarker for various types of cancer. We
observed a significant correlation of loss of larAirexpression with stage and histologic grade in
EC. Interestingly, clustering of NF-YA isoforms @1 EEC indicated that NF-YAs+ samples
consistently exhibited lower lamin A expression gamed with NF-YA-. Our findings indicate NF-
YAs and lamin A as molecules with a potential fanare systematic stratification of low grade EC

malignancy.

20



3 CONCLUDING REMARKS

One of the issues of our laboratory is to addrhssrdle of NF-Y in cancer. NF-Y is one of the
transcription factors responsible for aberrant gecaic transcription occurring in several cancers.
We firstly focused our study on the identificatiohnovel NF-Y protein partners in order to better
characterize the mechanism associated with its figerc potential. Starting with a mass-
spectrometry screening, we identified a nucleatgmmocomplex formed by lamin A and NF-Y
involved in chromatin binding, cell proliferatiomé cancer progression. Besides its localization to
the nucler lamina, we observed that a small fractiblamin A is also present in the nucleoplasm.
We focused our study on the occurrence of lamin FAMN association in the nucleoplasm
compartment and, in particular, on chromatin whdffeY exerts its role as transcription factor.

We demonstrated that lamin A binds to promoteramrgiiencompassing CCAAT boxes of NF-Y
target genes, such &CNB2, DHFR, CCNA2, CDK1, CCNB1, CDC25C, TOPO2a andPCNA, and
this binding is mediated by NF-Y. We clearly dentogig that lamin A physically interacts with
NF-Y target genes actively transcribed, as dematestrby histone methylation marks and pol II
recruitment, and that lamin A inhibits NF-Y trangtional activity modulating transcription in a
manner dependent on local chromatin marks. Ourtsesue consistent with previous evidences
demonstrating that down-regulation of lamin A/C deato dissociation of lamin A/C from
promoters by enhancing transcriptional permissisen@3). It has been observed that lamin A
interactions often appear to be confined to prometéregions rather than to entire promoter
regions. Our data support a view in which lamirtlxpugh its ability to bind NF-Y, exerts a locus-
specific interaction with promoters important f@llcycle regulation and tumor progression.

In our study, an inverse correlation between lakiand several NF-Y target genes expression
level was observed, thus supporting the role ofifam as regulator of NF-Y transcriptional
function. We validated these evidences by in vir@ging involving the use of a genetically
engineered mouse model called MITO-Luc (for mitds@ferase), in which an NF-Y—dependent
promoter controls luciferase expression. Data abthistrongly support the physiological impact of
lamin A expression in cell proliferation. Intereggly, our data obtained treating cancer cells under
low nutrient and oxidative stress conditiqiggure 10) indicate that loss of lamin A in cancells
may confer the ability to grow under low nutrienipply and oxidative stress and to adjust to a

changed environment in vivo by inducing gene exgogsso that the tumor continues to grow.
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Figure 10
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Figure 10: To investigate the role (LMNA in cell cycle progression, we performed timeucse
experiments and compared the ability of -480 and SW-480 LMNAKD cells to grow in 0,1%
serum or after hydrogen peroxide treatment (2001,0;). As shown in thi figure, the growth of
SW480 cells was partially reduced upon growth faaeprivation (A) or upon oxidative stre
conditions (B) compared with control cells, wheréas growth of S\-480 LMNA-KD cells was
always not impaired. This rest, together with the higher basaCNB2 promoter luciferase activit
observed both under serum deprivation and oxidatiress conditions in LMN-KD cells compared
with control cells, even if at low extent (C), segtja rate proliferation gain of function relatedhe

increase NF¥ translational acitvity for the cells with reduckanin A levels.

Cancer cells from solid tumors become metabolicatigssed, when nutrients are insuffici
within poorly vascularized regions. Metabolic stragsults fromsevere deprivation of oxyge
glutamine and glucose, partly through excessivetineaoxygen species (ROS) production. Oxy
radicals may augment tumor invasion and metastagisicreasing the rates of cell migratit
During transformation into invasi carcinoma, epithelial cells undergo profound atiers in
morphology and adhesive mode, resulting in a loésnarmal epithelial polarization ar
differentiation, and a switch to a more motile,asiwe phenotyf. A better understanding of the
adaptabns might reveal cancer cell liabilities that dzaexploited for therapeutic benefit. Furt|
exploration to uncover the molecular mechanismfshich NF-Y/ lamin A complex acts &
crucial regulator in diverse cellular processes, andparticular, il cancer could be important
improve and potentially provide new clues into rieerapeutic approaches for cancer treatr
Loss of lamin A expression have been reported iargty ofcancers, correlating with tumgenic
potential and more aggressiphenotype (35-39). @ data suggest that changes in lamir
expression could modulate N¥activity and,in particular, lamin A downmodulation may increi
its oncaenic transcriptional potent.

To understand the clinical impact of lamin A exgieain cancerand its possible correlation wi

NF-Y expression, we translatenir findings in a clinical study focusemh the identification o
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novel molecular biomarkers in EC. Current cliniapproaches in the treatment of EC mainly relies
on surgical FIGO classification, histologic subty@ad histologic grade. Identification of novel
molecular markers may be helpful to avoid risk eémand under treatment of EC patients and to
overcome recurrence. A recent study based on Imbtinmatics analysis of the motifs of known
transcription regulators and experimental evidenoen ENCODE, identified NF-Y as one of the
key components of the transcription regulationdeaes of gynecological cancer (84). We analyzed
NF-Y expression levels in a cohort of formalin-fikgaraffin-embedded (FFPE) EC tissues. In our
study we identified a specific splicing isoform thie regulatory subunit of NF-Y, NF-YAs, as a
new potential indicator of aggressiveness in Gloaeretrial endometrioid adenocarcinoma (EEC).
We observed that NF-YAs protein was undetectableeimgn tissues, whereas it was consistently
expressed in high grade EEC and in NEM subtypésrdstingly, only in G1 EEC a heterogeneous
expression of NF-YA isoforms was observed with s@amples expressing exclusively the long
form (NF-YAI) and others samples expressing botfiosns. This results prompted us to stratify
G1 EEC in two subgroups: one expressing only NF-fM-YAs-), and another, including 40 %
of G1 EEC tissues analysed, expressing both isefdNF-YAs+). It is worth to note that patients
with G1 tumors involving only endometrium and nadewice of intraperitoneal disease have a low
risk (<5%) of nodal involvement. Although most casé G1 EEC do not behave aggressively, in
rare instances, even low-grade, well-differentiad@adometrial adenocarcinomas can progress in a
highly aggressive manner. We hypothesize that tbkecunlar feature related to NF-YA isoforms
expression could be a relevant biomarker to pretiietoutcome of these cancers. The exclusive
presence of NF-YAlI form in benign tissues suggestat it may represent a marker of
differentiation and that the presence of NF-YAs rbaylinked with an increase of a pool of poorly
differentiated cells in tumors tissues. Lamin A bagn demonstrated to play a key role in sensing
tissue elasticity in differentiation and the redostin its expression frequently correlates with
cancer subtypes and cancer aggressiveness, mtlitecapacity and differentiation state (85). To
evaluate the possible involvement of lamin A alsoEC, we analyzed its protein and mRNA
expression levels. Interestingly, lamin A was cstesitly down-modulated in EC both at mMRNA
and protein level. Lamin A loss was further inceshsn high grade EEC and non-endometrioid
endometrial adenocarcinoma (NEM), thus indicatiagnih A as a novel potential marker of EC
aggressiveness. It is worthwhile to note that desgd lamin A levels were observed in our
subgroup of NF-YAs expressing G1 EECs, thus furgigsporting the hypothesis of a possible
involvement of NF-YAs in tumor differentiation arggressiveness. We confirmed this correlation
by evaluating several indicators of EC aggressisgnsuch as estrogen receptor status, miR-200

family expression and EMT markers, miR-200 familgmbers and ZEBs.
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Our studies presented in this thesis indicate NBfYih A complex as an important regulator of
cancer cells proliferation. In particular, we idéatl NF-YAs, a specific isoform of NF-YA, and

lamin A as two novel potential targets and predectmarkers for new therapeutic approaches in
EC, in particular in low grade EEC, which may cdnite in determining a patient's prognosis and

in tailoring adjuvant therapies.
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ABSTRACT

Lamin A is a component of the nuclear matrix thigbacontrol proliferation by largely unknown
mechanisms. NF-Y is a ubiquitous protein involveaell proliferation composed of three subunits
(-YA -YB -YC) all required for the DNA binding anttansactivation activity. To get clues on new
NF-Y partner(s) we performed a mass spectrometgesing of proteins that co-precipitate with
the regulatory subunit of the complex, NF-YA. Bystscreening we identified lamin A as a novel
putative NF-Y interactor. Co-immunoprecipitatiorpeximents and confocal analysis confirmed the
interaction between the two endogenous proteinterdatingly, this association occurs on
transcriptionally active chromatin regions, too. IEhexperiments demonstrate that lamin A
physically interacts with several promoter regiohgell cycle genes in a NF-Y dependent manner.
Gain and loss of function experiments reveal thatih A counteracts NF-Y transcriptional activity
impacting on cell cycle progression. Taking advgetaf a recently generated transgenic reporter

mouse, called MITO-Luc, in which an NF-Y-—dependpramoter controls luciferase expression,
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we demonstrate that lamin A counteracts NF-Y trapgonal activity not only in culture cells but
also in living animals. Altogether, our data dentoate lamin A as a novel repressor of NF-Y
activity and indicate its role as a suppressoretiffroliferation.

INTRODUCTION

NF-Y is a ubiquitous protein, composed of 3 sulsjMitF-YA, -YB, and -YC, whose genes
are highly conserved from yeast to mammals. AluBusits are required for NF-Y binding to the
consensus sequence, the CCAAT-box. The NF-YB ari@l sybunits contain histone-like domains,
and an activation domain is present in the NF-YAuwuit (1). A bioinformatic analysis of
promoters of cell-cycle regulatory genes shows lnndance of CCAAT boxes in promoters
regulated during the G2/M transition (2). Consisterth this, the NF-Y complex supports basal
transcription of a class of regulatory genes resitda for cell-cycle progression, among which are
mitotic cyclin complexes (3-10). Taken togethees studies demonstrate that the binding of NF-
Y to cellular promoters is essential for cell pialation. NF-YA is the regulatory subunit of the
trimer. It has been reported the presence of twpmMF-YA isoforms, “long” and “short”, the
short isoform lacking a 28-amino acid within the-MA amino-terminal domain (11). Expression
of NF-YA in normal cells is modulated during thellceycle (4) and its abrogation plays an
important role in downregulating several cell-cyctantrol genes in differentiated cells (5,7,9,10).
Previous studies aimed at understanding the bicdbgble of NF-Y took advantage of a loss of
function approach, such as expression of dominagétive NF-YA mutants and conditional
deletion of the mouse NF-YA gene. When a dominagative NF-YA mutant that interacts with -
YB/YC but does not bind DNA is expressed in moubeoblasts, retardation of cell growth is
observed (12). The knock out of the NF-YA subuniimice leads to embryo lethality; moreover,
inactivation of the NF-YA gene in mouse embryonibrdblasts results in inhibition of cell
proliferation and growth arrest at various phaskshe cell cycle (13-14). Abundant evidence
indicates that NF-Y is involved in cancer. We halkemonstrated that NF-Y modulates the
promoter activity of several genes in response MARlamaging agents (15, 16), and NF-Y
overexpression increased the proliferation rateasicer cells harbouring endogenous mutant p53.
Next, we have shown that NF-Y interacts in vivohMiutant p53 and increases DNA synthesis,
which is impaired upon abrogation of NF-YA expressi(8, 17). Clinical studies have indicated
that patients with upregulated expression of NFakgét genes have poor prognosis in multiple
cancers (8, 18). Using global gene expression Ipsyfithe involvement of NF-Y in cancer-
associated pathways has been recently reportedsabroman cancers (19). In agreement with its

wide involvement on human cancers, we have destthe NF-Y interacts with different partners.
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Indeed, we have shown that in normal cells NF-YAdBito deacetylase enzymes (HDACs) while
in transformed cells the acetylase p300 is prefeién recruited (8-9). Although some NF-Y
interactors are already known, several partnemutitr which NF-Y exerts its role still need to be
characterized.

Lamins are components of the nuclear lamina thaly pmportant roles in nuclear
architecture, mechanosignaling (20) and chromagnathics (21) and impact on stem cell
proliferation and differentiation (22, 23). Disrigat of one or more of these functions due to lamin
mutations cause a group of inherited diseases teffewarious tissues and organs or causing
accelerated ageing (21teractions of lamins with chromatin occur throudbmains termed
lamina-associated domains (LADs) with the implicatthat lamins associate with chromatin at the
nuclear lamina at the nuclear periphdtfDs are often locateth repressive chromatin structures
with an enrichment of this compartment at the rarclgeriphery(24). Although most lamins are
found near the nuclear membranes, nucleoplasmialaitigns also exist, which may have distinct
roles (25-28). A-type lamins, whose most represkigeforms are lamin A and C, are alternatively
spliced products of the same gene, LMNA, and atadoin roughly similar amounts in most
tissues. The expression of the A-type lamins igrofteduced or absent in cells that are highly
proliferative, including various human malignancig8-33). Moreover, cells lacking A-type lamins
proliferate faster and display inefficient cell By@rrest upon contact inhibition (34). Recent data
highlight the specific functions of a small pool Bmina-independent A-type lamins, located
throughout the nucleoplasm, in the regulation aflyeéissue progenitor cell proliferation and
commitment (25, 35, 36).

Using a combination of biochemical, cell biologydamolecular imaging techniques, we
demonstrate here that NF-Y, a master regulatoretif proliferation, physically interacts with a
component of the nuclear lamina, lamin A and thieraction strongly impacts on cancer cell

proliferation.

MATERIALS & METHODS

Cdl lines:

Human breast cancer cell lines MCF-7 and SKB-R3ndmu colorectal carcinoma cell lines HCT-
116 and SW-480, human osteosarcoma with osteablgsbperties cells Saos-2, human primary
fibroblasts (HF), and human cervical adenocarcindieaa cells were all cultured in Dulbecco's
modified Eagle's medium (DMEM, Gibco BRL) supplensehtwith 10% fetal calf serum and

antibiotics in a humidified 5% C{atmosphere.
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Total lysates extraction:

Cells, harvested in cold phosphate-buffered salirege extracted for 30 min at 4°C in lysis buffer
(50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% NP-40) taming 1 mM DTT, protease inhibitor
cocktail (Roche) and phosphatase inhibitors (50 N&F, 0.2 mM Na3VvVO4). After centrifugation,
supernatants were collected as the total protdiraetxand stored at -80°C. Protein concentrations
were measured using the Bradford-type protein ad3iayRad).

L amins solubilization:

Cells were resuspended in hypotonic buffer (10 mépés pH 7.9, 1.5 mM MgCI2, 10 mM KCI,
0.5 % NP-40, 0.5 mM DTT, and protease inhibitors) auclei separated by centrifugation. Nuclei
were then washed in 1 KCk and then incubated 30immoderate-salt buffer buffer (300 mM
KCI, 2% Triton X-100, 10% sucrose, 20 mM MES-KOH B0, 2 mM EDTA, 1 mM DTT) and
centrifuged (3,300g, 15 min, 4°C) to obtain a lamnriched pellet. This pellet was incubated on
ice 30 min in high pH/high detergent buffer (300 €I, 2% Triton X-100, 20 mM Tris-HCI pH
9.0, 2 mM EDTA, 1 mM DTT) followed by centrifugatio(6,000g, 20 min) to yield a supernatant
of solubilized lamins (soluble lamins) and an inkdé pellet.

Chromatin extraction:

Cells were lysed by mechanical homogenizationatoisic- sucrose based buffer (15 mM Tris-HCI
pH 7.5, 15 mM NaCl, 60 mM KCI,5 mM Mggll mM CaCl, 250 mM Sucrose, 0.3 % NP-40,
and protease inhibitors) followed by centrifugat{®&mmin, 1,300 g, 4°C). The pellet, containing the
nuclei, was resuspended and lysed in lysis bu#f@rniM Hepes pH 7.9, 1.5 mM Mg£I150 mM
KOAc, 3 mM EDTA, 10% glycerol, 1 mM DTT, 0.1% NomtiP-40 and protease inhibitors) and
centrifuged (5 min, 1,700 g, 4°C). The supernatamtesponds to the nucleoplasmic fraction and
the pellet to the chromatin fraction.

Euchromatin isolation:

Chromatin fraction, obtained as described above, digested im MNase buffer (20 mM Tris pH
7.5, 15 mM NaCl, 1 mM CacCl2) with Micrococcal nuae$e to a final concentration of 1.2 units/mL
for 5 minutes, and the reaction was quenched byMLEBTA on ice for 10 minutes. The sample
was centrifuged at 1,000x g for 5 minutes at 4°Qdnerate the supernatant, corresponding to the
euchromatin fraction. The insoluble chromatin gelleas resuspended in 15 mM Tris, pH = 7.5,
0.5% SDS. Extraction of DNA

DNA was isolated from chromatin samples by extoactiwith an equal volume of
phenol/chloroform (1:1), extraction with an equalume of chloroform, ethanol-precipitated and

then resuspended in water and loaded onto a 2%segel.
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I mmunopr ecipitation and immunaoblotting:

For immunoprecipitation experiments, lysates welarified and immunoprecipitated at 4°C
overnight in lysis buffer by adding protein G-agsga@fter 2 h of incubation with gy of antibody.
Proteins were resolved by SDS-PAGE and electrdieamesl to nitrocellulose. Each membrane was
blocked with 5% non-fat dry milk in Tris bufferecil;me-Tween-20 (TBST) for 1 h at room
temperature and subsequently incubated with prinaatibody for 16 h at 4°C. The following
antibodies were used: anti-NF-YA polyclonal (Sa@taiz), anti NF-YA monoclonal (Santa Cruz)
and anti-lamin A (Santa Cruz) and anti-lamin A/Carig& Cruz), antg actin (sigma-aldrich).
Immunoreactivity was detected by sequential inaobarith HRP-conjugated secondary antibody.
Plasmids and transfections

Plasmids used in transfections were as follows:YWFand empty vector (Mantovani R. The
molecular biology of the CCAAT-binding factor NF-Ycene 1999; 239: 15-27), B2-Luci and
mutant Y1,2m-luci constructs (Bolognese F.et aB@)30ncogene 18:1845-1853), pMXIH-V5 and
PMXIH-lamin A res (Nitta RT, Smith CL, Kennedy BKL0oS One. 2007 Sep 26;2(9):€963),
pcDNAG.2-GW/EmGFP-miR-LMNA (Invitrogen)

Cells were transfected with Lipofectamine LTX antusPreagent (Invitrogen) following the
manufacturer's instructions. For reporter assajyfdiase activity was measured using the dual
luciferase assay system (Promega) according toirb&uctions of the manufacturers. All
transfections were done as cotransfections with MVdriven plasmid expressing Renilla
luciferase as internal control to standardize fiest®n efficiencies.

ChIP assay

1% formaldehyde was added directly to the cells iandbated at 22 °C for 10 min. The reaction
was stopped adding 0.125 m glycine. Then, the eedl® rinsed with cold 1x PBS, incubated with
0.2x trypsin-EDTA in 1x PBS, and scraped. cellsenantrifuged, washed in cold 1x PBS plus 0.5
mm PMSF and resuspended in lysis buffer (5 mm pipee N,N bis zethone sulfonic acid (pH
8.85) mm KCI, 0.5% Nonidet P-40). Next, nuclei weodicited in the sonication buffer (0.1% SDS,
10 mm EDTA, 50 mm Tris-HCI (pH 8), 0.5% deoxycholaxid) for 10 min by using a
microultrasonic cell disruptor. The chromatin whsared to an average size of 500 base pairs, and
immunoprecipitation was performed with protein Guaggge (KPL). The chromatin solution was
precleared by adding protein G for 1 h at 4 °C amlbated at 4 °C overnight with g of
antibody or non-specific immunoglobulins (IgGs, @a@ruz Biotechnology) as negative control.
Input was collected from a control sample supemat@ot immunoprecipitated antibody).
Immunoprecipitates were recovered by incubatior2farat 4 °C with protein G-agarose precleared

previously in immunoprecipitation buffer ({@g/ul bovine serum albumin, Lg/ul salmon testis
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DNA, protease inhibitors, and PMSF). Reversal ahmaldehyde cross-linking, RNase A, and
proteinase K treatments were performed. DNA wasnphextracted, ethanol-precipitated, and
analyzed by PCR. DNA representing 0.005—-0.01% eft¢ial chromatin sample (input) or 1-10%

of the immunoprecipitates was amplified using sipeg@rimers indicated below. The following

antibodies were used: anti-Pol Il phospho ser 3taitp), anti Pol Il phospho ser 5 (Upstate), anti-
H3K14ac (Abcam), anti-H4K20me3 (Abcam), anti-NF-Yoblyclonal (Santa Cruz), anti NF-YA
monoclonal (Santa Cruz) and anti-lamin A (Santazfmand anti-lamin A/C (Santa Cruz). PCR
analysis was performed with HOT-MASTER Taq (EppefiddQuantitative PCR (qPCR) was
performed using SYBR Green (Applied Biosystems)aonABI Prism 7500 apparatus (Applied

Biosystems). Primers used are the following:

PCR primers for ChIP assay

Amplicon length (

CCNB2FWD | ACCGGCTGT TGTGACAATCA 76 bp
CCNB2 REV GGCCAACACAAGATGCACTCT

DHFRFWD CTGGAGACCTAAGGGCAGCTT 81 bp
DHFRREV TTGGTGGTCGAAGAGTTTTACTGA

CCNA2Z FWD | GCCCCAGCCAGTTTGTTTC 71 bp
CCNA2 REV GGCGAGTGAAGGGTAAACCA

CDK1 FWD CGTAGCTGGGCTCTGATTGG 93 bp
CDK1 REV CAAACTCACCGCGCTAAAGG

CCNB1FWD | GCCCTGGAAACGCATTCT C 78 bp
CCNB1 REV CCTCCTTATTGGCCTGTTCGT

CDC25C FWD | GCTGGTGGGCCAAACACT A 72 bp
CDC25C REV | TGTGCTTGCTCTGGAAATGG

TOPO 2AFWD | TGGCCAGATTCCCTGTCAAT 81 bp
TOPO2A REV | AGGTTAGGGAGGCGGGACTA

PCNA FWD CACATATGCCCGGACTTGTTC 94 bp
PCNA REV CAGGTCTCCCCGCCTCTT

CXCRAFWD | AGTGGTTTGACCTCCCCTTT 150 bp
CXCR4 REV ACTTGCACCTGCCAGTCTTC

RNA extraction and RT-PCR

Total RNA was extracted using the Trizol reagentb¢@ BRL) following the manufacturer's

instructions. The first-strand cDNA was synthesiaedording to the instructions for the M-MLV
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RT kit (Invitrogen). Quantitative PCR (qPCR) wasrfpamed using SYBR Green (Applied
Biosystems) on an ABI Prism 7500 apparatus (Applgdsystems). mRNA expression was
normalized forf-actin levels. Primers used are listed below. ReamRNA expression was

calculated using the comparative Ct method*(2").

PCR primers for mRNA gquantification Amplican

length
(bp)

CDK1 FWD GCGGAATAATAAGCCGGGATC 104 bp

CDK1 REV CCCTTATACACAACTCCATAGGT

CDC25C FWD | TCCTGGAGAGAGACACTTCC 118 bp

CDC25C REV | CAACGTTTTGGGGTTCCTCC

CCNB1FWD | TGCAGAAGATGGAGCTGATC 123 bp

CCNB1REV | GTGACTTCCCGACCCAGTAG

CCNB2FWD | GCACATGGCCAAGAATGTGGTG | 149 bp

CCNB2REV | TCAGTGGGGAGGCAAGGTCTT

DHFR FWD AAACTGCATCGTCGCTGTGTC 148 bp

DHFR REV ACCCATAATCACCAGATTCTGT

LMNA FWD GGACAATCTGGTCACCCGC 96 bp

LMNA REV TGGCAGGTCCCAGATTACATG

ACTIN FWD GGACTTCGAGCAAGAGATGG 134 bp

ACTIN REV AGCACTGTGTTGGCGTACAG

FACScél-cycleanalysis

Cells were harvested, washed in PBS, and fixedetQW:acetic acid solution (4:1) for 60 minutes
at +4°C. Cells were then incubated in 5000f staining solution (5Qug/mL of propidium iodide,

50 pg/mL of RNAase, 0.1% Triton X-100 in PBS 1x) forhbur at 4°C and analyzed by flow
cytometry.

Retroviral infection.

Phoenix-ampho cells (American Type Culture Coltattiwere transfected with pMXIH-V5 or
pMXIH-V5 Lamin A. The supernatant medium containthg emerging retrovirus was collected 48
and 72 h after transfection. The supernatants vpe@ed and the retroviral particles were
concentrated by ultracentrifugation at 22.000 rmZ h, resuspended in cold PBS and stored at -

80°C. The viral titer was determined infecting NIF& murine fibroblasts at different serial
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dilutions. The retroviral vectors were injectedtointhe tail vein in adult mice with
5.25x1072/mouse.

In vivo BLI and experimental animals. Light emission was detected using the IVIS Lumiha |
CCD camera system and analyzed with the Living End@0 software package (Caliper Life
Sciences). Mice were anesthetized and 150 mg/k ang/kg of D-luciferin were injected IP. Ten
minutes later, quantification of light emission waesformed in photons/second and visualized in a
pseudo-color scaling. Time exposure ranged from3. minutes depending on light intensity.
Animal experiments performed in this study werediarted according to the “Giudelines for Care

and Use of Experimental Animals” and the Italiaw IDL 116/92.

RESULTS

NF-Y interactsin vivo with lamin A

To get clues on NF-Y function(s) in cancer cellg, performed a mass spectrometry screening of a
pool of proteins that co-precipitate with NF-YA suiit overexpressed in human breast cancer,
SKBRS3 cells. By this screening we identified lanAnas a novel putative NF-YA interactor
(Supplementary Figure S1).

This result was validated by coimmunoprecipitatexperiments between endogenous proteins. As
shown in figure 1A, both lamin A and NF-YA are egpsed in all tested cell lines. Lysates from
these growing cells were immunoprecipitated withi-Aifr-YA antibody and subjected to western
blot analysis. Endogenous Lamin A coimmunoprediedavith both differentially spliced forms of
endogenous NF-YA protein in all cell culture linésgure 1B).

Reciprocal immunoprecipitation experiments perfatmeith anti-laminA/C antibody further
validated the occurrence of endogenous lamin A/MEY all tested cell lines (Figure 1C). As
expected NF-YB subunit is present in the compleg, As shown in supplementary figure S2A, an
antibody against NF-YB protein immunoprecipitatachin A, further confirming the involvement
of this subunit in the complex and thus indicatihgt lamin A associates with the NF-Y complex
and not with the NF-YA subunit alone. Transfectioith plasmid encoding the long form of NF-
YA in SW-480 cells confirmed this result (Supplertay Figure S2B). We also overexpressed the
dominant negative mutant of NF-YA subunit (dnNF-YAQat carrying a triple aminoacid
substitution in the DNA binding domain does notbiDNA and impairs NF-YA transcriptional
activity (37). Results demonstrate that dnNF-YA amitform is still able to efficiently bind lamin

A thus suggesting that the DNA binding domain of-¥ik is not necessary for its interaction with

lamin A.
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Confocal analysis performed on several prolifeatells confirmed lamin A/NF-YA interaction
both in interphase (FigurelC and SupplementaryrEi@€) and in different mitosis phases (Figure
1D). Interestingly, we observed a colocalizationarhin A and NF-YA both in the nucleoplasm
and in the nuclear lamina.

Taken together, our data reveals the existence lafnin A/NF-Y nuclear complex on several
human cell lines.

NF-YA localizes in lamin enriched nuclear fractions. Accurate identification of the cellular
compartment(s) where an interaction takes placdtén critical to understand the function of that
interaction. To get clues on lamin A and NF-YA piegs interaction, we isolated different lamin
enriched nuclear fractions (Supplementary Figur@)S38Ve isolated nuclei in hypotonic buffer.
Firstly, we verified the presence of lamin A by wes blot on resuspended nuclei (Supplementary
Figure S3B). We treated isolated nuclei with motkegalt buffer to solubilize most nuclear
proteins, and then pelleting to obtain a lamin@red pellet. The lamin-enriched pellet was
solubilized by high pH and high detergent and, upentrifugation, we separated soluble lamins
from insoluble pellet (38). The two fractions wetadied for the presence of lamin A and NF-YA.
As expected, both lamin A and C were present ombé®llamin-enriched fractions and they are still
present, on insoluble pellet (Figure 2A). Intemagy, NF-YA was found both in the lamin-enriched
fractions and on insoluble pellet thus suggestifkgY as a nucleoskeletal protein (Figure 2A).
Taken together, these results strongly supportstenario that lamin A and NF-YA together
localize in specific nuclear compartments.

Recent data support a role for lamin A in gene lagn through its interaction with chromatin
(39). Thus, we asked whether the interaction ofirafand NF-YA occurs on chromatin. To this
purpose, we generated chromatin and nucleoplasttiding from different cell lines. We isolated
nuclei in isotonic-sucrose based buffer and, umsuspension ipotassium acetate, we separated
nucleoplasm and chromatin (Supplementary Figure) SA8 shown in figure 2B, both NF-YA and
lamin A were found in the chromatin fraction. Aspekted, NF-YA was present in nucleoplasm
deprived of chromatin while lamin A was almost uted¢able in this fraction. Next, we performed
reciprocal co-immunoprecipitation experiments usioigomatin fractions from several cell lines.
The antibody against NF-YA immunoprecipitates lamirand viceversa in all tested cell lines
(Figure 2C). These results confirmed that lamin B/XA association occurs on chromatin, too.
Lamin A bindsin vivo NF-Y target genesin promoter regions encompassing CCAAT boxesin

a NF-Y-dependent manner.

To start to investigate whether lamin A localizesemchromatin, where NF-Y plays a key role as

transcription factor, we first isolated euchromdtiaction from several cell lines (Supplementary
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Figure S4A). To this purpose, we subjected the abswelated chromatin to mild MNase digestion
to separate euchromatin, more accessible to MNigesttbn. A time course for MNase digestion
up to 30 minutes was performed on chromatin from&Q and MCF-7 cells in order to determine
the minimal incubation time necessary for NF-YAragtion in the euchromatin fraction. Our data
showed that after 5 minutes NF-YA was already detkmn the supernatant. Of note, also lamin A,
was detected in this fraction, although the majoof this protein was still associated with
undigested chromatin after 30 minutes of MNasetrmeat thus indicating that the majority of
lamin A is heterochromatin associated (Supplemgritgyure S4B).

Based on this result, we digested for 5 minutesrolatin from several cell lines and analyzed it by
agarose gel (Supplementary Figure S4C). In all eygal cell lines we observed an enrichment of
mono-, di- and tri-nucleosomes thus indicating ancment of transcriptionally active chromatin
in these fractions. Interestingly, by western bl demonstrated that NF-YA and LMNA are
present in this fraction in all tested cell linésgure 2D and Supplementary Figure S4D). Taken
together, the results obtained so far demonstreeptesence of a lamin A/NF-Y interaction on
chromatin and the two proteins localize on the sapen chromatin fraction thus suggesting the
possibility that they cooperate on gene regulation.

Based on the observation that lamin A interactdiWE-Y on chromatin and they reside also on
euchromatin regions, we asked whether lamin A biN#SY target promoters. To answer this
guestion we performed ChIP experiments followeddgontitative real time pcr (ChlIP-gPCR).
Specific primers were used to amplify DNA regioms@mpassing NF-Y consensus sites on several
NF-Y target promoters. Our experiments performethwo different antibodies against lamin A,
demonstrate that it physically interacts with sav@romoter regions carrying the CCAAT-boxes,
such asCCNB2, DHFR, CCNA2, CDK1, CCNB1, CDC25C, TOPO2a andPCNA promoters (Figure
3A). In contrast, when using primers correspondmgequence of an unrelated promoter that do
not contain CCAAT boxes, we did not find any specifamin A in vivo recruitment
(Supplementary Figure S4E). As expected (9), NAndd all these promoter regions (Figure 3B).
To directly assess th@le of NF-Y in the recruitment of lamin A to theFNY promoter regions
carrying CCAAT boxes, we performed ChIP experimenusn overexpression of dnNF-YA mutant
protein in SW-480 cells. ChIP-qgPCR analysis shdvas the overexpression of dnNF-YA leads to a
decrease in the recruitment of NF-Y (Figure 3D) #imd correlates with a reduction of lamin A
binding (Figure 3C), although at different exteepdnding on the analyzed promoter. These data,
demonstrate that the binding of lamin A to sevemalmoter regions carrying CCAAT-boxes is
largely dependent on the binding of NF-Y complexd andicate that lamin A binds these promoter
regions through its ability to bind NF-Y.
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Lamin A impactson NF-Y transcriptional activity.

To characterize the functional role of the lamin binding to NF-Y target promotersye
investigated the chromatin structure of the promoter regionsnigiololy lamin A and NF-Y. To this
purpose, we performed ChIP-gPCR experiments usingbadies against H4K20me3 and
H3K14ac, hallmarks of closed and open chromatimcsire, respectively. We observed an
enrichment of H3K14ac on these regions thus demetirgj their open chromatin configuration
and transcription-permissive state (Figure 4A). tNéx investigate the transcriptional activity of
these promoter regions we performed ChIP-gPCR @&wrpats using antibodies against RNA
polymerase Il active isoforms. Of note, the traipgmnally active phosphorylated forms of RNA
Polymerase Il (Ser-2 and Ser-5) are recruited ltdhal analyzed regions, thus further indicating
gene activation (Figure 4B). The same results wétained by ChIP followed by semiquantitavie
PCR, amplifying cyclin B2 promoter as prototype NF-Y target gene (Supplementary Figure
S5A,B). Altogether, the results shown until nowaclg demonstrate that lamin A physically
interacts with NF-YA on chromatin of NF-Y targetrgss in an open conformation status and
actively transcribed.

We confirmed the involvement of lamin édn NF-Y target gene transcription using CCNB2
promoter driven luciferase reporter construct aem@sor of NF-Y activity. We overexpressed this
construct in SW-480 and SAOS-2 cells together \aithector expressing NF-YA and/or a vector
expressing an artificial miRNA targeting the lanAnmRNA (34). Our data suggest that down-
modulation of lamin A, although not complete (Suwppéntary Figure S6A), led to a significant
increase ofCCNB2 promoter activity upon NF-YA overexpression (FiguC) thus supporting the
hypothesis that lamin A may interfere with NF-Y igity. As shown in supplementary figure 6B,
NF-Y localization on euchromatin was not affectgddmmin A silencing. This result suggests that,
very likely, the enhanced NF-Y transcriptional @ityi observed by lamin A silencing depends on a
decreased number of lamin A molecules able to &ssowmith NF-Y and inhibits its activity

To validate these data, we produced stable siLMNW4B0 and SAOS-2 cells (LMNA-KD cells)
showing a reduction in the lamin A protein of appnoately 60% and 70% , respectively,
compared to control cells transfected with the sarmaetor carrying a non-targeting artificial
EmGFP-miRNA (Supplementary Figure S6C ). We obgskmae increase of cyclin B2 promoter
activity in LMNA-KD cells (Figure 4D). We also engpled aCCNB2 promoter construct carrying
Y1,2 mutated CCAAT boxes (mut cyclin B2 promoteéks already shown (4), the basal CCAAT-
less promoter activity of the Y1,2 mutant was digantly reduced compared to the wt construct

but lamin A modulation did not affect significantliye residual activity (Figure 4D). In agreement
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with the above results we observed in LMNA-KD cells increase of the amount of several NF-Y
target mMRNAs such &8CNB2, DHFR, CCNB1, CDC25C andCDK1(Figure 4E).

Next, we stably transduced in SW-480 cells a humaamn A (lamin A-res) expressing vector
resistant to the endogenous siRNAs (40) (Suppleangiitigure S6D). Consistent with our previous
results, introduction of lamin A-res led to a retimic of the basalCCNB2 promoter activity of
approximately 30% (Figure 4F) and to a decreaseGNB2, DHFR, CCNB1, CDC25C andCDK1
MRNA levels (Figure 4G). Also in these cel@CNB2 promoter construct carrying two mutated
CCAAT boxes (muCCNB2 promoter) was not affected by lamin A modulatioig(ife 4F).

To demonstratén vivo the impact of lamin AA on NF-Y transcriptional sty we took
advantage of the MITO-Luc mouse model, that we ndgedeveloped, harbours a strictly NF-Y
dependent promoter in front of a luciferase repaatldwing us to monitor the NF-Y activity in a
spatiotemporal manner within the entire living ongan (41). Thus, we injected MITO-Luc mice
intravenous with a retrovirus expressing lamin 8-40), and we followed luciferase activity in the
entire animals for several days. Of note, lamine&-injection results in a inhibition of total body
luciferase activity emitted by mice at any testedet (Figure 5A). Representative images of a
control and injected mouse are shown in figure 5B.

All together these experiments demonstrate thatnlafmimpacts on NF-Y transcriptional
activity in cell cultures and living animaldnterestingly, in MITO-Luc mice bioluminescence
imaging of NF-Y activity visualizes areas of phyemgical cell proliferation (41-44). Thus, our
findings strongly support a role for lamin A asugpgressor of cell proliferation.

To investigate the role of lamin A in cell cycleogression we compared the ability of SW-
480 and SW-48Q.MNA-KD cells to grow in 0,1% serum. As shown in figls€, the growth of
SW-480 cells, as expected, is partially reducechugrowth factor deprivation compared with those
of cells cultured in presence of growth factors.nOfe, the growth of SW-480MNA-KD cells was
not impaired at all by growth factor deprivationgdicating a rate proliferation gain of function for
the cells with reduced lamin A (Figure 5C). Celtleyof either the exponentially proliferating cells
or the starved-cells was analyzed by flow cytometryhe indicated times. This analysis revealed
that the fraction of cells in S-phase in SW-480scelas decreased by 50% after 48 andhaizs
serum deprivation compared to control, whereasMiNA-KD cells the percentage of cell number
in S-phase were comparable under 10% and 0,1% Fig8ré 5D).

Altogether, our data demonstrate lamin A as a noy@lessor of NF-Y activity and indicate
its role as a suppressor of cell proliferation. btorer, we hypothesize a role of lamin A as a sensor

of cellular stress, such as serum deprivation.

43



DISCUSSION

In the present study, starting with a mass-speatgmscreening, we identified a novel
nuclear protein complex formed by lamin A and NFR#Yolved in chromatin binding and cell
proliferation.

NF-Y is a sequence-specific transcription factat thinds the common CCAAT element and has
long been considered a modulator of genes involmedrowth promotion including cell cycle
regulatory genes (7,9). Numerous findings highligtdat NF-Y is involved in cancer. Although
mutations in NF-Y subunits have never been speatifiadentified in tumours, analysis of global
regulatory perturbations across human cancersqubiat NF-Y as one of the transcription factors
responsible for oncogenic transcriptional changg3).(Thus, identification of NF-Y protein
partners can help to characterize the mechanisatiassd with its tumorigenic potential. Here, we
provide evidences that lamin A associates with NBaYpromoter regions encompassing CCAAT
boxes of NF-Y target genes modulating its transicmal activity.

Besides its localization to the nucler lamina, virseyved that a small fraction of lamin A is also
present in the nucleoplasm. Although there are sewrdences that lamin A binds DNA, directly or
through the histone proteins, the role of nuclesipia lamin A is not completely understood, so far
(29,45). Thus, we focused our study on the occogeof lamin A/NF-Y association in the
nucleoplasm compartment and, in particular, on mlattn where NF-Y exerts its role as
transcription factor.

In our study, we detected lamin A binding to proenatgions encompassing CCAAT boxes
of NF-Y target genes, such as ccnb2, cdkl, cdcB8adafr and this binding is mediated by NF-Y.
These genes are actively transcribed as demortstgtehistone methylation marks and pol 1
recruitment. Lamin A has been described to havegative role on transcription. Although, we
clearly demonstrate that lamin A physically intésawith NF-Y target genes actively transcribed,
we observed that lamin A inhibits NF-Y transcripi@b activity. These results suggest, therefore,
that lamin-promoter interactions, per se, do neehacausative role on gene repression but may be
able to modulate transcription in a manner depetnaietocal chromatin marks.

Numerous studies showed that lamin A can modulatee gexpression through several
mechanisms, for example, by sequestering trangmmiféctors in inactive complexesjodulating
their post-translational modifications and degremgtand regulating transcriptional complexes (46-
51). Interestingly, we observed that the NF-Y targgclin B2 promoter activity inversely
correlated to lamin A expression and NF-Y trandmimal activity increases in lamin A silenced
cells. Of note NF-Y localization on euchromatin wast affected by lamin A silencing

(supplementary figure 7b) thus excluding the hypsih that lamin A modulates NF-Y target
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promoters by sequestering NF-Y in inactive compgexihis result suggests that, very likely, the
enhanced NF-Y transcriptional activity observedaimin A silenced cells depends on a decreased
number of lamin A molecules able to associate WiERY and inhibit its activity. These results are
consistent with previous evidences demonstratiray down-regulation of lamin A/C leads to
dissociation of lamin A/C from promoters by enhaugctranscriptional permissiveness (49). It has
been observed that lamin A interactions often appeée confined to promoter subregions rather
than to entire promoter regions. Our data suppaiew in which lamin A, through its ability to
bind NF-Y, exerts a locus-specific interaction wglomoters important for cell cycle regulation
and tumor progression.

In our study, an inverse correlation between laAirand several NF-Y target genes
expression level was observed, thus supporting rdke of lamin A as regulator of NF-Y
transcriptional function. We validated these evaEnby in vivo imaging involving the use of a
genetically engineered mouse model called MITO-({foc mitosis-luciferase), in which an NF-Y—
dependent promoter controls luciferase expres§lata obtained strongly support the physiological
impact of lamin A expression in cell proliferation.

NF-Y is one of the transcription factors resporesifidr aberrant oncogenic transcription
occurring in several cancers (19). Since loss wiinaA expression have been reported in a variety
of cancers, correlating with tumorigenic potenéial more aggressive phenotype (29-31,33,52-54),
our data suggest that changes in lamin A expressmuld modulate NF-Y activity and,
consequently, its oncogenic transcriptional posnturther exploration to uncover the molecular
mechanism(s) by which NF-Y/ lamin A complex acts aacial regulator in diverse cellular
processes and, in particular, in cancer could h@rtant to improve and potentially provide new

clues into new therapeutic approaches for caneatrrent.

REFERENCES

1. Mantovani, R. (1999) The molecular biology of th€&AAT-binding factor NF-Y. Gene,
239,15-27.

2. Linhart, C., Elkon, R., Shiloh, Y. (2005) Deciphwgitranscriptional regulatory elements
that encode specific cell cycle phasing by comparagenomics analysis. Cell Cycle,
4,1788-97.

3. Zwicher, J., Lucibello, FC., Wolfraim, L.A. (199%)ell cycle regulation of the cyclin A,
cdc25C and cdc2 genes is based on a common mechahigranscriptional repression.
EMBO J., 14, 514-4522.

45



4. Bolognese, F., Wesner, M., Lange-zu Dohna, C. (198@ cyclin B2 promoter depends on
NF-Y, a trimer whose CCAAT-binding activity is celycle regulated. Oncogene. 18, 1845-
53.

5. Farina, A., Manni, |, Fontemaggi, G. (1999) Dovegulation of cyclin B1 gene
transcription in terminally differentiated skeletaluscle cells is associated with loss of
functional CCAAT-binding NF-Y complex. Oncogene, P818-27.

6. Korner, K., Jerom, V., Schmidt, T. (2001) Cell aydlegulation of the murine cdc25B
promoter- essential role for NF-Y and a proximaressor element. J. Biol. Chem. , 276,
9662-9.

7. Gurtner, A., Manni, I., Fuschi, P. (2003) Requirett®r down-regulation of the CCAAT-
binding activity of the NF-Y transcription factoudng skeletal muscle differentiation. Mol
Biol. Cell. ,14, 2706-15.

8. Di Agostino, S., Strano, S., Emiliozzi, V. (20063i@ of function of mutant p53- the mutant
p53/NF-Y protein complex reveals an aberrant trapgsonal mechanism of cell cycle
regulation. Cancer Cell, 10, 191-202.

9. Gurtner, A., Fuschi, P., Magi, F. (2008) NF-Y degent epigenetic modifications
discriminate between proliferating and postmitdissue. PLoS One, 3(4), e2047.

10.Manni, |., Caretti, G., Artuso, S. (2008) Posttlatisnal regulation of NF-YA modulates
NF-Y transcriptional activity. Mol Biol. Cell., 1%203-13.

11.Li, X.Y., Hooft van Huijsduijnen, R., Mantovani, R1992) Intron-exon organization of the
NF-Y genes. Tissue-specific splicing modifies anivation domain. Biol. Chem., 267,
8984-90.

12.Hu, Q., and Maity S.N. (2000) Stable expressioa dbminant negative mutant of CCAAT
binding factor/NF-Y in mouse fibroblast cells rdsuj in retardation of cell growth and
inhibition of transcription of various cellular ges J. Biol. Chem., 275, 4435-44.

13.Bhattacharya, A., Deng, J.M., Zhang, Z. (2003) Bhsubunit of the CCAAT box binding
transcription factor complex (CBF/NF-Y) is essehtta early mouse development and cell
proliferation. Cancer Res., 63,8167-72.

14.Benatti, P., Dolfini, D., Vigano, A. (2011) Specifinhibition of NF-Y subunits triggers
different cell proliferation defects. Nucleic Aci&es., 39, 5356-68.

15.Manni, I, Mazzaro, G., Gurtner, A. (2001) NF-Y dmges the transcriptional inhibition of
the cyclin B1, cyclin B2, and cdc25C promoters upatuced G2 arrest. J. Biol. Chem.,
276,5570-6.

46



16.Imbriano, C., Gurtner, A., Cocchiarella, F. (20@iject p53 transcriptional repression- in
vivo analysis of CCAAT-containing G2/M promotersoMCell. Biol., 25, 3737-51.

17.Gurtner, A., Fuschi, P., Martelli, F. (2010) Trangtion factor NF-Y induces apoptosis in
cells expressing wild-type p53 through E2F1 upragioh and p53 activation. Cancer Res.
70, 9711-20

18.Yamanaka, K., Mizuarai, S., Eguchi, T. (2009) Exsgien levels of NF-Y target genes
changed by CDKN1B correlate with clinical prognosismultiple cancers. Genomics, 94,
219-27.

19.Goodarzi, H.1., Elemento, O., Tavazoie, S. (2008ydaling global regulatory perturbations
across human cancers. Mol. Cell. , 36, 900-11.

20.Maraldi, N.M., Capanni, C., Del Coco, R. (2011) Mulkar laminopathies- role of
preLMNA in early steps of muscle differentiationdA Enzyme Regul., 51, 246-56.

21.Camozzi, D., Capanni, C., Cenni, V. (2014) Diveesmin-dependent mechanisms interact
to control chromatin dynamics. Focus on laminopethNucleus, 5, 427-40.

22.Mattioli, E., Columbaro, M., Capanni, C. (2011) BviNA-mediated recruitment of SUN1
to the nuclear envelope directs nuclear positiomnguman muscle. Cell. Death Differ., 18,
1305-15.

23.Worman, H.J., Schirmer, E.C. (2015) Nuclear membrdiversity- underlying tissue-
specific pathologies in disease? Curr. Opin. Call.B 34, 101-12.

24.Kind, J., van Steensel, B. (2010) Genome-nucleaina interactions and gene regulation.
Curr. Opin. Cell Biol. 22, 320-5.

25.Naetar, N., Korbei, B., Kozlov, S. (2008) Loss dficleoplasmic LAP2alpha-LMNA
complexes causes erythroid and epidermal progehiperproliferation. Nat. Cell Biol.,
11,1341-8.

26.Gesson, K., Vidak, S., Foisner, R. (2014) Lamimnssamted polypeptide (LAPJ2and
nucleoplasmic lamins in adult stem cell regulatma disease. Semin. Cell. Dev. Biol., 29,
116-24.

27.Kubben, N., Adriaens, M., Meuleman, W. (2012) Maygpiof LMNA- and progerin-
interacting genome regions. Chromosoma, 121, 447-64

28.Collas, P., Lund, E.G., Oldenburg, A.R. (2014) @igsthe (nuclear) envelope on the
genome- how nuclear lamins interact with promotar&l modulate gene expression.
Bioessays, 36, 75-83.

29.Prokocimer, M. Davidovich, M., Nissim-Rafinia, M2q09) Nuclear lamins- key regulators
of nuclear structure and activities, J. Cell. Mdked. 13, 1059-1085.

47



30.Capo-Chichi, C.D., Cai, K.Q., Simpkins, F. (2011udNear envelope structural defects
cause chromosomal numerical instability and anedplm ovarian cancer. BMC Med, 9-
28.

31.Capo-Chichi, C.D., Cai, K.Q., Smedberg, J. (201Dsd. of A-type lamin expression
compromises nuclear envelope integrity in breasteg Chin. J. Cancer 30, 415-425.

32.Belt, E.J., Fijneman, R.J., van den Berg, E.G. 2QDbss of LMNA/C expression in stage
Il and Il colon cancer is associated with dise@seirrence, Eur. J. Cancer 47, 1837-1845.

33.Wu, Z., Wu, L., Weng, D., Xu, D. (2009) Reduced regsion of LMNA/C correlates with
poor histological differentiation and prognosisgnmary gastric carcinoma. J. Exp. Clin.
Cancer Res., 28-8.

34.Maresca, G., Natoli, M., Nardella, M. (2012) LMNAd&ck-down affects differentiation and
progression of human neuroblastoma cells. PLoS 1®)ee45513.

35.Lund, E., Oldenburg, A.R., Delbarre, E. (2013) LMNApromoter interactions specify
chromatin state-dependent transcription outcomeso@e Res., 23, 1580-9.

36.Lund, E.G., Duband-Goulet, I., Oldenburg, A. (20Dagtinct features of LMNA-interacting
chromatin domains mapped by ChIP-sequencing fronicated or micrococcal nuclease-
digested chromatin. Nucleus, 6, 30-9.

37.Mantovani, R., Li, X.Y., Pessara, U. (1994) Dominhaagative analogs of NF-YA. J. Biol.
Chem., 269, 20340-6.

38.Zhong, Z., Wilson, K.L., Dahl, K.N. (2010) Beyonanhins other structural components of
the nucleoskeleton. Methods Cell. Biol., 98 97-110.

39.Chow, K.H., Factor, R.E., Ullman, K.S. (2012) Theclear envelope environment and its
cancer connections. Nat. Rev. Cancer, 16, 196-209.

40.Nitta, RT., Smith, CL., Kennedy, BK. (2007) Evidendhat proteasome-dependent
degradation of the retinoblastoma protein in ceigking A-type lamins occurs
independently of gankyrin and MDMRLo0S One, 2(9)-e963.

41.Goeman, F., Manni,l., Artuso, S. (2012) Moleculaaging of NF-Y transcriptional activity
maps proliferation sites in live animals. Mol. Bi@ell., 8, 1467-7.

42.0liva, P., Roncoroni, C., Radaelli, E. (2013) Glolxofiling of TSEC Proliferative
Potential by the Use of a Reporter Mouse for Reddifion. Reprod Sci, 20(2)-119-28.

43. Spallotta, F., Cencioni, C., Straino, S. (2013) #ribl Oxide-dependent Crosstalk Between
Class | and Il Histone Deacetylases Acceleratda Rlepair. J. Biol. Chem., 19,288(16)-
11004-12.

48



44.Rizzi, N., Manni, I., Vantaggiato, C. (2015) In wivmaging of cell proliferation for a
dynamic, whole body, analysis of undesired drugatff. Toxicol. Sci., 2, 296-306.

45.Melcer, S., Hezroni, H., Rand, E. (2012) Histonedifications and lamin A regulate
chromatin protein dynamics in early embryonic steefl differentiation. Nat Commun.,
3:910.

46.Andrés, V. and Gonzalez, J.M. (2009) Role of A-tygmains in signaling, transcription, and
chromatin organization. J Cell Biol. 187(7):945-57

47.Dechat, T., Gesson, K., Foisner, R. (2010) Lamntependent lamins in the nuclear
interior serve important functions. Cold Spring Bi&ymp Quant Biol.;75:533-43. Review.

48.Dechat T, Adam SA, Taimen P. (2010) Nuclear lamisld Spring Harb Perspect Biol.
2(11):a000547

49.Guelen, L., Pagie, L., Brasset, E. (2008) Domaiganization of human chromosomes
revealed by mapping of nuclear lamina interactidieture. 453(7197):948-51

50.Johnson, B.R, Nitta, R.T., Frock R.L.(2004) A-tylpenins regulate retinoblastoma protein
function by promoting subnuclear localization anegventing proteasomal degradation.
Proc. Natl. Acad. Sci. USA 101(26):9677-82.

51.Kennedy, B.K. And Pennypacker, J.K. (2014) RB amaiihs in cell cycle regulation and
aging.Adv Exp Med Biol.;773:127-42. Review.

52.Stadelmann, B., Khandjian, E., Hirt, A. (1990) Regmion of nuclear lamin A and C gene
expression in human acute lymphoblastic leukemi@ @aon-Hodgkin's lymphoma cells.
Leuk Res.;14(9):815-21.

53.Willis, ND., Wilson, RG., Hutchison, C.J. (2008) han A: a putative colonic epithelial
stem cell biomarker which identifies colorectal twurs with a more aggressive phenotype.
Biochem Soc Trans. 36(Pt 6):1350-3. Review.

54.Willis, N.D., Cox, T.R., Rahman-Casafis, S.F. (2008min A/C is a risk biomarker in
colorectal cancer. PLoS One. Aug 20;3(8):e2988.

ACKNOWLEDGMENTS

We are indebted to Dr. Kennedy for providing udwgMXIH-V5 and pMXIH-human LMNA-res

constructs. This work has been founded by ltali@so&iation for Cancer Research (AIRC) (IG n.
13234 to G.P.) and partially by Cariplo Foundat{@009-2439 to G.P.). Aymone Gurtner was

supported by a Fondazione Umberto Veronesi Fellgwsh

49
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Figure 1. Analysis of the occurrence of lamin A/NF-Y compliexseveral cell lines. (A) Whole
cell lysates from several cell lines were analyagdvestern blotting with anti-NF-YA and lamin A
antibody. (B) Whole cell lysates were immunoprdeif@d with an antibody against NF-YA, and
western blotting was performed with an antibodyamin A and NF-YA. (C) Whole cell lysates
from several cell lines were immunoprecipitatedthvan antibody against lamin A/C, and western
blotting was performed with an antibody to lamirCANF-YA and NF-YB. As negative control, in
(B) and (C) were used SW480 cell lysates immunapitated with an anti-IgG antibody. As a
reference, in (B) and (C) 1/20 of whole cell extrased in the immunoprecipitations was loaded
(input). (D) Confocal analysis performed on praliting SW480 cells using antibodies against
NF-YA (tritc) and lamin A (fitc). Different opticafields are shown. Colocalization (yellow) of
endogenous NF-YA (red) with lamin A (green) was lgred by indirect immunofluorescence
combined with Confocal Scanning Laser Microscopgnfocal analysis of single optical section is
shown. The images have been collected with a d0xbgective. Different optical fields are shown.
(E) Confocal analysis of mitotic phases associ&dedlization of NF-YA and lamin A in SW-480
cells. Colocalization (yellow) of endogenous NF-Yred) with lamin A (green) was analyzed by
indirect immunofluorescence combined with Confdsednning Laser Microscopy.
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Figure 2. NF-Y localizes in lamin-enriched nuclear fractiand associates with lamin A in the
chromatin fraction. (A) Western blotting of solul{e) and insoluble (2) lamin enriched fractions
obtained following the procedure described in fg@3 from SW480 and MCF7 cell lines using
anti-NF-YA or -LMNA antibodies. (B) Chromatin andicieoplasm fractions obtained following
the procedure described in figure S4A from SW489 BICF7 cell lines were subjected to western
blotting analysis using anti-NF-YA or -LMNA antibis.  actin was used as loading control. (C)
Immunoprecipitation experiments using chromatinctiom isolated from SW480, MCF7 and
SKBR3 cell lines obtained following the proceduesdribed in figure S4A using anti-NF-YA and
—lamin A antibody followed by western blotting ayes using antibodies against the indicated
proteins. (D) Euchromatin fractions were produceddigestion of chromatin with Micrococcal
nuclease as described in figure S4. These fracti@ne loaded onto a SDS polyacrylamide gel and

analyzed by western blotting using the antibodgzsrest the indicated proteins.
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Figure 3
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Figure 3: lamin A physically binds to promoter regions enpassing NF-Y consensus sites on
several NF-Y targets. ChIP experiments using amtiimh A/C, and lamin A (A), and anti-NF-YA
(B) antibodies followed by quantitative real timerp(ChIP-gPCR) using specific primers to
amplify DNA regions encompassing NF-Y consensussstn ccnb2, dhfr, ccna2, cdkl, cdc25c,
topo2a, and pcna promoters. ChIP-gPCR analysiS@B2, DHFR, CCNA2, CDK1, CDC25C,
TOPO2A, AND PCNA promoters with anti-lamin A/C and lamin A (C) amati-NF-YA (D)
antibodies using mock transfected (CTR) and dnN{E#ANF-YA) transfected SW-480 cells. The

ChIP results obtained by 3 independent replicapements are represented as percentage of input

(% Input) on a logaritmic scale, the error bardaate the standard error. No antibody values were

subtracted. The error bars indicate the standaod. e
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Figure 4: lamin A is involved in NF-Y transcriptional actiyi ChlP-gPCR analysis using anti-
H3K4me3 and H3K14ac (A) and anti-pol Il phospho-34Pol 11S2) and pol Il phosphor-ser 5
(Pol 1IS5) (B) antibodies using specific primers damplify DNA regions encompassing NF-Y
consensus sites ddCNB2, DHFR, CCNA2, CDK1, CDC25C, TOPO2A, AND PCNA promoters.

The ChIP results obtained by 3 independent reglieaperiments are represented as percentage of

input (% Input) on a logaritmic scale, the errorsdbiadicate the standard error. No antibody values

were subtracted. (C) Luciferase assays performe@&Wv80 cells transfected with cyclin B2

promoter construct driven luciferase gene. Geélse transiently co-transfected with the indicated

vectors and luciferase assays were performed 4#dirs. Promoter activity is expressed as fold

change of firefly/Renilla luciferase ratio. Result®re obtained by eight independent replicate
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experiments. (D) Luciferase assays performed WNNA knock-down in SW-480 celld MINA-
KD), transfected with the cyclin B2 luciferase ctanst or CCNB2 promoter carrying mutated
CCAAT boxes (mutCCNB2 promoter). Promoter activity is expressed as folthnge of
firefly/Renilla luciferase ratio. Results were db&d by 10 independent replicate experiments. The
error bars indicate the standard error. (E) qPCRlyars of expression levels of the indicated
MRNA in LMNA-KD versus Mock cells (®r3). (F) Luciferase assays performed in lamin A-res
SW480 cells (LMNA-res) versus mock cells (CTR) sfacted with theCCNB2 promoter
luciferase construct (WECNB2 promoter) or cyclin B2 promoter carrying mutateGART boxes
(mut CCNB2 promoter) (n=3). (G) Expression levels by gPCRhef indicated mRNA in lamin A-
res SW480 cells (lamin A-res) versus mock cellsRE{n=3). In all experiments, the error bars
indicate the standard error. Statistical signifaanp<0.05, **p<0.01.
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Figure 5: lamin A impact on NF-Y activityn vivo. (A) Mean in vivo of emitted light from MITO-
Luc mouse. The retroviruses pMXIH-V5(CRT), and pMKhuman lamin A-res (lamin A) were
used for infections. (B) Quantification of emittight from MITO-Luc mice were determined at 1,
2, 4, and 7 days after injection by whole-body imgg Bioluminescence was expressed as
p/s/icm2/sr. (B) Bioluminescence imaging of a repnéative MITO-Luc mouse before (NT) and
after (1,2,4, and 7 days) after infection. The expents were conducted in five animals. (C)
Histogram shows number of cells grown in 0,1% FB®malized over number of cells grown in
10% FBS (fold over control), as mean S.E. fromehirelependent experiments at 48 and 96 hrs.

(D) Cell cycle of either the normally proliferatingglls or the starved-cells was analyzed by flow
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cytometry at the indicated times. Histograms shlog gercentage of cells seeded in 0,1% or 10%

FBS with S phase DNA content determined by flowooyetry after 48,72, and 96 hrs.

SUPPLEMENTARY FIGURES
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Suppl. Figure 1. LMNA interacts with NF-YA. Silver-stained SDS-PAGE gel of the

immunoprecipitates with the indicated antibodiesfrSKBR3 cells. Arrow indicates the presence
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Suppl. Figure 2: NF-Y/LMNA colocalization. (A) Immunoprecipitation experiments using whole
cell lystes produced from SKBR-3 cells with antilesdspecific to the indicated proteins followed
by western blotting with anti-LMNA/C or NF-YA antilaly. IgG immunoprecipitate was used as
control (IgG).(B) Confocal analysis of interphase associated |oatidim of NF-YA and LMNA in
SK-BR3 and MCF-7 cells. Colocalization (yellow) ehdogenous NF-YA (red) with LMNA
(green) was analyzed by indirect immunofluorescecm@mbined with Confocal Scanning Laser

Microscopy.
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Suppl. Figare 3
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Suppl. Figure 3: NF-Y localization in lamin enriched nuclear fraction. (A) Diagrammatic
representation of a procedure for lamin solubiicraby high-salt and high-detergent buffés)
Western blotting with anti-LMNA and anti-NF-YA abthdy of whole cell lysates (total lysate),

cytosolic and nuclear (resuspended nuclei) frastiproduced as described above obtained from

SW-480 cells.
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Suppl. Figure 4: LMNA localizes in euchromatin fraction (A) Chromatin and euchromatin

purification diagram(B) Western blotting analysis with the indicated antiles of euchromatin
56



and heterochromatin (P) fractions obtained fronmree tcourse of MNase digestion on chromatin
from SW480 and MCF7 cells produced as describegteabihe insoluble chromatin pellet (P) was
isolated after 30 minutes by centrifugation (1,7@0for 5 minutes at 4°C) and then resuspended in
15 mM Tris, pH = 7.5, 0.5% SDS. Euchromatin fractiavere collected after 5, 15 and 30 minutes
of MNase digestion(C) Euchromatin fractions obtained from the indicatetl lines run on 2% gel
agarose collected after 5 minutes of Mnase digesioichromatin fraction is composed mostly of
mononucleosomes running at approximately 150 (BY). Western blotting analysis with anti-
LMNA/C and NF-YA antibodies of euchromatin fract®produced as described above obtained
from human fibroblasts (HF), HeLa and SAOS-2 caiter 5 minutes of digestion.

Suppl. Figare 5
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Suppl. Figure 5: LMNA binding activity on cyclin B2 promoter. (A) Schematic representation
of the CCAAT boxes on cyclin B2 promoter amplifieéal ChIP analysis(B) Representative

agarose gel of ChIP-PCR experiment performed uSMg80 cells with the indicated antibodies.
Sample without antibody (no antibody) was usedogsrol.
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Suppl. Figare 6
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Suppl. Figure 6: Analysis of LMNA and NF-YA expression. (A) Western blotting showing the
expression levels of LMNA and NF-YA proteins in S804transiently transfected cells used for
luciferase assay$i actin was used as loading contr(®) Western blotting analysis with the
indicated antibodies of whole cell lysate (totakdtes), cytosolic and nuclear extracts and
euchromatin fraction with the indicated antibod@®duced from mock transfected (CTR) or
LMNA-KD stable transfected SW-480 cell€) Western blotting of total cell lysates from SW-480
and SAOS-2 mock transfected (CTR) or LMNA-KD staliansfected cells (LMNA-KD) with
LMNA/C antibodies. Bands were quantified by densiéry using UVI-1D quantification module.
Histogram shows the quantitative densitometry ofNAMprotein (fold over control) normalized
over B actin expression, as mean S.E. from three indeggnekperiments(D) Western blot of
mock or stably transduced human LMNA (LMNA-res) S\80 cells with LMNA/C antibodyp
actin was used as control. Bands were quantifiedidrysitometry using UVI-1D quantification
module. Histogram shows the quantitative densitoonef LMNA protein (fold over control)

normalized ovef actin expression, as mean S.E. from three indepgrexperiments.
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Prognostic role of NF-YA splicing isoforms and lamin A status in low grade endometrial
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Running title: NF-YAs and lamin A as novel moleaytaognostic biomarkers for EC.

ABSTRACT

Background: Endometrial cancer (EC) is a major cause of nhiortdor patients worldwide.
Although most cases of low grade ECs do not belzaggessively, in rare instances, even low-
grade, well-differentiated ECs can progress in ghlyi aggressive manner. In this study we
analyzed several formalin-fixed, paraffin-embeddEBPE) EC tissues to find novel clinical and
biological features to help the diagnosis and ineatt of early EC in order to better stratify patien
risk of recurrence.

Methods: A retrospective cohort of FFPE specimens fromepés with EC (n=87) and benign
tissue specimens (NE) from patients who underwemysderectomy to treat other benign disease
(n=13) were collected. Biopsies were sampled for prmtamors in hysterectomy specimens.
Total RNA and proteins were extracted and analyzedpectively, by gquantitative PCR and
western blotting.

Results: We identified two novel potential EC biomarkelf;-YAs and lamin A. We observed
that NF-YAs is exclusively expressed in EC tisswelsije lamin A is strongly down-modulated in
EC compared with benign tissues and its loss ofesgion correlates with tumor aggressiveness, as
indicated by comparative analysis with estrogereptr (ER) status and epithelial-mesenchymal

transition (EMT) markers. In grade 1 EC, NF-YAs gegsion is heterogeneous and related with
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lower lamin A levels, thus suggesting its potentidé as biomarker of tumor aggressiveness in low
grade EC.

Conclusions: Loss of lamin A correlates with higher histologjrade of EC. In grade 1, NF-YAs
expression is heterogeneous and related with ltam@n A levels, thus suggesting its potential role
as biomarker of tumor aggressiveness in low grade@ur findings indicate NF-YAs and lamin A
as novel biomarkers with a potential for a moretaysitic integration in clinical practise for
individualised therapy in EC, in particular in lgmade malignancy.

Keywords. Endometrial cancer, lamin A, NF-Y, Estrogen réoepEMT, miR-200 family.

BACKGROUND

Endometrial cancer (EC) is the most common geriitatt malignancy and occurs in
reproductive and postmenopausal women. EC is adipéerine cancer that involves the lining of
the uterus (the endometrium). Treatment for EC liysuracludes surgical removal of the uterus,
cervix, ovaries, and fallopian tubes; it may als@olve sampling or removal of the surrounding
lymph nodes. Most EC cases are sporadic, with @86 considered familiar (1). In general,
patients with EC have a good prognosis since ebalynosis is frequent and the disease has usually
not spread beyond the uterus. However, the progriosirecurrent or metastatic EC remains poor
and in order to improve therapy it is importantuoderstand the processes which inhibit and
stimulate cancer progression. Meanwhile, severabmostic factors such as histological type,
histological grade, surgical stage, pelvic lympldeanvolvement and myometrial invasion have
been established (1-5). EC is classified as typetype Il based on histologic properties. Type I,
also called the endometrioid type (EEC) becausgsadhistologic similarity to the endometrium,
accounts approximately 70-80% of sporadic EC. Mgpe | tumors occur in the setting of
unopposed estrogen stimulation, leading to endaahétyperplasia. According to FIGO definition,
type | ECs include lower grade EECs. Unlike typwurors, type Il lesions are not related to
estrogen exposure or endometrial hyperplasia awctida high risk malignancies, as serous
papillary and clear cell carcinoma, generally. Sofmielogical molecules have been identified as
prognostic markers in EC, such as KRAS, PTEN, EGFBFR, P53, HER2, and estrogen
receptors (ERS) (6).

Nuclear transcription factor (NF-Y) is a sequenpeesfic transcription factor that binds the
common CCAAT element and has long been considaneatctivator of genes involved in growth
promotion including cell cycle regulatory genes.mdarous findings highlight that NF-Y is
involved in cancer. A bioinformatic analysis of proters of cell-cycle regulatory genes shows an

abundance of CCAAT boxes in promoters regulatethduhe G2/M transition progression, among
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which are mitotic cyclin complexg§-14). NF-Y is composed of three different subsinYA, YB

and YC. The association between NF-YB and NF-YQrigles a docking site for NF-YA, and NF-
YA is the regulatory subunit of the complex resgble for sequence-specific DNA binding.
Subunit NF-YA has two different isoforms, NF-YAloflg) and NF-YAs (short), resulting from
alternative splicing. Previous studies demonstraibed NF-YAI is down-regulated, whereas NF-
YAs is up-regulated during differentiation of hES@wouse ES cells, and hematopoietic stem cells
(15-17). Although mutations in NF-Y subunits hawver been specifically identified in tumours,
systematic examination of protein expression pesfihdicates that NF-YA targets are upregulated
in different types of cancer. Indeed, there is en from previous studies that the levels of NF-Y
vary in different cell types and under differenbgth conditions. Recently, informatics analysis
and microarray expression profile studies condugtadrious gynecological cancers, revealed that
NF-Y is one of the key transcription factors invedvin endometrial, cervical and vulvar cancer
development (18).

Expression of ERs has been correlated with EC stag®logic grade and survival (19).
Loss of ERs has been significantly associated agifiressive phenotype and poor survival in EC
patients (20). In particular, early stage, wellfeliéntiated ECs usually retain ERs expression,
whereas advanced stage, poorly differentiated tusnotien lack one or both receptors. In the
human uterus, ER-is the predominant subtype (21), and ER supposed to play an important
role by modulating ERx function (22,23). Recently, it has also been olesgran association
between lack of ER-and epithelial-mesenchymal transition (EMT) (24).

EMT enables epithelial cells to acquire a like nmesgmal potential with increase motility
and ability to extravasate and circulate (25). @, Blteration of EMT markers, including several
mMiRNAs, have been identified in metastatic diseas®associated with reduced survival (26-32).

MiRNAs are small non-coding RNA elements that aantellular function by modulating
the stability and translation of multiple target M8 at the post-transcriptional level. They play
important roles in development, cellular differatibn, proliferation, cell-cycle control, and cell
death. In particular, the miR-200 family memberseénbeen extensively studied with respect their
role in EMT in various tissues, where they tardet expression of many genes, such as the
transcription factors ZEBs (33-36). A recent repuais already shown that elevated levels of all
miR-200 family, in all stages of EC, inversely aates with the expression of ZEBs (37). miR-
200s upregulation has been demonstrated in ty@ed éompared to normal endometrial tissues in
keeping with observations in other tumours, suclowagian cancer (38), melanoma (39,40) and
colorectal carcinoma (41). Recently, it has alsenbesuggested that miR-200 family, under

influence of estrogen, maintains an epithelial ghgme in lower grade EEC (42). However, based
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on hormone status, miR 200a upregulation has bheked with outcome of EC patients. A recent
study correlated miR-200a with prolonged survimaERs positive subgroup, whereas an inverse
trend was observed in the ERs negative soubgrcjp (4

Lamins are type V intermediate filament proteinatthre often aberrantly expressed or
localized in tumours. A-type lamins, whose mostrespnted isoforms are lamin A and C, are
alternatively spliced products of the same geneed¢ studies identified A-type lamins as an
indicator of differentiated tumour cells and dentoated to represent a potential biomarker for
various types of cancer (44). Loss of lamin A espren has been reported for colon cancer,
cervical cancer, lung cancer, prostate canceirigasancer, ovarian cancer and leukemia and
lymphoma (45-49). It has been shown that lamin #iizes the nuclear lamina and chromatin,
with implications for epigenetic stabilization atichiting of DNA breaks. With respect to its
multiple functions, it is convincible to presumeathchange of lamin A protein levels may
contribute to tumourigenesis and progression (50-B#pression of miR-9 has been reported to
reduce lamin A expression (55,56). Moreover, miBv8rexpression has been observed in several
cancers, including EC (57) and this overexpressi@s correlated with cancer progression,
metastasis and poor prognosis (58-63).

In the present study, we characterised NF-YA isoand lamin A expression in several
EC samples and identified them as novel potent@jmostic EC biomarkers. We report for the first
time that a specific NF-YA splicing isoform, NF-YAs associated with EC development. In our
cohort of grade 1 EECs, NF-YAs was expressed inhs% of samples, whereas it was detectable
in all higher grade and non endometrioid (NEM) EBko, our data indicate that an association
between NF-YAs isoform and lower ER-mRNA (ESR1) expression occurs, suggesting its
involvement in estrogen response. Moreover, we rebsgea significant correlation of lamin A
expression with stage and histologic grade. Intergly, clustering of NF-YA isoforms in grade 1
EEC indicated an inverse association between NF-4Ad lamin A expression and a direct
correlation with an increase of miR-200 levels ety related to ZEBs expression, well known
markers of aggressiveness in EC (37,42,43).
Our findings suggest NF-YAs and lamin A as novebnmarkers with a potential for a more
systematic integration in clinical practise foriwvidualised therapy in EC, in particular in low dea

malignancy.
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METHODS

Patients

A retrospective cohort of formalin-fixed, parafiembedded (FFPE) specimens from patients with
EC (n=87) and NE specimens from patients who unelena hysterectomy to treat other benign
disease (r13) were collected. According with the histologiade, we analysed 29 low grade
(G1), 49 high grade endometrioid (high grade EEQ@) @ non endometrioid EC tissues (NEM).
Biopsies were sampled for primary tumors in hystien@y specimens.

RNA extraction and RT-PCR

Total RNA derived from FFPE tissues was extractsthgi the PureLink™ FFPE Total RNA
Isolation Kit (Invitrogen) following the manufactrs instructions and reverse-transcribed using
PrimeScript RT reagent kit (Takara). The qualityhef total RNA was measured using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientifiaglmiigton DE, USA). Quantitative PCR
(qPCR) was performed using SYBR Select (AppliedsBsbems) on an ABI Prism 7500 apparatus
(Applied Biosystems). mRNA expression was normalifer 18S rRNA levels. Relative mRNA

expression was calculated using the comparativediihod (2AACt).

PRIMERS

NF-YAs fw ACAGATTCAGCAGCAGGTCC
NF-YAs rv ATGGGTTGGCCAGTTGATGT
NF-YAI fw CAGGGTGGTGTCACTGCTG
NF-YAIl rv TACCTGGAGGGTCTGGACTT
LMNA fw GGACAATCTGGTCACCCGC

LMNA rv TGGCAGGTCCCAGATTACATG
ESR1 fw TACTGACCAACCTGGCAGACAG
ESR1 rv TGGACCTGATCATGGAGGGT
ESR2 fw AGTTGGCCGACAAGGAGTTG
ESR2 rv CGCACTTGGTCGAACAGG

ZEB1 fw AACCACCCTTGAAAGTGATCCA
ZEB1 v CTTGTCTTTCATCCTGATTTCCATT
ZEB2 fw CAAAGGAGAAAGTACCAGCGGA
ZEB2 v CATCAAGCAATTCTCCTGAAATCC
CDH1 fw CCCACCACGTACAAGGGTC
CDH1 rv ATGCCATCGTTGTTCACTGGA
CDH2 fw AGAAGAAGACCAGGACTATGACTTGAG
CDH2 rv ACAGTGTCAGGCTGCTGCAG
18S rRNA fw CCTGGATACCGCAGCTAGGA
18S rRNA rv GCGGCGCAATACGAATGCCCC

MicroRNA analysis
Reverse transcription and qRT-PCR amplificationemgerformed in two steps. In the first reverse
transcription step, 10 ng of RNA was used in reagtiwith specific stem-loop RT primer for miR-

200a, miR-200b, miR-200c, miR-141, and miR-9 andogienous control primer for small nuclear
63



RNA U6. Reaction was performed with TagMan MicroRIR&verse Transcription Kit, according
to the manufacturer’s protocol (Applied BiosysterfRester City, CA). In the second step, cDNA
samples were amplified in Real Time PCR instrun¥&@0 (Applied Biosystems) with the specific
TagMan miR-200a, miR-141, and miR-205 assay andllsm&lear RNA U6 as endogenous
control. The relative quantity (RQ) of each miRNAasvcalculated by the comparative CT (2-
AACT) method, in whichAACT was calculated as followsAACT = (CTmiR-of-interest -
CTUG6)cancer - (CTmiR-of-interest - CTU6)benign.

| mmunablotting

The paraffin from thin sections of FFPE specimens melted at 72°C for 20 minutes using heat in
the presence of a specially designed Melting Buftertained in the PureLink™ FFPE Isolation Kit
used for RNA extraction (Invitrogen). Tissues wénen separated from the melted paraffin by
centrifugation. Proteins were extracted in a highlysis buffer (20 mM Tris HCI pH 9.0, 0.2 M
Glycine, 2% (w/v) SDS) as described by Guo et abtgdme Science 2012, 10:56). The samples
were first incubated on ice for 5 min, and mixedvaytexing, then boiled at 100°C for 20 min
followed by an | hour incubation at 80° C for 2 muAfter extraction, any remaining unsolubilized
material was pelleted at 14000 x g for 20 minutes] protein concentration of total protein
extracted was determined by the BCA Protein As®agr¢e Chemicals Co., Rockford, IL, USA).
The Pierce BCA Protein Assay is a detergent corblgaftormulation and the protein standards were
prepared using the same lysis buffer as the samPBlegeins were resolved by SDS-PAGE and
electrotransferred to nitrocellulose. Each membnraas blocked with 5% non-fat dry milk in Tris
buffered saline-Tween-20 (TBST) for 1 hour at rommperature and subsequently incubated with
primary antibody for 16 hours at 4°C. The followiagtibodies were used: anti-NF-YB monoclonal
(Santa Cruz), anti-NF-YA monoclonal (Santa Cruzjti-hamin A (Santa Cruz), and arfiiactin
(sigma-aldrich). Immunoreactivity was detected laggential incubation with HRP-conjugated
secondary antibody.

Statistical analysis

Data were reported as mean and standard devidiidferences were considered statistically
significant when R0.05. Student T test was performed for the comparf results from gqRT-
PCR (*P<0.05, *P<0.01, ***P<0.001).

RESULTS
NF-YAIl and NF-YAs splicing isoforms ar e differentially expressed in EC tissues.
The analysis of global regulatory perturbationsoasrhuman cancers pointed the NF-Y matrix is

enriched in promoters of genes over-expressednneceacells. We analysed the expression of NF-
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Y in several EC FFPE specimens, whose clinicopatichl features are described in Table 1, by
comparing the protein expression level of two sutbahNF-Y complex, NF-YA and NF-YB, in
EC and benign endometrial tissues (Figure 1A). \idendt detect any significant modulations of
NF-YA and NF-YB protein levels in ECs compared &nign tissues but, very interestingly, we
observed a different and specific electrophoretifile of NF-YA splicing isoforms. We found
that the long isoform of NF-YA (NF-YAI) is the mailorm expressed in benign tissues, whereas
the short isoform (NF-YAS) is almost absent in th@nples being only barely detectable in few
benign endometrial tissues. Interestingly, we oletthat NF-YAs is specifically associated with a
tumour phenotype being clearly detectable in E€ugs (Figure 1A). Very interestingly, NF-YAs
was expressed in all higher grades (G2-G3) EECNHEM tissues, whereas it was detected only in
55% of our grade 1 samples (G1). This result sugdghat NF-YAs could represent a marker of EC
and, also, an indicator of tumour aggressivenesshypothesises that NF-YAI form may represent
a marker of differentiation and that the short asof may be related to an increase of poorly
differentiated cells in tumours tissues. NFYAs &itetY Al mRNA status in normal and EC tissues
was also examined by gRT-PCR using primes desigmsgdecifically amplify only NF-YAI or NF-
YAs mRNA. Results showed that the expression lefethe two splicing isoforms was not
correlated with protein expression. In fact, thigoraf mMRNA expression of NF-YAs and NF-YAI
(NF-YAS/NF-YAI) was very similar in benign and lowrade EC tissues (Figure 1B), thus
indicating that differences observed of NF-YA pmterofile between benign and EC FFPE
specimens are very likely due to the occurrencdiftdrent post transcriptional and/or stabilization
mechanisms.

NF-YAsdetection in low grade EC tissues correlates with decreased ERS mRNA expression

ER status has been shown to represents a relekagrigstic marker in EC since loss of ERs has
been consistently associated with aggressive olpathologic phenotypes and poor survival in EC
patients (20). We firstly analysed ERs status talueate its prognostic values in our patient cohort
(Table 3). In grade 1 EEC, 27,5% and 31% of tissua® found to express low ER(ESR1) and
ER-f (ESR2) mRNA levels, respectively. A massive dowodnration of ESR1 and ESR2 mRNA,
in 61,2% and 77,5% of high grade EC and 77,7% a&58% NEM samples respectively, was
observed (Table 3), thus confirming that reductdriERs level is related with advanced stage of
EC.

A significant correlation between Edrprotein and ESR-1 mRNA expression has been prskiou
estimated by microarray and qPCR analysis (64).e@8asn this evidence in the following
experiments we focus our attention on ESR-1 mRNpression. To explore if ESR1 status was

correlated with the expression of NF-YA isoforms fecused our analysis on grade 1 EECs where

65



a heterogeneous NF-YA expression of the two isofowas observed. Firstly, analysis of ESR1
MRNA in our cohort of specimensconfirmed the catieh of loss of ESR1 expression with an
aggressive clinopathologic phenotype but, moreéstengly, demonstrated an association between
the presence of NF-YAs and lower ESR1 mRNA levEigyre 2 and Table 3). These evidences
indicate a possible involvement of NF-YAs in EC aggiveness. It is worth to note that ESR1
MRNA levels in NF-YAs positive tissues were versngar to that of higher grades (G2 and G3),
whereas in NF-YAs negative (NF-YAs-) specimens wevenparable to those of benign tissues
(Figure 2A and Table 3). These data strongly supaacorrelation between ESR1 and NF-YAs
expression.

Upregulation of miR-200 family inversely correlates with ZEBs expression in ECs an related

to NF-YAsexpression in grade 1.

Lack of ERe has been recently associated with epithelial tsemehymal transition (EMT) (64).
The miR-200 family has been extensively studiedhwaspect its role in regulating genes of EMT.
Analysis of the gRT-PCR data showed that all meslmérthe miR-200 family analysed (miR-
200a, miR- 200b, miR-200c, and miR-141) are up-agd in all stages of EC compared to benign
tissues (Figure 3A), which confirms results repwrie previous studies (37,42,43). In order to
validate the activity of miR-200s in EC, we als@alsed the expression level of ZEB1 and ZEB2
(Figure 3B),well established as direct targets of miR-200 fsurih EC, levels of ZEB1 and ZEB2
were lower and further decreased in NEM, thus suppmp the hypothesis of a augmented
translational activity of miR-200 family membersritore aggressive phenotype. Then, we focused
our analysis in our subset of G1 samples. Intargisti we observed a consistent increase of miR-
200 family expression (Figure 3C) inversely relatedZEBs mRNA levels in NF-YAs positive
compared with negative NF-YAs grade 1 EEC samplEgure 3D). It is worth noting that
upregulation of miR-200a and ERs loss have beeoceded with poor prognosis (43). Our data
indicated that in grade 1 EEC specimens higherldegé miR-200s are related with NF-YAs
expression and, also, with lower ESR1 expresstmms supporting the hypothesis of a correlation
between NF-YAs expression and tumour aggressiveri@sslly, tobetter characterize EMT
involvement in EC development and aggressivenessamalyzed N-cadherin mRNA expression
(CDH2), a mesenchymal marker, by gRT-PCR. Level€DBH2 were augmented in all EC tissues
and a further significant increase was observedore aggressive phenotypes (Figure 3E). We also
evaluated level of the ratio of E-cadherin to N+waxih (E/N), an index of differentiated phenotype,
in our samples. An augmented percentage of ECetisghibits a low E/N ratio compared with

benign tissues and this increase correlated wittoige aggressive clinophatologic phenotype (Table
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3), whereas we did not detect any modulatiol€bH2 mRNA levels and E/N ratio in NF-YAs
positive compared with NF-YAs negative grade 1 BiS8ues (Figure 2B and Table 3).

Decreased lamin A levels are associated with EC progression and aggressiveness and NF-YAs
expression in grade 1 EEC.

A protein recently identified as an indicator offelientiation and involved in cancer progression is
lamin A. In fact, lamin A is absent in embryoniermst cells and some adult stem cell types but is
expressed in the majority of cell types in adulisss of lamin A expression has been reported for
colon cancer, cervical cancer, lung cancer, ptestancer, gastric cancer, ovarian cancer and
leukemia and lymphoma (44-49). It is worth notih@ttlamin A has been reported to be a direct
target of miR-9 and that upregulation of miR-9 megsion occurs in EC (57). In order to evaluate
lamin A involvement in EC, we analysed lamin A giatand mRNA expression and miR-9 levels
in our cohort of EC tissues. Lamin A protein exgres was consistently lower in all EC than that
in benign endometrial samples (Table 2 and FigR&3ults of gPCR revealed that lamin A down-
modulation occurs at transcriptional level sincgigmificant decreasd?(< .001) of LMNA mRNA
expression was observed in all EC subtypes analygpdiA). Our data clearly show that reduced
expression of lamin A is associated with tumoured@wment and correlates with higher histologic
grading of EC (Table 2 and 3). Interestingly, dalidained by comparingMNA mRNA levels in
the two subgroups of grade 1 EEC tissues indictitet MNA reduction was significantly higher
(P <.01) in NF-YAs positive with respect to NF-YAs radiye samples (Fig.4A), comparable to
that of high grade EC. This modulation in miR-9 eegsion was consistently higher in all EC than
that in benign endometrial samples (Fig. 4B) wkiie two grade 1 subgroups were not associated
with miR-9 expression

Our evidences further support the potential rol&BfYAs and lamin A as molecular indicator of

tumour aggressiveness in early stage EC.

DISCUSSION

Current clinical approaches in the treatment of reéinly relies on surgical FIGO classification,

histologic subtype, and histologic grade. Idendifion of novel molecular markers may be helpful
to avoid risk of over-and under treatment of EGQigrmds and to overcome recurrence. A recent
study based on both informatics analysis of theifsnaif known transcription regulators and

experimental evidence from ENCODE, identified NFag one of the key components of the
transcription regulation factories of gynecologicahcer (12). In our study we identified a specific
splicing isoform of the regulatory subunit of NF-XF-YAs, as a new potential indicator of

aggressiveness in grade 1 EEC. We observed that A¢Fwas mostly undetectable in benign
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tissues, whereas it was consistently expressedigh grade EEC and in NEM subtypes.
Interestingly, only in grade 1 EEC a heterogenemysmession of NF-YA isoforms was observed
with some samples expressing exclusively the lammnf(NF-YAI) and others samples expressing
both isoforms. This results prompted us to stragifgde 1 EEC in two subgroups: one expressing
only NF-YAI, NF-YA negative (NF-YAs-), and anothekpressing both isoforms, NF-YA positive
(NF-YAs+). Patients with grade 1 tumors involvingnly endometrium and no evidence of
intraperitoneal disease have a low risk (<5%) afatanvolvement. Although most cases of grade 1
EEC do not behave aggressively, in rare instareas) low-grade, well-differentiated endometrial
adenocarcinomas can progress in a highly aggressaramer. We hypothesize that the molecular
feature related to NF-YA isoforms expression cdagda relevant biomarker to predict the outcome
of these cancers. To this aim, to better charaetehe significance of the heterogeneous expression
of NF-YA isoforms in grade 1 EEC, we analyzed the &atus. It has been well documented that
higher level of ERs are significantly associatethvgood prognosis (65) and that early stage-well
differentiated EC usually retain their expressiwwhereas advantage stages and poorly differentiated
tumors often lack one or both of these recept@Bs &4, 66).

In the current study, we confirmed this correlatidoreover, clustering of the samples expressing
and not expressing NF-YAs in grade 1 EEC allowedoaglentify a strong correlation with the
specific loss of ERs and the presence of NF-YAteréstingly, a recent study reported that lack of
ER-o is linked with EMT in EC (64). It has been recgrdbmonstrated that miR-200 family, under
influence of estrogen, maintains an epithelial @hwgme in lower grade EEC, and that the miR-200
family is regulated by estrogens (35,67). miR-2@@egulation has been demonstrated in type |
EEC compared to normal endometrial tissues in keepith observations in other tumours, such
as ovarian cancer, melanoma and colorectal car@n@®-41). The function of miR-200 family
have been well documented in various tissues, wiheretarget the expression of many genes, such
as the transcription factors ZEBs. In turn, ZEB#l ZEB2 bind to a conserved pair of ZEB-type E-
box elements located at the promoter region ofmtife-200s, both in the pri-miR-200a/b/429 and
pri-miR-200c/141 loci. Thus, a double-negative fesmrk loop exists between ZEB1/ZEB2 and
miR-200s in EMT regulation (33-36). A recent reploas already shown that elevated levels of all
miR-200 family, in all stages of EC, inversely mdates with the expression of ZEBs (36). It has
also recently observed that in ER positive EC miR& upregulation was correlated with a
prolonged patient survival, whereas an inversedtreristed in ER negative group (24). Very
interestingly, in grade 1 EC we observed an asBonidetween NF-YAs expression, loss of ERs
and upregulation of miR-200 family members, thuggasting a possible involvement of this

isoform in tumour aggressiveness.
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The exclusive presence of NF-YAI form in benigrstiss suggests that it may represent a marker of
differentiation and that the presence of NF-YAs rbaylinked with an increase of a pool of poorly
differentiated cells in tumors tissues. The degretumor differentiation has an important impact
on the natural history of this disease and on rmeat selection. It has been shown a strong
correlation between a more aggressive phenotyp@amdoutcome in EC expressing and alteration
of EMT-related markers, such as an over-modulatibil-cadherin expression and a decrease of
the ratio of E-cadherin to N-cadherin (E/N), anaraf the epithelial phenotype (25). In the present
report, a significant increase of N-cadherin mRN#ression and a lower E/N index was observed
in more aggressive EC tissues, thus confirmingagsociation of high EMT signature with tumor
aggressiveness and poor prognosis. However, tlailysas revealed that levels of N-Cadherin are
not correlated with NF-YAs status in grade 1 EEC.

We, also, investigated the expressiorLBfNA (68,69). and its regulator, miR-9, both involved i
EC development (57) and its target gene.Numeraudiest showed that lamin A is expressed at
very low levels early in embryonic development bsat expressed at high levels in most
differentiated cells and indicated that reducedlmgent lamin A expression is a common feature of
a variety of different cancers (44-49). Lamin A lheen demonstrated to play a key role in sensing
tissue elasticity in differentiation and the redotin its expression frequently correlates with
cancer subtypes and cancer aggressiveness, mtlitecapacity and differentiation state (70). To
evaluate the possible involvement of lamin A alsoEC, we analyzed its protein and mRNA
expression levels in our cohort of EC FFPE tisst@srestingly, lamin A was consistently down-
modulated in EC both at mMRNA and protein level, #nd decrease was inversely associated with
miR-9 expression levels. Interestingly, lamin Adosas further increased in high grade EEC and
NEM, thus indicating lamin A as a novel potentianker of EC aggressiveness. It is worthwhile to
note that an increased loss of lamin A expresssoel$ was observed in our subset of NF-YAs
positive grade 1 EEC tissues compared with NF-Y/Agative, thus further supporting the
hypothesis of a possible involvement of NF-YAsumbr differentiation and aggressiveness.

CONCLUSIONS

All together, these evidences indicate NF-YAs aachih A as two novel potential targets and
predictive markers for new stratification approachie EC. Further investigations are needed to
evaluate and better characterize the role of NF-MAsw grade EC and its association with lamin
A, miR-200s expression, and ERs status, in padicfdcusing in recurrent low grade EECs to
improve identification and stratification of pattsrat risk of recurrence. A retrospective analysis

our cohort of grade 1 EEC showed that two patieletgeloped recurrence in the liver and in the
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lung and, interestingly, both belonged to the NAsYpositive subgroup. Considering the relative
rarity of distant metastasis in grade 1 EEC (< 584y our low number of cases, further studies are
needed to evaluate the possible correlation betwéeYAs expression and risk of recurrence.
Also, our study suggests that a better evaluatidamin A expression and ERs status in patients
that experience recurrence according to site afrrence, prior radiation therapy, and initial dsea

characteristics may help focus treatment guidelioethese patients.
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Endometrial cancer = EC
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TABLES

Tablel Total EECs G1EECs G2-G3EECs NEM

Clinicopathological

features

No of cases 78 29 49 9

Age Median 63 years, | Median 58 years, | Median 66 years, Median 65 years,
range 42-88 range 42-76 range 43-88 range 50-74

BMI > 30 14 (17,9%) 8 (27,5%) 6 (12,2%) 7 (77,7%)

MI >50% 33 (42,3%) 5 (17,2%) 28 (57,1%) 7 (77,7%)

Lymph node metastases 4 (5,1%) 0 (0,0%) 4 (8,1%) 2 (22,2%)

Stage

land Il 40 (51,2%) 29 (100%) 21 (42,8%) 6 (66,6%)

Il and IV 28 (35,9%) 0 (0,0%) 28 (57,1%) 3 (33,3%)

RT 29 (37,1%) 3 (10,3%) 26 (53,0%) 4 (44,4%)

CHT 15 (19,2%) 0 (0,0%) 15 (30,6%) 9 (100%)

Table 1: Clinicopathological features of 87 ECs.=Radjuvant radioteraphy; CHT=adjuvant

chemoteraphy. BMI= body mass index; MI= myometindltration.
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Table2: Low LMNA

LMNA protein expression | n (%)

in EC
NE 0 (0%)
G1 EEC 21(72,4%)

G1 EEC NF-YA- (n=13) 9(69,2%)

G1 EEC NF-YA+ (n=16) | 12 (75,0%)

G2-G3 EEC 49 (100%)

NEM 9 (100%)

Table 2: Lamin A protein levels. Proteins wererasted from FFPE specimen tissues and
subjected to western blot analysis.
Cut off=lamin A expression in EC over benign saesgNE) < 0,5.

Table3: Low ESR1 Low ESR2 Low LMNA Low E/N
ERs, LMNA and E/N | n(%) n (%) n (%) n (%)
mRNA expression in EC

NE (n=13) 0 (0%) 6(46,1%) 0 (0%) 2 (15,3%)
G1 EEC (n=29) 8 (27,5%) 9 (31,0%) 20(68,9%) 3D0%)
G1 EEC NF-YA- (n=13) | 3(23,0%) 3 (23%) 5 (38,5%) (30,7%)
G1 EEC NF-YA+ (n=16) | 5 (31,2%) 6 (37,5%) 15 (93)7% 5 (31,2%)
G2-G3 EEC (n=49) 30 (61,2%) 38 (77,5%) 43 (87,7%) 25(52,0%)
NEM (n=9) 7 (77,7 %) 9 (88,8%) 7 (77,7%) 4 @)

Table 3: EC histologic grade in relation to lowdéssof LMNA, ESR1, ESR2 expression, and E/N
index. Lamin A, ESR1, ESR2, CDH1 and CDH2 mRNA waamined by qRT-PCR.
Cut off=EC over benign sample<0,5.
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FIGURES
Fig 1
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Figure 1. Analysis of NF-YA isoforms and lamin A protein expression in benign and EC
tissues. A: Representative immunoblottings of proteins astied from benign (NE), low grade G1
(G1) and high grade endomentrial endometrioid ca(@2-G3) and non endometrioid (NEM) EC
FFPE tissues with anti NF-YA, anti-NF-YB, anti-LamA antibodies. Antp actin was used as
loading control. B: Average expression of the ral&-YAs to NF-YAI mRNA expression
examined by qRT-PCR+SD in G1 EEC tissues. mMRNA esgion was normalized for 18S rRNA

levels. The error bars indicate the standard error.
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Fig 2
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Figure 2. ESR1 decreased mRNA levels are associated with increase CDH2 expression.

Average of expression of the ESR-1 mRNA (A), and€CdfH2 (B) mRNA in EC tissues examined
by gRT-PCR£SD. mRNA expression was normalizedl®&® rRNA levels as endogenous control.
Statistical significance: *P<0.05, **P<0.01, **P<@1. The error bars indicate the standard error.
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Figure 3: miR-200s and ZEBs expression in EC FFPE tissues. Average of miR-200 family

members (miR-200a, miR-200b, miR-200c, and miR-EXKpression (A), of ZEB1 and ZEB2 (B),
MRNA in benign (NE), G1 EEC, G2-G3 EEC, and NEM ERRsues. Average of miR-200 family
members (miR-200a, miR-200b, miR-200c, and miR-XXpression (C), and of ZEB1 and ZEB2
(D), mRNA in benign (NE), NF-YAs positive (NF-YA+9nd negative (NF-YAs-) G1 subsets of
EEC FFPE tissues. Analysis was performed by gRT4#8IR miRNA expression was normalized
using small nuclear RNA U6 as endogenous contr®dNi expression was normalized for 18S
rRNA levels as endogenous control. Statistical ifigance: *P<0.05, **P<0.01, ***P<0.001. The

error bars indicate the standard error.
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Figure 4. Evaluation of lamin A and mir-9 expression in ECs. Average of expression of LMNA
MRNA (A) and miR-9 (B) in benign (NE), in the twalsets of FFPE G1 EEC tissues (NF-YAs-
and NF-YAs+) G1 EEC, G2-G3 EEC, and NEM FFPE tissekamined by gRT-PCR+SD. mRNA
expression was normalized for 18S rRNA levels. miRé&kpression was normalized using small
nuclear RNA U6 as endogenous control. mMRNA expoessias normalized for 18S rRNA levels as
endogenous control. Statistical significance: *PB80.**P<0.01, **P<0.001. The error bars

indicate the standard error.
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