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EYXAPIZTIEZ

H TtXpoVox p(ETKTTTUYLAKY EPYXOIX TLPXYUXTOTLONONKE 0T TTAX(OLX TOV
UETATTTUYLAKOV  TLPOYPXUUATOC <KUTTAPLKY KXL [EVETIKY  ALTLOAOY (X,
OEPXTLEVTIKY] KL ALXYVWOTLKN TwV AGHEVELWWY Tov AvVBOpWttov» oTo
EPEVVNTLKO EPYXOTNPLO ALpOTLONONG VIO TNV ETLPRAEYN TNC KXC EAEVNG
A. TTomXSXKY], KXONYNTPLXG ALpXTOAOY(XC TVG [XTPLkNG Z)0ANC Tov
TTaverttotnplov Kpntvg.

ApYLkX B NOEAX v evxdploTnow Beppud TV KX EAEVY) TTXTtXS&XKY TCov
HOV ESWOE TNV EVKXLPLX VX YIVW KXL EYW péAOC TNC EPEVVINTLKNG TG
opaXG. AVapd(PoAX v TTpocdopX, TO KXUEPLOTO EVOLXPEPOV TNC KXL N
TOAVTLUN PONBELX TNC KTLOTEAEOAV YLX HEVX ONUXVTIKX EPOSLK YLK TNV
EKTLOVNON TNG EPYHOLXG XVTNC. XalpopdXt (SLXITEPK TLOV YVWPLOK KXL
OVVEPYKOTNKX E KVTOV ToV EEXIPETO AVOPWTLO XAAK KAL ETLLOTIUOVAX.

SN oVVEXEX B MNOEAX VX evxXpLoTow TN XPLoTIVX KAOTPLVAKY KXL
tov Xapn TlovtikoyAov Ywx ™ Ponbex, TV vrootnpelln KoL To
EVOLXPEPOV TOUC KXO' OAN TNV TXPXUoVY] pov oTo EpyxoTnplo. H
OVVELOGPOPK  TOVGC NTXV — TOAVTLY]  KXL  KXOOPLOTIKY]  YLX TNV
TLPXY X TOTTON O] KVTNG TNG EPYAOLXG.

‘EVX  TEPKOTLO  EVXXPLOTW 0TNV  KWwVoTXVTIX TTXVAXKY) TOV  pe
EUTIULOTEVTNKE KAL TTOV NTXV TAVTX OS(TAX pov TO60 o0TO YWpo TOV
EPYXOTNPLOV 000 KXL OE TLPOOWTILKO emtirtedo. H PonbetX Ttne NTtav 1oAv
ONUAVTIKY] KXL OTOVSKIX YLX HEVX KXL 1] OUVEPYXO(X (o TITToTo
ALy 0TEPO XTTO KYOY).

TTw¢ O pmopoVox v Eexdow TN WBLXitePn oVppoAny Tov Mdavov
Snpovtnpedkn! TTépx XTto 9 TLOAVTLUY] VTLooTNPLEN TOV OTO TLELPXUXTLKO
HEPOC TNC EPYKOLXC XVTNG, TX KXONUEPLVX TOV XOTELX pov EPTLAYVAV
TTXVTX ™9 SLxbeom.

Emtettd X MPEAX VX evxXpLoTriow TNV  ApLoTéX MTXToxAn, Ttov
SvoTVYWC eV oV 80BMKE 1 EVKALPIX VX CVVEPYXOTW Pl TNG, XAAX 1OV
VTTNPEE YLK pEVX EVX KTORO TLOV RItopoVoX VX polpXoTw pall ToV VEEC



LOEEC KAXL TLPOPANUKTLOROVE. OL GVUPOVAEC THNC KXL 1 TLPOOPOPK TVC NTXV
KXBOPLOTIKNG ONUXOLXG YLX (EVKX.

H 0AokANpwon TNG HETATTTUNLXKNG XVTNG EPYXOLXS SV B prtopovoe v
ertLrtevyBel ywplc TN oVVELGPopX KXL TV PonbelxX 6AnG TG vtoAolrtng
EPEVVINTLKNG OpAEXG TOV £pyooTnplov. O NOEAX VX EVXYXPLOTOW KTTo
KXPOLKC TNV EpNvn Mavpovdn, ™) ZepéAn Mootpodnpov, ™ Moplx
BeAeypakn, ™V Abnv Axpaxvakn, ™V KAxvSix epevtdy, t™v EAox
Kovpibn kot t™v Awx YoXpXK1 TOU  pOPKOTNKXY pa(l pov  TLg
ETLLOTNUOVLIKEG YVWGELS TOVG, YIX TNV VTTOROVI KXL TNV VTLOGTNPLEN TOVG.
Ettiong, evxxXplot) TV ABNVX TpxXKXKY KXL ToV MixaAn KAWVTIX yiX ™)
MLovpyY Ll EVOG YXPOVREVOL KAl PLALKOV TEPLRAAAOVTOC, KAVOVTXC TO
KXONLEPLVO oV E€pY0 EVYKPLOTO KXL TLXPXY WY LKO.

H SLETNG TOPELX OV OTO UETHKTTTUNLXKO XVTO TLPOYpXppd SV B 1TV
(Stx ywplc TOVC OVRPOLTNTEC oV MAVo  ENpXVINEAKY, Md&pw
STPXTWVAKN, ANpNTen] NXOOIKX KXl ANpTpY) OEoPAXTO. MOoLpXOTNKAXLE
TLPOPANUXTLOOVE KXL XYXOG, CUVEPYXOTNKAUE, SLUPXOXE KXL YEAKOKAE
poCl. Toue eVYXPLOTW YLX TNV VTooTNPEn, TNV KXTAVONGCN KXL TV
Ponbeix toug. Emiong, EvX peydAo evxxplotw otnv KX Molpn ASKuikn
oV 1 PoNbeX KXl M Vvopovyy TG VTtNPEXV oAV OVRXVTIKK OTOLYELX
YLX TNV 0poAN) SLEEXYW YN TOV RETKTTTUYLXKOV XVTOV TTPOY PAUUXTOS.

TéAo¢ B MPeAX v evyxploTiow Tov Kwvotaxvtivo TIXANKXp& Ttov
oTXONKE S(TTAX pov pe VTTOpoVN KXL ddoolwon kXO' oAv 1 SLXPKELX TOV
HETKTTTUYLXKOV oV KXOWC PUOLKK KXL TOVG YOVELC pov, [MXvvn KXt EVmn,
YLX TNV XpUEPLOTN XY KTTY] KXL VTLOoTNPLEN TOVE KKL TLoV YWwpLlE XvTovE 1
TLPXY UKTOTLO(107] TWV 0TLoVSWYV oV BX TRV XEVVKTH.

Su¢ evyxploT 6Aove Beppi!
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ABSTRACT



Background

NF-Y is a CCAAT-binding transcription factor consisting of three subunits, NF-YA, NF-YB
and NF-YC, which are all necessary for DNA binding. NF-YB and NF-YC form a stable
dimer which acts as a binding surface for NF-YA. NF-YA is characterized as the regulatory
subunit of the complex because of its differential expression during the cell cycle. NF-YA
appears to have a complex role in hematopoietic stem cell (HSC) biology. So far, there
are no available data on NF-Y role in mesenchymal stem cells (MSCs).

Aims

The evaluation of NF-YA expression levels during the in vitro expansion of human bone
marrow mesenchymal stem cells (BM-MSCs) and the assessment of its possible role
during the in vitro differentiation of BM-MSCs into the adipogenic and osteogenic
lineages.

Methods

BM-MSCs were isolated from posterior iliac crest aspirates of hematologically healthy
individuals undergoing orthopedic surgeries after written informed consent. BM-MSCs
were in vitro expanded until passage-10 (P10). Total RNA was isolated from BM-MSCs at
different passages (P2, P6, and P10) for the evaluation of NF-YA mRNA levels.

BM-MSCs in vitro differentiations into adipocytes and osteoblasts were induced using
the appropriate culture media. Total RNA and proteins were isolated from differentiated
BM-MSCs, and NF-YA levels, as well as lineage-specific marker genes levels were
evaluated. The relative gene expression was evaluated by real-time PCR. All PCR results

A< protein levels of NF-YA were immunodetected by Western blot.

are expressed as 2
Moreover, differentiations were verified using appropriate cytochemical stains.

In order to specifically knockdown NF-YA expression, BM-MSCs were transduced with
shRNA for NF-YA (shNF-YA) lentiviral particles and adipocytic as well as osteoblastic
differentiations were induced. Total RNA was isolated from transduced BM-MSCs at

several time-points during differentiations.

Results

A statistically significant (p=0.0296) reduction in the mRNA levels of NF-YA was found in
P10, as compared to P3 BM-MSC cultures (n=9).

During adipogenic differentiation, NF-YA mRNA and protein levels were found to
significantly increase (p=0.0478) in day 16, as compared to the onset of differentiation
induction (day 0), (n=14). Furthermore, NF-YA expression levels were strongly correlated



with PPARG (r=0.74, p<0.0001), C/EBPA (r=0.76, p<0.0001) and LPL (r=0.74, p<0.0001)
transcription levels.

Regarding osteogenesis, in contrast with adipogenesis, no statistically significant change
was detected in NF-YA mRNA levels (n=9).

In order to evaluate if NF-YA is functionally related to in vitro adipogenesis and
osteogenesis of BM-MSCs, NF-YA knockdown was performed and adipocytic as well as
osteoblastic differentiations were induced.

Throughout adipocytic differentiation process, the relative mRNA levels of NF-YA in
shNF-YA-transduced BM-MSCs were reduced to 51.03% compared with control (non-
transduced) cells. At day 21 of adipogenesis, a reduction of 31.22%, 70.06% and 74.3%
was also observed in PPARG, C/EBPA and LPL mRNA levels, respectively. At last, Oil Red
O staining indicated a lack of lipid droplets accumulation in shNF-YA-transduced BM-
MSCs compared with control cells.

During osteogenesis, NF-YA mRNA levels in BM-MSCs transduced with shNF-YA were
reduced to 52.37% compared to control cells. Although a reduction of 52.03% and
83.95% was observed in OSC and BSP relative mRNA levels respectively, the
transcription levels of DLX5, RUNX2, OSX and ALP remained unaffected after NF-YA
knockdown, in shNF-YA-transduced cells compared to control cells. Furthermore,
Alizarin Red S and Von Kossa stainings did not reveal any significant difference between
shNF-YA-transduced BM-MSCs compared with control cells.

Summary/Conclusion

We have found for the first time that NF-YA mRNA levels decrease after prolonged in
vitro expansion of BM-MSCs.

We have shown for the first time that NF-YA, the regulatory subunit of the
heterotrimeric transcription factor NF-Y, is implicated in the in vitro differentiation of
BM-MSCs into the adipogenic cell-lineage. More specifically, during adipogenesis, NF-YA
mMRNA and protein levels were found to be elevated. Moreover NF-YA mRNA expression
was positively correlated with PPARG, C/EBPA and LPL transcription levels. Furthermore,
after NF-YA silencing, BM-MSCs were characterized by aberrant potential of in vitro
adipocytic differentiation. Our results imply an emerging role of NF-Y in BM-MSCs
adipogenesis.

In contrast, during induction of osteogenesis we did not observe a significant change
regarding the expression levels of NF-YA. Additionally, transcription levels of most
osteogenesis marker genes checked, remained unaffected, after NF-YA-silencing.
Cytochemical stains, Alizarin Red S and Von Kossa, did not reveal any significant
difference between shNF-YA transduced BM-MSCs and control cells.



Key words
NF-YA, bone marrow mesenchymal stem cells, adipogenesis, PPARG, C/EBPA, LPL,

osteogenesis
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NEPINHWH

Oswpntikd YnoBabpo

O petaypadikog mapayovrag NF-Y amoteleital and tpelg unopovadeg (NF-YA, NF-YB,
NF-YC), o0Aec amapaitnteg yia tv mpocdeon) tou oe CCAAT potifa o€ UTOKLVNTEC
yovidiwv. Ou umopovade¢ NF-YB kat NF-YC &nuioupyolUv €va otaBepd Siuepég
OUMIMAOKO TAVW OTO omoio mpoodévetal otn ouvéxela o NF-YA, n puBuotikn
umopovada tou cupmAdkou. O NF-YA daivetal va eumAéketal otn Bloloyia twv
apXEYOVWV OLUOTIOLNTIKWY KUTTAPWVY aAAA péEXPL Twpa Sev umtapyxouv Sedopéva ou va
neplypadouv 1o polo mou Sladpapatilel O0TA PHECEYXUUATIKA apxéyova KUTTOpa TOU
HUEAOU TWV OOTWV.

ZKOTOC

H afloldynon twv emumédbwv ekdppaong tou NF-YA katd tn Sldpkela tng in vitro
QVATTUENG OVOPWTILVWY HUEAIKWY HECEYXUUATIKWY OPXEYOVWV KUTTAPWV (BM-MSCs),
KaBwg Kot o poodLloplopog tou mbavou poAou mou pmopel o NF-YA va dtadpapartilet
KOTA TNV in vitro Sladopomoinon Twv KUTTAPWY QUTWV TIPOG TNV AUTOKUTTAPLKA KOl
ooteoBAaoTikr KateuBuvon.

M£0odot

‘EyLVeE QmOpOVWon avlpwTIVWV HECEYXULATIKWY apXEYOVWY KUTTAPWYV OO UYLELG SOTEG
votepa aro AP n pUeAoUl Twv ooTwyv. Ta KUTTAPA aUTA avartuxdnkav in vitro LEXpL TO
KUTTapLko Tépacpa 10 (P10). Na tov mpoodloplopd twv emumédSwv MRNA tou NF-YA
akoAouBnoe amopovwon oAtkou RNA amod ditadopetikd Kuttaplkd nepacpata (P2, P6,
P10). H emaywyn tng in vitro Stapopomoinong Twv BM-MSCs mpog Tn AUTOKUTTOPLKN Kl
ooteoPAaOTIK) KaTteLBuvon €ywve He KATAAANAa Opemtikd pEoa KaAALEPYELQG.
AkolouBnoe amopdvwon oAltkol RNA kol TPWTEIVWV Yyl TOV TIPOCSLOPLOUO TwV
eTunESWV  €kppaong tou NF-YA kat eldikwv yovidiwv yla TNV AUTOYOVIKN Kal
00TEOPBAQOTIKY) KUTTOPLK KatevBuvon, oe Slddopa Xpovikad SlacTApATA KATA TNV
kuttapikn dtadopormnoinon. EmutAéoy, n emaAnBeuon Twv SLopoPOMOLCEWY EYLVE UE TN
XPNON KUTTAPOXNHLKWVY XpWoewv. MNa va emuteuxBel olynon tng ékdppaong tou NF-YA, ta
BM-MSCs StapoAlvOnkav Ue Likd cwpdtia tou ekdppalouv shRNA yia tov NF-YA (shNF-
YA) kat akoAouBnoe Sladopomoinon mpog TNV AUTOKUTTAPLKA KAl TNV 00TEORAACTLKA
kateVBuvon. Anmopdvwon oAtkol RNA éywve oe dladopa xpovikd SlacThpata KOt TLG
KUTtaplkéG Sladopomolioels. H oxetikr) yovidiakn €kdpacn mpoodloplotnke HE TN
HEBodo NG aAucldwTtig avtidbpaong MOAUPEPAONG O TPAYUATIKO Xpovo (real-time
PCR). OAa ta amoteAéopata and tnv ahvoldwtr avtibpaon moAupepdong ekdpdalovral
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ACt

w¢ 27, Ta mpwteivika emimeda tou NF-YA avixyveuBnkav pe tn HEB0SO TOUL

avocootunwpatog Western (Western blot).

AnotsAéopata

Kata t dldpkela tng in vitro kaAALépyelag Twv BM-MSCs, mapatnpriOnke oTATLOTIKA
onuavtikn (p=0.0296) peiwon twv emumédSwv MRNA tou NF-YA oto P10 og oUykpLon e
to P3 (n=9).

Kata tnv Autoyéveon, mapatnprOnke otatiotikd onuavtikn (p=0.0478) avénon ota
enineda mRNA kat mpwteivng tou NF-YA tv 16" pépa tng Stadopormnoinong, os oxéon
HE TNV NuEpa Evapéng tng dtadopomoinong (Lépa undév), (n=14). EmutAoy, Ta enimeda
€kppaong tou NF-YA BpéBnkav va oxetilovtat Oetikd pe autda twv PPARG (r=0.74,
p<0.0001), C/EBPA (r=0.76, p<0.0001) kot LPL, (r=0.74, p<0.0001). Ocov adopd Ta
enineda éxkdpaong tou NF-YA otnv ooteoyéveon, Sev mapatnprOnke OTATIOTIKA
onuavtikn dtagopa (n=9).

MNa tnv aflohoynon tng mbavng AeToupylkng oxéong tou NF-YA pe tn Autoyéveon Kot
TNV 00TEOYEVEDN, akoAouBbnoe oiynon tou NF-YA kot emaywyn tng Stadopomnoinong
TPOG TN AUTOKUTTAPLKNA KAl TNV 00TeoBAAOTIKN KatevBuvan.

Kata tn Stapkela tng Autoyéveong, ta petaypadikd emineda tou NF-YA Bp£bnkav
HELwHEVO Katd 51.03% ota StapoAucpéva kuttapa pe to shNF-YA og oxéon He ta pn
Stapoluopéva kottapa. Meilwon kata 31.22%, 70.06% kot 74.3% mapatnpndnke ota
enineda ékppaong tou PPARG, C/EBPA kat LPL, avtiotowxa. T€Aog, Uotepa oo
Autokuttapikn xpwon (Oil Red O) mapatnpnOnke éAewpn Autidiwv ota SltapoAuvcopéva
kUTtapa pe to ShNF-YA og oxéon Ue Ta pn StopoAucpéva.

Katd tn Oldpkela tng ooteoyéveong, ta Hetaypadika emimeda tou NF-YA, ota
StapoAuopéva kuttapa pe to shNF-YA BpéBnkav petwpéva kata 52.37% o oxéon e Ta
un StapoAuvopéva kuttapa. Ta emimeda mRNA twv DLX5, RUNX2, OSX and ALP
TapEPeLvay otabepd PeTA amnd oiynon tou NF-YA, av kal mapatnpndnke peiwon katd
52.03% and 83.95% ota enineda ékppaong g OSC kat Tng BSP, avtiotolxa. EmutAéov,
votepa amod 0oTeoPAACTIKEG XpwOeLG (Alizarin Red S kat Von Kossa) v mapatnprnOnkav
Sladpopeg peTtall TwWV OLOHOAUCUEVWY KuTTApwv He TOo ShNF-YA Kkalt twv pn
SLOUOAUCUEVWV.

NepiAnyn/Ivunspdopata

Asi€ape ya mpwtn dopd OTL Ta petaypadikd enineda tou NF-YA gAattwvovial Katd
TNV MAPATETAPEVN in vitro avamntuén twv BM-MSCs.

Asi&ape yia mpwtn dopd otL o NF-YA, n puBULOTIKY) UTTOHOVASO TOU ETEPOTPLUEPOUG
petaypadikol Tmapdayovta NF-Y, eumAéketar otnv Sladopomoinon mpog 1IN
Autokuttapik katevBuvon twv BM-MSCs. Mo ocuykekplpéva, Katd tn dtadopomnoinon
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TOUG MPOC TN AUTOKUTTAPLKA KateVwBuvon, ta enineda ékdppaong tou NF-YA auvfdavouv.
ErumAéov, ta petaypadikd enimeda tou NF-YA cuoyetilovtol O€Tikd MPE autd Twv
PPARG, C/EBPA «kat LPL. ErmumpdoBeta, petd tnv olynon tou NF-YA, ta BM-MSCs
xopaktnpilovral ano dlatapayuévn kavotnta in vitro Autoyovikng diadopomnoinong.
Ta anoteAéopata pog urmodeldwvouv OtL o NF-Y epmAéketal otnv Autoyéveon twv BM-
MSCs.

AVTIOETWG, KATA TNV EMAYWYN TNG 00TEOYEVEDNG, SV mapatneRONKe onUaAvTikr oAAayn
Twv erunedwv €kdpaong tou NF-YA. Meta tn oiynon tou NF-YA, ta emninmeda twv
TIEPLOCOTEPWVY ELOIKWV YyoviSlwv TnNG 0O0TeoyEveonG Tou €eA€yxOnkav, TopEPELVAV
otaBepad. EmutAéov, €L8LKEC KUTTAPOXNHLKEG XPWOELG YLOL TNV 00TEOYEVEDN, Oev £8eLav
Sladopec petatl Twv  SopoAucpévwy  pe  ShNF-YA Kuttdpwv Kol Twv MN
SLapOAUGUEVWV.

NEEgLc-KAELS LA

NF-YA, HUEAIKA UPEOCEYXUHATIKA apxEyova kuttapa, Autoyéveon, PPARG, C/EBPA, LPL,
OOTEOYEVEDN
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NF-YA (Nuclear Factor-YA)

NF-Y is a CCAAT-binding trimeric transcription factor that was firstly identified in
yeast [14, 16, 29, 32]. CCAAT-boxes are regulatory elements found in about 30% of
eukaryotic promoters [26] and in more than 60% of human promoters [39]. Many types
of gene promoters are characterized by the presence of CCAAT-boxes, such as
developmental and housekeeping genes, tissue-specific and cell-cycle genes [25, 26].
Usually, CCAAT-boxes are located between 60 and 100 nucleotides upward of the
transcriptional start site [26]. NF-Y recognizes the CCAAT consensus sequence, with a
preference for specific flanking sequences [5, 12, 22].

NF-Y consists of three evolutionary conserved subunits, NF-YA, NF-YB and NF-YC,
which are all necessary for DNA binding [14, 16, 29, 32, 36]. NF-YB and NF-YC have
homology with each other, as well as with eukaryotic core histones H2B and H2A,
respectively [1]. These two subunits form a stable dimer which acts as a binding surface
for the third subunit, NF-YA, and subsequently this trimeric complex is able to bind
CCAAT-boxes on gene promoters with high affinity and specificity [26, 28], (Figure 1). A
possible mechanism by which NF-Y induces transcription is by interaction with
nucleosomes and specifically with histones H3 and H4. When NF-Y together with other
factors (co-activators like PCAF), (Figure 1) binds CCAAT-boxes on gene promoters, DNA
in that region becomes more loose (euchromatin), enabling RNA polymerase Il and
transcription initiation factors to approach that site and induce transcription [28].

-
dTAF110
hGCNS5|

YC YC vo
TBP é — = /

TAX,

ﬁ AA
PCAF CCAAT
HNF-4 /v —

HMGI(Y)
PC4
dTAF110

Figure 1 Schematic representation of NF-Y assembly, DNA binding and
interactions with several activators [26].

All three subunits of NF-Y transcription factor include an evolutionary conserved
domain from yeast to human which is indispensable for interaction with each other,
with other proteins and for DNA binding [26, 20]. The conserved domain of NF-YA
protein is at the C-terminal part, in contrast with NF-YB and NF-YC whose conserved
domains are at the centre and at the N-terminal part, respectively [20]. During cell cycle
NF-YB and NF-YC levels are stable, in contrast to NF-YA levels which vary through the
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different phases of the cell cycle [7]. For that reason NF-YA is characterized as the
regulatory subunit of the complex [26].

NF-YA gene is located in the short arm of chromosome 6 and consists of 9 exons.
There are two NF-YA isoforms: one long and one short form. The latter lacks 28
aminoacids [21]. The alternative splicing occurs in the glutamine-rich region on exon B.
The 3D structure of NF-YA is not known yet, but some biochemical data indicate that the
conserved part costists of two helices, one responsible for interaction with NF-YB and
NF-YC, and the other one for DNA binding [41, 24]. NF-YA has also a glutamine-rich
domain and a Ser/Thr-rich domain [26], (Figure 2).

BC DNA

NF-YA ‘f:}:f:f::f:::f:f:ﬁ:f:f:?_:{:f:f:fif:f:f:f:f:f:f:f:f:j:}] ] I ]

Figure 2 Schematic representation of NF-YA gene. Q: Glutamine-rich domain, BC:
domain required for NF-YB and NF-YC protein interaction, DNA: domain required
for DNA binding, LI: domain present only in the long isoform of NF-YA [26].

Most proteins are subjected to post-translational modifications. Specifically,
NF-Y subunits have been reported to be acetylated and phosphorylated. Several histone
acetylases (HATs), like KAT3B (p300) are responsible for NF-YA acetylation in lysine
residues of C-terminal domain which results in the prevention of poly-ubiquitination and
subsequent proteasome-mediated degradation and therefore in a prolonged half-life of
the subunit [23]. Regarding phosphorylation, NF-YA is known to be phosphorylated in
serines residues (Ser292, Ser298) by CDK2, emphasizing its role in cell-cycle regulation
[9].

NF-YA can interact with a plethora of transcription factors as well as co-factors
like C/EBPA and SP1. Usually, these interactions are synergistic and therefore
transcription is activated by binding of these factors on adjacent sites (CCAAT-boxes and
GC-boxes respectively) [12]. Moreover NF-YA can also repress transcription: for
example, NF-YA interacts with p53 and c-Myc in order to repress transcription of G2/M
genes [12, 18].

NF-Y has been studied enough in many model organisms like S. cerevisiae,
D. rerio, C. elegans, D. melanogaster and mammals. NF-YA” mice (NF-YA knockout) are
characterized by embryonic lethality very early in embryogenesis, due to S-phase
blockade and cell apoptosis [4]. shRNA-mediated knockdown of NF-YA in human colon
carcinoma cell line (HCT116) revealed a delay in S-phase progression and induced
apoptosis [2].
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Many genes have CCAAT-boxes in their promoters and it has been shown that
NF-Y regulates the transcription of several of those genes. One example is the E2F1 gene
which encodes for a transcription factor activated at G1/S phase of the cell cycle. E2F1
promoter has three CCAAT-boxes and generally is involved in the regulation of cell-cycle
genes. It has been described recently that NF-YA overexpression causes apoptosis in
mouse fibroblasts which is abrogated when E2F1 is missing (E2F1 knockout mouse
fibroblasts) [15]. This result indicates that NF-YA indirectly causes apoptosis through
E2F1 transcription hyperactivation.

NF-Y and Hematopoietic Stem Cells

Hematopoietic stem cells (HSCs) normally reside in the bone marrow (from 12
weeks post-conception in humans) and are responsible for the production of all mature
blood cell types [31, 40]. HSCs apart from their differentiation ability have also the
potential of self-renewal, a process in which at least one of the daughter cells retains
the stem cell fate [6]. HSCs reside in the so-called bone marrow hematopoietic ‘niche’
which supports and controls hematopoiesis by providing the necessary signals for HSCs
proliferation and differentiation, through production of several cytokines/growth
factors/extracellular matrix and by cell-to-cell interactions [40].

NF-Y is implicated in HSCs regulation. Zhu and coworkers have shown that NF-Y
can induce the expression of HOXB4 gene in HSCs in co-operation with USF1/2, a
transcription factor which is involved in the expansion of HSCs both in vivo and in vitro
[43]. Later, the same group described that overexpression of NF-YA in mice HSCs
resulted in the activation of several genes involved in the proliferation and self-renewal
of HSCs [44]. Furthermore, in a very recent study, Bungartz et al. made a conditional
knockout mouse model which lacks NF-YA specifically in the hematopoietic system. They
reported that genes implicated in HSCs proliferation, such as HOXB4, had reduced
expression levels. Moreover, NF-YA deletion resulted in lower peripheral blood cell
numbers and inability of HSCs to support hematopoiesis caused by bone marrow failure
due to cell-cycle blockade in G2/M phase and apoptosis [8].

NF-Y and Mesenchymal Stem Cells

The bone marrow hematopoietic ‘niche’ includes a variety of cells like
endothelial and fibroblastic cells, macrophages, adipocytes, and osteoblasts, all
comprising the bone marrow microenvironment, which normally supports and controls
hematopoiesis [10]. Fibroblastsic cells, adipocytes and osteoblasts are considered as
mesenchymal stem cell progeny.
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Mesenchymal stem cells (MSCs) are multipotent adult stem cells [33, 34]
representing a rare population of stromal cells in the bone marrow. MSCs can also be
isolated from a variety of other tissues, such as fat tissue and umbilical cord. MSCs and
their progeny are considered to provide signals for HSC proliferation, differentiation and
survival by production of cytokines, growth factors and extracellular matrix and/or by
cell-to-cell interactions [10].

MSCs are characterized by the expression of a variety of cell surface markers,
plastic adherence, high in vitro proliferative potential, and multi-lineage differentiation
capacity into mainly mesenchymal lineages [34].

MSCs are able to escape immune recognition, as they do not express MHC class
I, or any co-stimulatory molecules, and express MHC class | at very low levels. Another
important characteristic of MSCs is their immunoregulatory ability. They inhibit the
proliferation and activation of T cells. These effects are known to be mediated by
soluble factors, like TGF-B1, PGE2, IDO, and by cell-to-cell interactions [30, 35]. Bone
marrow derived MSCs reside in a quiescent state in vivo. After stimulation with a variety
of physiological or pathological stimuli in vivo or in vitro [18], they can be differentiated
into adipocytes, chondrocytes, or osteoblasts [33, 34, 42], (Figure 3, 4).

Mesenchymal stem cell

Mesenchymal stem cell
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Figure 3 Differentiation of MSCs into osteoblasts [42] Figure 4 Differentiation of MSCs into adipocytes [42]

However, several authors indicated that they can be differentiated also into vascular
smooth muscle, sarcomeric muscle (skeletal and cardiac), endothelial, neural and
hepatocytic lineages, having therefore a wider differentiation capacity [34]. MSCs are
positive for several non-specific cell surface markers, such as CD29 (integrin b1 chain),
CD44 (hyaluronan receptor), CD71 (Transferrin receptor protein 1), CD73 (ecto-5-
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nucleotidase), CD90 (thy-1), CD105 (TGF-B receptor Ill), CD106 (vascular cell adhesion
molecule 1, VCAM), CD120a (TNFR1), CD124 (IL4R), CD146 (melanoma cell adhesion
molecule, MCAM or cell surface glycoprotein, MUC 18) and many other surface
proteins, but they do not express the hematopoietic markers CD11b, ITGAM (integrin
aM), CD14, CD45 (Pan-leukocyte antigen) and CD34 [19, 33, 34].

Until now there are no data regarding the possible role of NF-Y in the regulation of
proliferation and differentiation of BM-MSCs.

Aim of the study

The aim of this study is to describe the possible role of NF-YA, the regulatory subunit of
NF-Y transcription factor, during the in vitro expansion of human bone marrow
mesenchymal stem cells (BM-MSCs), as well as during BM-MSCs differentiation towards
the adipogenic and osteogenic cell lineages.
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MATERIALS & MIETHODS

20



1.

3.

Samples
Human bone marrow derived mesenchymal stem cells (BM-MSCs) were isolated
from posterior iliac crest aspirates of 14 hematologically healthy individuals

undergoing orthopedic surgeries after informed consent.

Isolation and in vitro expansion of BM-MSCs

Bone marrow aspirates were overlaid on Lymphodex (Inno-train Diagnostics GmbH)
to obtain the bone marrow mononuclear cells (BMMCs), after density
centrifugation. BMMCs were isolated, counted in Neubauer hemocytometer using
0,4% Trypan Blue (Sigma-Aldrich) vital dye.

BMMCs were plated at a concentration of 1x10° BMMCs/cm? in culture flasks at
37°C/5% CO, fully humidified atmosphere. After 24hr, culture medium was
completely replaced with fresh medium [DMEM Low Glucose Glutamax™ (Gibco),
10% fetal bovine serum (FBS) heat inactivated (Gibco), 1% Penicillin/Streptomycin
(Gibco)], removing the non-adherent hematopoietic cells. The remaining BM-MSCs
were further expanded as previously described [11]. Upon 70% confluency, BM-
MSCs were detached using 0,1% Trypsin-EDTA (Gibco) and re-seeded for a total of
ten passages (P).

In vitro differentiation of BM-MSCs into adipocytes and osteoblasts

Differentiation of BM-MSCs into adipocytes and osteoblasts was induced using
different culture media. The adipocytic differentiation medium consisted of DMEM
Low Glucose Glutamax™ (Gibco) supplemented with 20% FBS (Gibco) and 1%
Penicillin/Streptomycin (Gibco), 0,5mM IBMX (Sigma-Aldrich), 1uM dexamethasone
(GAP), 0,2uM indomethacin (Sigma-Aldrich) and 10ug/ml insulin (Sigma-Aldrich).
The osteoblastic differentiation medium consisted of DMEM Low Glucose
Glutamax™ (Gibco) supplemented with 10% fetal bovine serum heat inactivated
(Gibco), 1% Penicillin/Streptomycin (Gibco) and 0,1uM dexamethasone (GAP).
Differentiated MSCs were detached using 0,1% Trypsin-EDTA (Gibco) at different
time points for total RNA and proteins isolation.
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shRNA-mediated knockdown of NF-YA in BM-MSCs

BM-MSCs were transduced with either NF-YA shRNA Lentiviral Particles or either
cop GFP Control Lentiviral Particles (Santa Cruz Biotechnology, INC) according to the
manufacturer instructions. Non-transduced cells were used as control cells.

RNA isolation from BM-MSCs

Total RNA was isolated using the TRIzol reagent (Invitrogen) following the
manufacturer instructions. RNA concentration was measured with NanoDrop
Spectophotometer.

Reverse Transcription

1ug of total RNA was reverse transcribed to cDNA with the Superscript Il Reverse
Transcriptase kit (Invitrogen) using random hexamer primers, according to the
manufacturer instructions.

Real-time PCR

Gene expression was evaluated by real-time RT-PCR using KAPA SYBR FAST gPCR
Master Mix 2x (KAPA BIOSYSTEMS). The reactions were performed on a Rotor-Gene
6000 (Corbett, QIAGEN). Every single reaction had a final volume of 20ul and it
contained 25ng cDNA, 400nM of the respective pair of primers and KAPA SYBR FAST
gPCR Master Mix 1x. Products were normalized according to GAPDH expression.
Thermocycling conditions were 95°C for 3 min, 95°C for 3 sec and 60°C for 30 sec
for 40 cycles. All PCR results were expressed as 28

in Table 1.

. All primer sequences are listed
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forward primer | 5'-TCA ATT CAG GAG GGA TGG TC-3'
NF-YA reverse primer | 5'-ACG GTG GTATTG TTT GGC AT-3'
PPARG forward primer | 5'-TCA GGT TTG GGC GGA TGC-3'
reverse primer | 5'-TCA GCG GGA AGG ACT TTA TGT ATG-3'
adipo-specific C/EBPA forward primer | 5'-AAG AAG TCG GTG GAC AAG AAC AG-3'
genes reverse primer | 5'-AAC GCG ATG TTG TTG CG-3'
LPL forward primer | 5'-TGG ACG GTA ACA GGA ATG TAT-3'
reverse primer | 5'-GTC CAG AGG GTA GTT AAA CTC-3'
RUNX2 forward primer | 5'-GGC CCA CAA ATC TCA GAT CGT T-3'
reverse primer | 5'-CAC TGG CGC TGC AAC AAG AC-3'
DLXS forward primer | 5'-GCC ACC AAC CAG CCA GAG AA-3'
reverse primer | 5-GCG AGG TAC TGA GTC TTC TGA AAC C-3'
forward primer | 5'-GAG GGC AGC GAG GTA GTG AAG A-3'
osteo-specific 03¢ reverse primer | 5'-CGA TGT GGT CAG CCA ACT CG-3'
genes 0SX forward primer | 5'-GCC AGA AGC TGT GAA ACC TC-3'
reverse primer | 5'-TAA CCT GAT GGG GTC ATG GT-3'
BSP forward primer | 5'-GGG CAG TAG TGA CTC ATC CGA AG-3'
reverse primer | 5'-CTC CAT AGC CCA GTG TTG TAG CAG-3'
ALP forward primer | 5'-CCT GGA GCT TCA GAA GCT CAA-3'
reverse primer | 5'-ACT GTG GAG ACA CCC ATC CC-3'
housekeeping GAPDH forward primer | 5'-CAT GTT CCA ATATGA TTC CAC C-3'
gene reverse primer | 5'- GAT GGG ATT TCC ATT GAT GAC-3'

Table 1. Sequences of primers used in Real-time PCR

8. Protein Isolation from BM-MSCs

Whole proteins were isolated using RIPA buffer (10% glycerol, 10% NP-40, 5%
Na-deoxycholate, 50mM Tris-HCI pH 7,5, 0,15M NaCl, 1mM EDTA) following the lab
protocol. Bradford protein assay was performed for protein concentration

measurement.
9. Western Blot

30pg of whole protein extracts were used for protein separation with SDS-PAGE
which was performed on 10% (10ml) running gel and 5% (3ml) stacking gel. Protein
extracts were heated to 95°C for 5 minutes for protein denaturation. After the
completion of electrophoresis the proteins were transferred into a nitrocellulose
membrane. Next, blocking of non-specific binding was achieved by incubation of
the nitrocellulose membrane in a non-fat dry milk in Tris-Buffered Saline (TBS) 0,1%
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Tween for 1 hour at room temperature. After that, membrane was incubated
overnight at 4°C with the first antibody for NF-YA (rabbit, Santa-Cruz Biotechnology,
INC) in 5% non-fat dry milk in TBS 0,1% Tween, at a concentration of 400ng/ml
(1:500 ratio). After the overnight incubation, membrane was rinsed with TBS 0,1%
Tween to remove the unbound antibody and then was incubated with the second
antibody (Goat anti-Rabbit 1gG HRP-conjugated), (Millipore) in 5% non-fat dry milk
in TBS 0,1% Tween, at a concentration of 500ng/ml (1:2000 ratio), for 1 hour in
room temperature. Then, the membrane was rinsed with TBS 0,1% Tween to
remove the unbound antibody. The bound antibodies were visualized with ECL
Western Blotting Detection Reagents (GE Healthcare) and recorded in x-ray films.
Next, membrane was incubated with the first antibody for a-tubulin (mouse, Sigma-
Aldrich) in 5% non-fat dry milk in TBS 0,1% Tween, at 1:2000 ratio, for 1 hour at
room temperature. After that membrane was rinsed with TBS 0,1% Tween to
remove the unbound antibody and then was incubated with the second antibody
(Goat anti-Mouse IgG HRP-conjugated), (Millipore) in 5% non-fat dry milk in TBS
0,1% Tween, at a concentration of 500ng/ml (1:2000 ratio), for 1 hour at room
temperature. The same procedure as above was followed for signal detection.

The solution components for preparing the gels, the components for the buffers as
well as the whole procedure were all obtained from “Molecular Cloning, A
Laboratory Manual”, 2" Edition, Sambrook, Fritsch, Maniatis.

10. Cell staining of adipocytes and osteoblasts

Differentiation of BM-MSCs into adipocytes and osteoblasts was induced using
different cultures mediums. For the adipo-differentiation medium was used DMEM
Low Glucose Glutamax™ (Gibco) supplemented with 20% fetal bovine serum heat
inactivated (Gibco) and 1% Penicillin/Streptomycin (Gibco), 0,5mM IBMX (Sigma-
Aldrich), 1uM dexamethasone (GAP), 0,2uM indomethacin (Sigma-Aldrich) and
10pg/ml insulin (Sigma-Aldrich). For the osteo-differentiation medium was used
DMEM Low Glucose Glutamax™ (Gibco) supplemented with 10% fetal bovine
serum heat inactivated (Gibco), 1% Penicillin/Streptomycin (Gibco), 0,1uM
dexamethasone (GAP), 0,15mM L-ascorbic-2-phosphate (Sigma-Aldrich) and 3mM
NaH,PO,. Twenty one (21) days after the onset of differentiation induction, cells
were stained using appropriate cell stains. For adipocytes, Oil Red O (Sigma-Aldrich)
staining (quantification of lipid droplets) was used while for the osteoblasts were
used Alizarin Red S (Sigma-Aldrich) (determination of the presence of calcium
deposition by cells of an osteogenic lineage which is an early stage marker of matrix
mineralization) and Von Kossa (Sigma-Aldrich) stainings (quantification of cell
mineralization).
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RESULTS
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1. NF-YA expression levels during in vitro expansion of BM-MSCs

The mRNA levels of NF-YA were measured with real-time PCR. Passages (P)-2, -6,
-10 BM-MSCs from 9 healthy individuals were used for RNA isolation. A
statistically significant (p=0.0296) reduction in the mRNA levels of NF-YA was
found in P10, as compared to P3 BM-MSCs cultures (One way ANOVA test),
(Figure 5).
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Figure 5 NF-YA relative gene expression during
in vitro expansion of BM-MSCs (p=0,0296)

2. NF-YA expression levels during in vitro differentiation of BM-MSCs into the
adipogenic and osteogenic lineages

P3 BM-MSCs were in vitro induced to adipogenic and osteogenic differentiation,
from 14 and 9 normal subjects, respectively, using the appropriate
differentiation media. RNA and proteins were isolated at different time points of
the adipogenic and osteoblastic differentiations. NF-YA mRNA and protein levels
were evaluated with real-time PCR and Western blot, respectively.
Differentiations were verified by evaluating gene expression of lineage-
associated markers for both adipogenesis and osteogenesis, as well as by
appropriate cytochemical stains. Peroxisome proliferator-activated receptor
gamma (PPARG), CCAAT/enhancer-binding protein alpha (C/EBPA) and
lipoprotein lipase (LPL) expression levels were evaluated for adipogenesis, and
Distal-less homeobox 5 (DLX5), Runt-related transcription factor 2 (RUNX2),
osteocalcin  (OSC), osterix (OSX), bone sialoprotein (BSP) and alkaline
phosphatase (ALP) expression levels were evaluated for osteogenesis. Oil Red O
staining was used for the evaluation of adipocytic differentiation and Alizarin Red
S as well as Von Kossa stainings were used for osteoblastic differentiation. During
adipogenic differentiation, NF-YA' mRNA and protein levels were found to
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significantly (p=0.0478) increase in day 16 as compared to the onset of
differentiation induction (day 0), (Mann Whitney U test), (Figures 6, 7).
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Adipogenenic differentiation (Days) Figure 7 NF-YA protein levels during in vitro
adipogenic differentiation of BM-MSCs.
Figure 6 NF-YA relative gene a-tubulin was used as a loading control.

expression during in vitro adipogenic
differentiation of BM-MSCs

Furthermore, NF-YA expression levels were strongly correlated with PPARG
(r=0.74, p<0.0001), C/EBPA (r=0.76, p<0.0001) and LPL (r=0.74, p<0.0001)
transcription levels (Figures 8, 9, 10).
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Figure 10 Correlation of NF-YA expression
with LPL expression levels during in vitro
adipogenic differentiation of BM-MSCs
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3.

Oil Red O staining was used for the identification of lipid droplet accumulation in
adipocytes (Figure 11).

Figure 11 Oil Red O staining
was used for the identification
of lipid droplets in adipocytes

Alizarin Red S and Von Kossa stainings were used for the identification of calcium
deposition and for mineralization, respectively (Figure 12, 13). During
osteogenesis no statistically significant change was detected in NF-YA mRNA or
protein levels (Mann Whitney U test), (Figure 14).
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Figure 14 NF-YA relative gene expression during
Figure 13 Von Kossa staining was in vitro osteogenic differentiation of BM-MSCs
used for the quantification of
extracellular matrix mineralization
of osteoblasts

shRNA-mediated knockdown of NF-YA during in vitro adipogenesis of BM-MSCs

In order to evaluate if NF-YA is functionally related to adipogenesis of BM-MSCs,
lentiviral particles expressing NF-YA shRNA were used to specifically knockdown
NF-YA expression during induction of in vitro adipogenesis. BM-MSCs were
transduced with either NF-YA shRNA lentiviral particles (shNF-YA) or GFP
lentiviral particles (transduction control). Non-transduced cells were also used as
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control cells. The mRNA levels of NF-YA as well as of PPARG, C/EBPA and LPL
were evaluated with real-time PCR. Moreover Western blot was performed for
the evaluation of NF-YA protein levels. In addition, Oil Red O stain was used for
the identification of lipid droplets accumulation, in day 21 of adipogenesis.

A constant reduction of the relative mRNA levels of NF-YA was demonstrated for
shNF-YA transduced cells compared to control (non-transduced) cells, from day 0
(51,36%) until day 14 (46,78%) of differentiation (Figure 15). At day 14 of
adipogenesis, a reduction of 31.22%, 70.06% and 74.3% was also observed in
PPARG, C/EBPA and LPL mRNA levels, respectively (Figure 15).
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Figure 15 NF-YA, LPL, PPARy and C/EBPa relative gene expression during in vitro adipogenic differentiation of
control (non-transduced) and shNF-YA-transduced BM-MSCs

Regarding NF-YA protein levels in BM-MSCs, they were also reduced compared
with those of control cells (Figure 16).

Western Blot
a-tubulin

NF-YA

Figure 16 NF-YA protein levels after transduction of BM-MSCs with GFP lentiviral
particles (GFP-transduced), nothing (non-transduced) and shRNA for NF-YA lentiviral
particles (shNF-YA transduced). a-tubulin was used as a loading control.
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4,

Moreover Oil Red O staining indicated a lack of lipid droplets accumulation in
shNF-YA- transduced BM-MSCs compared to control cells (Figure 17).
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Figure 17 Oil Red O staining of lipid droplets in control (non-transduced) cells, in GFP-transduced
cells and in shNF-YA-transduced cells at Day21 of adipogenesis induction

shRNA-mediated knockdown of NF-YA during in vitro osteogenesis of BM-MSCs

In order to evaluate if NF-YA is functionally related to in vitro osteogenesis of
BM-MSCs, cells transduced with shNF-YA lentiviral particles, or GFP lentiviral
particles, or non-transduced cells (control cells) were induced to the standard
osteogenic differentiation protocol. The mRNA levels of NF-YA as well as of the
osteogenesis markers DLX5, RUNX2, OSC, OSX, ALP, BSP were evaluated with
real-time PCR. Moreover Western blot was performed for the evaluation of
NF-YA protein levels. In addition, Alizarin Red S and Von Kossa stains were
performed in day 21 of osteogenesis for the identification of calcium deposition
and mineralization, respectively.

A mean reduction of 52.37% in the relative NF-YA expression was observed
during the whole osteogenic differentiation procedure for shNF-YA-transduced
cells. At day 21 of osteogenesis, NF-YA mRNA levels in shNF-YA-transduced BM-
MSCs were reduced to 74.12% compared to control cells (Figure 18). Additionally
NF-YA protein levels in shNF-YA transduced BM-MSCs, were reduced compared
to control cells, as expected (Figure 16). Although a reduction of 52.03% and
83.95% was observed in OSC and BSP relative mRNA levels respectively, the
transcription levels of DLX5, RUNX2, OSX and ALP remained unaffected after
NF-YA knockdown (Figure 18).

Cytochemical stains, Alizarin Red S and Von Kossa, did not reveal any significant
difference between shNF-YA-transduced BM-MSCs and control cells (Figure 19).
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Figure 18 NF-YA, RUNX2, DLX5, OSC, OSX, ALP, BSP relative gene expression during in vitro
osteogenic differentiation of control (non-transduced) and shNF-YA-transduced BM-MSCs
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AlizarinRed S
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Figure 19 Alizarin Red S and Von Kossa stainings for the identification of calcium deposition and
mineralization, respectively in control (non-transduced) cells, in GFP-transduced cells and in shNF-YA-
transduced cells at Day21 of osteogenesis induction
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This is the first study of NF-YA in bone marrow mesenchymal stem cells. We have
shown for the first time that the relative expression levels of NF-YA, the regulatory
subunit of the heterotrimeric transcription factor NF-Y, are decreased, at senescent
(P10) BM-MSCs, compared to P3 BM-MSCs. Moreover we have shown for the first time,
that both protein and mRNA expression levels of NF-YA, increase during in vitro
differentiation of BM-MSCs into the adipogenic cell-lineage. Furthermore we have
shown that after specifically knocking-down NF-YA, BM-MSCs possess aberrant in vitro
adipogenic differentiation capacity. In contrast, during in vitro osteogenesis of BM-MSCs
we did not observe a significant change regarding the expression levels of NF-YA. In
accordance, after knocking-down NF-YA in BM-MSCs, their osteoblastic capacity was not
considerably affected.

We have observed a significant reduction in the mRNA levels of NF-YA in P10, as
compared to P3 BM-MSC cultures. P10 BM-MSCs have been extensively in vitro
expanded, and it is known that MSCs prolonged in vitro proliferation results in cell
replicative senescence [48]. Our results showing that NF-YA expression levels decrease
in senescent (P10) BM-MSCs are in accordance with previously reported data on
senescent cells. Cellular senescence is enforced by the p53/p21 and/or p16/Rb tumor
suppressor pathways. Senescence is accompanied by the induction of expression and/or
activity of p16 and p53 [45, 46] and p21, resulting in CDK (Cyclin-dependent kinase)
inhibition and subsequent E2F inhibition [47], leading to senescence-related cell cycle
arrest. NF-Y is known to be implicated in the regulation of cell cycle regulatory genes.
More specifically, NF-Y regulates a group of cell cycle genes that are involved in G2/M
phase of the cell cycle (such as CDK1, Cyclin B genes [7, 17]), or in G1/S phase (E2F1 [15,
22]). It has been reported that p53 suppress NF-Y function resulting in the prevention of
transcription of NF-Y target genes, such as E2F1, a transcription factor implicated in the
regulation of the cell cycle. As a result the cell cycle is blocked [28].

During in vitro adipogenic differentiation of BM-MSCs, NF-YA mRNA and protein
levels were found significantly elevated in day 16 of differentiation, compared to the
onset of differentiation induction (day 0). Moreover, the expression levels of
adipogenesis marker genes (PPARG, C/EBPA, LPL) positively correlated with NF-YA
expression levels, implying a possible implication of NF-YA to MSCs adipogenic
differentiation.

In order to assess whether NF-YA is functionally related to BM-MSCs
adipogenesis, we performed specific shRNA-mediated knockdown of NF-YA and
proceeded with standard differentiation protocol. shNF-YA-transduced cells
demonstrated a constant reduction of NF-YA mRNA levels, compared to control (non-
transduced) cells, during the differentiation procedure. Two weeks after the onset of
differentiation, shNF-YA-transduced BM-MSCs demonstrated a reduction of 46.78% in
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NF-YA mRNA levels, and additionally a decrease of 31.22%, 70.06% and 74.3% in PPARG,
C/EBPA and LPL mRNA levels, respectively. The decrease of adipogenic related gene
expression implies a defect in the differentiation capacity of shNF-YA-transduced cells.
Moreover Qil Red O staining indicated a lack of lipid droplets accumulation in shNF-YA-
transduced BM-MSCs compared to control cells. All the above findings are indicative of
a functional implication of NF-YA in MSCs adipogenesis. Our results show for the first
time that NF-YA knock-down in BM-MSCs results in an aberrant adipocytic
differentiation capacity. Our results are indicative of an essential role of NF-YA in
adipogenesis of BM-MSCs.

Regarding the osteoblastic differentiation potential of BM-MSCs, our results
demonstrated that during in vitro differentiation of BM-MSCs, the relative NF-YA
expression levels remained relatively constant. Moreover shNF-YA-transduced BM-MSCs
were subjected to in vitro osteoblastic differentiation, in order to evaluate whether
NF-YA is essential for MSCs osteogenesis. The mean reduction of the relative NF-YA
MRNA levels in shNF-YA-transduced BM-MSCs was 52.37% compared to control (non-
transduced) cells, confirming NF-YA knockdown. At differentiation day 21, the
transcription levels of DLX5, RUNX2, OSX and ALP remained unaffected after NF-YA
knockdown, while a reduction of 52.03% and 83.95% was observed in OSC and BSP
relative mRNA levels, respectively. The above results indicate that NF-YA is not strongly
implicated in the induction of most osteogenic genes tested, although a contribution to
the regulation of certain osteogenic genes (OSC, BSP) cannot be excluded. The
cytochemical stains, Alizarin Red S and Von Kossa, did not reveal any significant
difference between shNF-YA-transduced BM-MSCs and control cells, further suggesting
that NF-YA is not essential for MSCs osteoblastic differentiation.

Several studies indicate a possible role of NF-YA in cellular differentiation. For
example, it has been suggested that terminally differentiated myotubes lack NF-YA, but
not NF-YB and NF-YC expression [13]. NF-YA has a role in monocyte to macrophage
differentiation: monocytes found in circulation are characterized by NF-YA absence,
while in differentiated macrophages NF-YA is elevated [27]. In contrast, another study
has shown that NF-YA increases during differentiation of CaCo-2 cell line and also that it
is responsible for the transcriptional induction of mature enterocyte markers [3].
Furthermore, a role of NF-Y has been reported in osteoblasts. NF-Y was shown to
transcriptionally induce Fibroblast Growth Factor Receptor 2, a positive regulator of
ossification [38]. Moreover NF-Y was found to be implicated in myeloid differentiation
by positively regulating the expression of JunB as well as other myeloid differentiation
primary response (MyD) genes having therefore an indispensable role in differentiation
of myeloid progenitors [37].
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In summary, we have shown that NF-YA has an indispensable role in
adipogenesis of MSCs. During in vitro adipocytic differentiation of BM-MSCs, NF-YA
mRNA and protein levels increased and also, the expression levels of adipogenesis
marker genes are positively correlated with the mRNA levels of NF-YA. This central role
of NF-YA in adipogenesis of MSCs is further supported by an aberrant adipocytic
differentiation potential of MSCs, after NF-YA knockdown. Regarding, the in vitro
osteoblastic differentiation of BM-MSCs, the transcription levels of NF-YA remained
relatively constant. Moreover NF-YA silencing in BM-MSCs, revealed that their
osteoblastic differentiation capacity was not affected, suggesting that NF-YA is not
necessary for MSCs osteoblastic differentiation. Additionally, we observed a decrease in
NF-YA mRNA levels after long in vitro expansion of BM-MSCs (senescent cells, P10).

This novel role of NF-YA in terms of adipogenic differentiation of BM-MSCs could further
be investigated, by evaluating, the direct (or indirect) regulation of adipogenesis marker
genes (PPARG, C/EBPA, LPL) by NF-YA.
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