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Abstract

Human adenovdauwse s( HAidivo r il Il ness in hea
cause severeisgkseasdevi dualts, such as pedi
i mmunocompromi §adsi ndi praobalesmati c, as no a

for treating WAdYeinnhgct he burDdign ntgha snd eicnc
HAAdV exploits epigenetic regulation of the
promoting expression of <cellular genes pro
viral DA | mpartant, as HAdV DNA is chr oma
we hypadt heseaement with compounds <capable
during infection would be an eff &dhtoiugdr st |
treat ment with curcumin and CBLO0137 have
compounds are each capabl e of affecting

expression of epigenetic machineTlyusa,s wel |
aimed to ewvaltuaetfe cturecueniim and CBLiORNA tr e
medi deptleti bhstodnd hfeshaipleirtosmtees chr omati n t
compéorexHAdYV infection. Tnkekabmeetl @xphescsirac
ear |l y 1pAr oftEeliAn)s as wel | as the | ate capsid
expressed during infecttabnnfoodaunidattimegy EleA | r
expresgirmmsarcd i vatisn,g aondetrhesilraad k gefneE1A
curcumin treatment subsequently i mpacted v
CBL0O0137 treat ment also prevented E1A prot
CBLOd3hMHuced degradatbuwmi tofoft hRNA ag all ywra rca ss

we nbhed other early viral genes contribut



during CBLO0O0137 treatment . Finally, the rol
explored. Depletion of the FACT compl ex rec
of E1A transcripts within the celldcalThzei nFy-
with viral r evp It ilmcea tF ACNT acsesnotpdvriask,h nghe- vi r al
binding protein, a key pTaoken nt doqetvhierral trh
indicate targeting ElAvipcédidaomat bplne bgt mantvee @@

i metaHAdY i nfection.
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Chapter 1:
Gener al | ntroduction to Ade
Facili tates Chromatin Tr ans

Curaxins andTiCarzpemiuini @as



Viruses are obligate intracellular par a:
| i(fle) For as | ong as Vi r usevso lhvaevde weix{iBs)ttehde i r
and this intimate relationship has |l ed to
strategies employed by hosts have evolved
bact(edr)o at he i nnate and adapt(%e Hmmttoensyst
evolve to both combat cellul ar attempts to
machinery to suppo(r@, pWMpdustghnipfoismad natc tsiilom e
humans, directly as human pathogehn8, bay} a |
Prevent ikinngd ucierdaldiysease has been a concern
as infectious Yygemttwr yi,n wihteh Inaatney 1s9oci et i e
medi cines to (cdihp aAtd viamfcest i mnour under st an
viral bi ol ogy has greatly increased our ab

epl i(cE35i)obespi t ewotrhki si,s muecehded t o reduce

-

vir-ahttyced di sease as well(&s POt ehl) al em
Human adenovirusnidAodyepsdt sadmdidado aDNA ( ds
virus. There are more than 100 diffe& ent t

(1.8)Due to variable tissue tropism dependi
respiratory, ocul ar( 1.@nldn ghaesatlrtohi yn-iensdu icve ddl u a
di sease i sl itmigtiliOadHo we vl sk i poaul ati ons, su
geriatric, and especially i-immuuncoecd ©thinsoenraesses
seve2@, 2Aahd can even be fatal, with a mort
with di ssemi2ia)tTenderdckei saraesecurrentl y no apprc

treating HAdMnNdn fwdibifd ke h use -9apeothem &dmtiad



such as (Qi3dsfhomwi rsome success in treating
associated with(X4%4)chosndaugh,t oxhene yis a ne
compounds or repurpose existing ones for t
patients.

HAYwas first i s otliastisende sfhré¢o2nd Qasbd@esnjod d i s wh
HAdV deri veksesiemas chamaeto HAdV has in turn
understanding of cellular biology, such as
to HAdV gene2®xph&8swiedh as altéerBat Ime pol
ability of the early region 1A (E1A) prote
(3tpntributed to identification amdhchar ac
retinobl ast®dandretene acet y HEMsA)ssfoecri aast e d
protein pEBH,anEERF*EAd @3 e fCBrPred to as the p
Additionall vy, due to advances in both our
editing technigues such as mol ecular cl oni
for gene therapy, adepaneéenpgeHAdYtveaosoons$ ¢
the viral genome replaced wit h( 3.&)HAdde mas,
al so been modified to prrefceerldrst iaasl layn raenptliic
(39)with two such oncolytic(40ruskBabbpr oMAr
vectors have been used as vaccine2phamaar ms
i mmunodeficienky4¥)jtrwuse( a0 dis\éesere acute r

syndrome coro€€a¥irdbpf2z2ct SARS

1.1 HAdV biology: the viral genome



HAdV contains a | iD8&ax (kh$ipdApegenh @me €0 f
2 (HAYVand -Hha(téehfedVost extensiypelsy od h &drAa d/t
are very similar in their biology. Unl ess
HAd-¥ and-5HAdckY HAdg/enome i s approximately 36
proteimsy of which due to alternatiwve spl
Adenoviral a oddei snigg nraebgei dd fesatt H ¢y occur pri or
vi r oal DNA repl i €47)tomno ughe sspoencet i gveeneys ar e ex
(48he endsgeor cadd®ed Mpo s endsr eaft ed t er miwhalc hr epe
act as the origin of DNA replication, with
adjacent t(od.®Bpohuend etfa tihTeR 56 end of each str

(TP), explained in greater detail bel ow.

1.1.1 Early genes

The E1 region encodeaesethbdeEfArprotveirms, |
following entry into the nucl euBlgdama iag e
known to produce 5 major isoforms of 289,
two | arger isoforms pre¢b5.h) Tnhaeg i EnlgA dpurroitneg nes:
transcriptional regul ators, but do not bini
by interacting directly with at | eds8f1)32 pi
and modul ates over 10, 000 (coell)lhgl ahepvomoste
naturally infect telrimalnaddlyl «,i fdnrnee eonft itahtee dr
entry tprhtacset e § B.8 )EXA laaxcoyamhel i shes t his t:

sever al proteins, such as t he( 3%)twhnocbhl afsrteo
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Figure 1.1 Schematic hgpne®@emnaianednwiof ht per
frdgmRel ati ve | ocati eEamthoghkebghyediegnosgasey &d
RNAand | at e -Lr5¢giaorn@ns(lddlwrh.er end of the gen

terminal repeats (I TRs). Not shown is the



E2F to promote exprepbassedinE@A gksesbiondsente
order to redirect H3 |lysine 18 acety-d ation
phase while many oth=Y, gkh)eaddrei onatovi vey
gene expression, E1A t(&8bhsa@B) wetlds aist & hew
viral p(r5o/mat eowi ng expression of the early

Al so encoded by the E1 rleQK,ona-m&KELBre E
general, the E1B proteins serve to (mr8event
6Q) Howev-ebs K ELBYS a much | arH®eK biodds itho i
repurposes p53 as a r é€p.aessddirt io8b ISIY sack §i B
target cellular substrat 6.82)BBK dceaqr d dcd teirar
the viral E4 open readingl ¢ BBglif@u | (59 r fa)n d6 R®BrX
proteins to form an E3 I|igase compl ex, w
proteasomal degradation. iBhampltesapofpttoasrn get
the infected eéla(s6ed eMrae Inls oifn tthhee MRN compl e
i nhi bitioqmaomfagtehe eBSAIRALIYDRR)A-Cha RNl i eve
restriction on J(i65adIlToR&Aherr,ocebeimkd pr ot e
productive viral infecti on, amd omp et aretmov
vectors (al sadelprawre ndas HAaIVpPer i nc3&asbmm) co

The E2 region encodes proteins involved
t wo ERBAnhsodes-btimed i DDNJA pr ot E28&n ¢ OB ,t hvdr i U ier
pol ymerase (Pol) and precursor form of TP,
protease (AVP) upon(maA)Uhaungl nDBRP itdhevictagpls

replication, DBP is also involved in regul



ElAndHB2Axpression while parti l6l18)y DBRhi bBi tailr
involved in particle assembly (b9, nitGoaghi
DBP is typically not present within mature
in viral DNA replication, preTP/ TP al so hel
by the DDR, as the ends of viikrea |ldsogueba peche d
bre@kts)as well as prevents n(@@al) eTahsee ss gercoinf ia
HAd-Y DNA replication are explained in great

The E3 region encodes at | east six prot
(73, Th)e E3 region is not required for refj
further increase clonind©®6déapadintayl liyn ¢eree I
encodes proteins with numerous functions,
reorgani zation of cellul ar structures wit|
splicing, and inhibitiomsef wh éthcesslaen ypl raoft eD
having redu(ndé)rEtx pa etsisviotny of t he E4 region
is spliced to generate at | east sEedvoenf 4pr ot
Ed4o0rf 6, andd EAoorrff66/ 71 s t he best studied of
to be sufficient for viral rep?.6 chast i oount liinn
above, the Ed4o0rf6 pEbLDBBEHKNndatebl akaobcprarbtsi
E3 ligase complexadt¢chi merdyg metece dida Irqaue ra i anto inna ¢

substrates.

1.1.2 Intermediate genes

Though HAdV infection is typically diwv



proteins are expressed intermediatpelX, Ex a
t hough expression increa(skes)aamd tthhe IUateex omt
which is possibly involved i((n7 &ONHAABVe palliscoat
encowvwierassoci ated (VA) RNAs, (WHWi cRINAdar e nidn VRC
transl ation of eairalcyt iavnadt iloant eo fv itraeln 1 gnet neensf,e s
tboshegexpression modul ati on, an)d pathh vbda yt s
during | at8@3NWa2cits oexpressed f(o8.4)dwi gl DM
activate the major | ate promot e2r2 K( MiLnAd) ,L 4t h
33K are required. These proteins are regul
|l Va2 and 4B3ohé3discovery of the L4 promot

proteins being required to activate their

1.1.3 Late genes

Once acttriavnastcerdi pt i agn vfersom itstee t 2R, 000 g
bp | ong, or ~75% t B )ntaott ails gaelntoenren altei nvgetl hy
transcri pitLi5 8.6 uTnhe smajLolrity of the protein
transcriptional unit are structural -capsid
52/ 55K, which are inwB@l)aed pnewurson pseseste
which in its mature, cleavedtéonmwi{phiha)h
(46)The L2 region encodes the penton base (
capsid proteins found at each vertex, and I
V. (pV), and precursor proteéda, OBpheP)yeVal

~

preO are cleaved by the AVP during capsid



(89)The L3 region encodes inner core precur
hexon (also known a(s4.)TchteeilLm Irle)g,i oann e ntchoed e
L4 00k &amd 334K proteins, as wel | as protein
(46)ln addition to3akKtiwvaalseg it heolWMWO®g LA
Finally, L5 encodes the fiber protein (proc

extends out( 46)aenadc h sv eursteed Por cel |l attachn

1.2 HAdAdV biology: I|ife cycle

1.2.1 The mature virion

The mature HAdV virion i s composed of
mi nor/ cement , and core proteins, as wel |l a
1.2). The virion is ~90 nm frombyverhexfilpe
prot ehienr feuxrttends out ~30 nm. The | ength of

type of(48Ad&Edch vertex is composed of a p
surrounded by five trimers of the hexon pr
f&cis composed of nine trimers (©09.2)hekaocnh (1
vertex is in turn cappé@8bpyl Xxa itg itmee ol yt hi
found on the outside of the capsid,(989d hel
Within the virion, the minor proteins pllI
caps8&, 94T he&5proteins pV, pVIiIl, anh&8 pro6 ei
97) Protei @scpNtti bontdeoft ovicoamldeDNAtWwIIhi n t
while pV connects the condensed viral DNA

interacting with pVlIlI and pX, a(s4.evevliIr i @ st
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depicting approxi mate | ocations of viral m

10



=)

o

—

-

[

o

(7]

—

an be generated in the absence of pVvlI I,

ecessary for packaging, but these virions
ndocy®©®83Fisnally, capsids contain the prot
erte&nd AVP, which is requi(B8dTherexmaturat

f the viral cor € 4%63gs not been elucidated

2Z.el | ul atra uucplteaakre i mpor t

The overall infection cyclel@®wes!| eaboan
ransformed cells replication ii-36 muc hAtmot e
egi nnHAGYionff e d thieenh,i dt ei n bi nds-Adendvhier uGo :
eceptowhi(@®Rd) spri mary r-2ceptdoCoxesddBbiAe VB
02)t hough altel(da®ce etcle tfoirlserexkmdb bi nds
nteraction occurs bedkhBeld/m5 nhegpensosn wpi oh
Nt er nalHA&d/dtyd loantnherfliinmt ed € @b @4 Pwtro nigs i nt er na
ifference in mobility between CAR and r el
ff the fiber pf(adblhs ofwiom tfloe ¢ompsiredl eas
ap.sipdvVl proesnsbersasnees |, ghdcr arswptvusrtey nof t he enoc
ubserqallesmase bht ot hehe(lldBo pleaaxcrh t he nucl eu
ravels alofdOQmjdosdoprudbdbgl essi(vied@800dce mamel e
darnally disassembl ed c¢ apgbsoiudn dr eHaAcdhvVe sD NeA n wsc It
nd subsequently i(mMpM&4)ed into the nucl eus

The pVII mol ecul es that accompany viral

few functions. HAdWtDNA Vilrlorhed etslelatrsoadre clh
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as activation of the DDR prior to expressi
to concatefimewi zati dDINA, which pridién.t sllpgno
Second, free pVII can associ atoei-wii ityp hBst
(HMGB) proteins, together suppdldées8Ssi Tbhbordl |
free pVII halssmnkepHletiessof orms a&momt cel ¢ aimbr
ofsequestering HMGBnNnhicteiltHhd cd e Ideetyidoomer eSS si o
phasesuring effici(dmrtO) wiurralh,r epraildatainmonu nt s
DNA appears to stimul a¢(&ad28Baasdcrapnp tbleo nf ooufn
bound to the viDhh Ppbat ulppiflexiat och2Zp/t1ll2 4

i s removed from vi rianld eDpNeAn diehinlt2 7niarnbnBES8ricee] p t i
experiments, (t1h2e9 ,prXA@L 3nls)a ISCE Tn u c(l le3Za)v @ s mi n
been i dentified as potagmpteidalvi mearho deNlAg r st haofl

been demonstrated during actual infection.

1.3pigenetic regulation during HAdV replic
On cel | ulwkor sbi@ML2B anHl4 HBi mers (for ming

wrapped 50y bp oft lDeNAb d&iran uni t of chromat. i
transl ational modi-f ecami hah h P &Rivhfeloufeonficlees N
Aopennessodo and Acompactnesso of chromati n,
expression{( 188spadadigveenleyr al , acetyl ation of
with open chromatin (e.g. acetylation of

met hyl ation is associat edl at itHi3WKco foasnedd Hc3hKr2o7
(133, IDNA) itself may al so be methyl ated,

(though DNA methylation of soMe3d,0cD3 wam p

12



mechanisms utilized by the <cel-dodtiongc oRNASso
(138ps well as direct accessibility to DNA
(139)Toget her, these epigenetda@ntmeoclh amv esms
regul ation and allow thek4@stabli shment of

The dynapmigeneotfi ciesr eegxupllaotiitoend bnyu cH Aedaf a

virggdd )l owing modul ation of viral gene e
gene expression to support productive infe
in the epigenetic | andbs8Khp8, asatil easi ongldiu

mai ntaining the marks on promo( &dP¥ ifoor tger
expression of E1A, cel l ul ar h(ils2 8)s @ gnggenau ts t
HAdY DNA must also be chromatial kedthember or
the nucdaemsbme detectdd2an ¢PR6.al AWBMAh elrdmio)r
mi crococcal nucl ease digast e pkROWOFi rbga rsity uHA
similar to cellul arn hehrhomatoinre,s ¢ wgqas toinn g i
wrapped i n Epyasiedl, o g ucdaléd ostorinB G t-1 4 Bhsb e

hi stones on HAdV DNA are also modlfi elddVas
promotend2deweedr , as the infectiowirpalogr e
genoimest ead show irregluilhel yt spacedesual eap
tenth the densi t(yl 20/f} hcoed d hu liatr icsh rnoorta tki nno wn
strategy employed by HAdYV, or rather due a

genomes and reduced hi stone kedll 1l awrv aimRaNk

—
—
o]

n s(l1a5t0i,onl 51)

The i mportance of epigenetic regulation

13



the fact that several studies have shown
cellul ar epigenetic proteins @I.£) CGoanppaobul ned so
such -asspane deacienhi Sl IDAR)t i-Bg G6GDATSs
and, 11y iclfHDALKSI 1, A 3, 146206a | parnadi D @aG5si, dl
and( Y33ave-HAdVi effect s, with many mMb54) wit |
Hi st one met Hhylhtirhd sofeescapad| dAOY i edghlibcda i ng
155)

Despite forci-mlpaseldfs timd ocealhle cSycl e, HF~
the histone variant H3. 1, w h i-pchha(sile5 6 g X A 6 & 3 S
ont o vi(rila2l6 ,DNRTnst444d, HAdV DNA incorporat
(121, l122,holu4gdh) the histone chaperone that
iden{POB)WHi | e knockdown (KD) of hdetoeas &3.
association of HS3.BNAR 7Wiolsd toyfpedl RAdM i & nr e
of H3.3 dadrerpendepaewecdiddfhnot her H3,. 3dicchape
not | ower vi rbali nyfieec(ttle5d8 WeheH NasV DAX X i s Kknown
H3.3 chaperone, it is actively targeted fo
viruses unable to degrade VvVOhAXaXd atcrtausas clityh g k&

hi stones wer(e62ynalcbhedtlyn &t @Waper one -HZ2B ponsi

deposition is also unknown. Reepgoasri dt Ise shsi satfo n
viral DNA, o n ckEel AxIprremasti iomi zceadn, c ommenc e, I
cellul ar gene expression to better support

|l eads to transactivation of the other ear |

timMé61POnce sufficient E2 proteins 4m6g)pres:

14



1.424.r al DNA replication

Il n HAdWected cells, viral DNA repbiratic
and much more rapidl yl2 nhi6a2nicse rvicreall sODNA erte
commences (summarized in figure 1.3), the
The Pol/ preTP complex then bi-hbdantdoNFheg ¥o0
the viral DNAI nrietplaitd atniPoqmimpd éerxg-i nDdt itahtei om
compl ex enhances binding of Poll63aadhiimNF1 t o
unwinding the (d686bDNAIT§géwonel so has the effe
el ongation phasel®3 APDNRolteplrogarnéessas al ong
to the di ssptlraacnedde ds iDANgAl e( s s DNA) i ntermedi at
ot her DBP mol eculeshdependentalulhovwinng nAT R f
ssDNA intermedi atestaedebgd®B®Pi dtwalalvy i plr ateg
nucl ¢ d$&saslo6wel | as recognition (blyg the@9)DODR
Once the ssDNA intermediate is fully displ
the ends of viral DNA, t h eh asnsdD NeAO i snttreur crteudr
process recapitulates the native | TR, ser
replication, eventually ¢éenmépp8B8tPund anothebD
i s not the templat ¢ l7 adndi rsalm egrearnan s daEEBMOES S
with viartall@DMhAlit is |Iikely thatassmei at ed,I
hi stones to support viral gene expression.
periphery of both early and 1I7&2t.e RABi3noault | rienp
above, viral DNA replicatiBaenl Va2luxzred Ehcer fed

express2@K a33K#48)which in turn activate t

15



Adenovirus strand displacement replication
»pTP-Pol

template recycling

3. First strand com

Second strand
synthesis

™ &

b \JpTP

P ﬁ 7. ‘l'Second strand completion
% ?pTP
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FiguBHAAdY DNA strand di splOacaiwead mepImi cast
from the ExXxPASy Bioinfbédmabhiecd i ResaoumrHdAa VP

replicated -grhirmad),h Pptrroared ndi spl acement .
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| ate phase of infection.

1.52atgeene expression to viral egress

Foll owing the activation of t he MLP, (I
nucl eus, eventually (l6@®&adilH@9t or vc al lon, fiotr m
HAdVY virions were formed by inserting vira
sequenti al model, or i f capsids formed aro

Despite some evi dencme & uwige stth enr g6 &vg & g roinsa )a

a | arger body of evidence would selggest trF
173,. 1Viénni on assembly is coupled to active
DNA replication after the onset of | ate ge
the presence of accumul ated viral DINA whi c

(177)DbBePgati ve viral genomes bubble out of

genomes travel to the nucl ear per(i6@herly?7 3wh

178) Eventually, i ncreased ek pmpeosieom ofnd
destabilization of the nuclear envelope, r
cell, allowing estcapexompteplingatée viriaon

Whil e viral cores during virion formati c
if these viral genomes are still associat e

to be replaced by -lprie Vhlals. b eTehne iipdxdontteih faipeldA éa
for deposition of preVll onto viral DNA, a
and can transfer -fpree/ldydBtdguvhs DNAwionm | deloft he

insol ubl e compd & Xxle8sl )Dva i lheotwtld nTcAad s ETAFhi st on
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retained onl8RNrdIl EDNA Nt eracts wiphotéiromsmma:
CHD3 and, BAZtlAnti ally contributing(1®3)Y emo\
Il n addition, viral DNA may be predisposed t

transl ation impacting the(l®2%elReDhhr di essen:

DNA associated with preVlil and other <core
virions, as outlined above.
Taken together, HAdY infection involve

significant disruption can prevent success
proteins and processes during infection d
agasaitnthe host, such a strategy increases t
pressure ag(al&ds,t A@hxealvtiemnursati ve strategy i
processes -otphtes vfiorrusprcooduct i ve ientfweecetni odni,r es
i mpact on the host and reducing the possib
treatmé&mt. 1S&1I&)h strategies may alspect & wena l

activity aga(as8?7, m&aBgowimgsdor repurposing

viral infection. Thus, identifying host fa
potential targets to inhibit viral infecti
1.3 The Facilitates Chromatin Transactions

Among eukaryotes, the facilitates <chr ot

conserved protein complex i nAvdl®vle)d hien FRALMe
complex was initially identified as a key f

nucl eo(slo9nPe)shi ch can act as physical obstac

19



pol ymerase (I IIRNAP sl II)ed to the compl ex i
facil it attas ncsharompelties® However, since then,
has been shown to be involved in other cel
(196, DNA) r e(pll9i8c,anlddoorje@ai, T 2D IFACT compl ex
capabl e of assembling (RO, eTobseo3nres! eo no fn atklee
compl ex i n dirvedrastee dc hprrooncaetsisnres haswdredd son
transactions when (R&®&fAg rmr iyre@ sttq tah & oamonom!| enmo
in studies of 2@y ydher cpmpdexsaes COMPOSE
subunits, suppressor of Ty 16 (Spt1l6, al s
protein 3 (-HPioht3gne amrdg thé&divn n6 h(uNhamé), t he FA
is only composed of two proteins, SUPT16H
recognition protein 1 ( S(SIR&®A, 2BIG,usZ®mh) of
The FACT complex is reported to 20a8vye an

The mMRNA of bot h SUPT16H and SSRP1 associ

stabilizing the compl ex. Il n turn, t he | oss
destabilizes the entire complex and | eads
SSRPrlotpein. This indicates only one subuni-

| ower the quantity of the entire compl ex.
Within the cell, the FACT complex is di
associates with genes (2@@edydhegFACTi cempl
also enriched in nucleoli, where(RL2) & 1 nyv
proliferating cell s, transcript-830% of tr &KRNA

RNA transS2zx3 ptavbdh)h coul d explain the enri

20



within nucl eol

During embryonic devel opment, FACT expr
undi fferentiated/ proliferating( 2cledl;2Z)5but
Owing to the i mportance of the FACT compl e
the FACT compl ex i(s2l1le8mbrylmnadal 1t ymieéeéhadif
are unharmed by the | oss of the FACT comp!
unable to properly proliferate,22wWwhlincyhmaul t i
cancers, the FACT (Qdnip | €@ Hi) st huep rde gsuclraetpeadn c y
compl ex expression in differentiated vs ca
FACT compl ex as a(n22ln.t i2c2azn)cer strategy

Each subunit of t he FACT compl ex fun
nucl eosomes (figure 1. 4). During nucl eoson
weakly bind to intact nucl eosomes, and req
the nucleasomg, t Bachctivity of2RBA Dhd)eDNA
bound to the nucleosome and-HRBAdiI 825 6PT I 6 ld mr
nucl eosome, forming a hexasome and | eads t
thereby all owi ygnep@&ds&age2d6ert héehpobol ymer a
the FACT complex reassembles the nucl eosom
(190, 200, D22%et2dnh) of the FACT compl ex ha
hi stone(228@apnderesults in increase@d2f29%ansc

231)as wel | as scr dr@BI12)ng of histone mar ks

1.3.1 Role of the FACT complex in gene tr al
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H3-H4 H2A-H2B

H3-Hf tails t ¢

Aminopeptidase-like

SPT16

" Metazoan-
specific

H3-H4 H2A-H2B

FigurS®chlemMati c of t OdtRAGT dc ommplhd @.@H4hmei ssi o

gray doubl e arrows indicate known physical
NTD,-t eNr mi nal domai n; DD, di meri zatien dom:
terminal domai n; | DD, intrinsically disor

domai n; PIPédckstrin homol ogy.
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As mentioned above, the FACT compl ex
transcription, both in transcription initi:
the RNAP I 1 complex and general tranvsecnr i pti
gene, forminng i alhe P33 &.0omERAQ)ancer si nprtaomdti en
compl ex assembly at the core promot{@lB3as we
23537)The FACT compl ex contr i buet epsmaettoi dtriamrs
complex to form, the promoter of a partict
present on the promoter ciani tiinahiiloiht3 &dohmep | fea
studies of yeast, the FACT complex is requli
promoter PHOSULOHAP(azs3 9,, 23pADNCGALI®41)The FACT
compl ex plays a similar role in mammali an c
transiently with Octd4 and is recruited to
nucl eo(s2o4ne)lsoss of the FACT complex strongl
initiation c(o2ndp3l)kdcdigtliodnadlllyy, the FACT <con
transcription factors tHOppommo & e(r2s3/0 . &£ ai0$)
However, the FACT compl ex all sroc @od ag/tsatae rmfl e

genes, as méeaBdAdned above

|l mnn wittwdo es of transcription, RNAP |1 t
templagdwhnl,eifvaoct ors exi st that can all evi
to the passage of RNAP 1|1 during transcrip

comp( 90, ILIThdDlugh ot her transcr(i2p&%S ®O)nAsel on
RNAP Il attempts to transcribe through a n

a strong interaction between ntudcdl ebops oimatlo D
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nucl e¢26mégrhe pausing at the +45 position
(252Bmrs the nucl eosomal DNA is sufficiently
nucl eosome/ nu(cd 23,s o&xtad e DiNlAe FACT compl ex i s
nucl eosome of a gene (referred to (a2sllt)he +
suggests that Chdl assists the FACT compl e
the gene, possibly by fAevitcrtannsgcor isbbesde FnAUCTI
Foll owing passage of RNAP I 1, the FACT <coc
returni ng2B hei mErA t o 1t9h0e, h2e0x0a, svodn2zes h ZDhHY r i b
t he maintenance of histonf& 3RRNKASP dat(tterrannss
r RNA, except for 5S r RNA) and -depberdemtns
transcription also appears to require the F
with the chr omat-timarmsc rRNAePd | g danaedsF, A Can ¢ olmgps

deases transcri pRril@n of these genes

1.3.2 Role of the FACT complex in DNA repl:.

The ability of the FACT complex to mod
eukaryotic cell s during DNA replication.
nucl eosomes can i nf l-rueepnliciec atthieo na bciad mptlye xo ft ot

remltiflc2b 3 suggesting the FACT complex coul d

replication of nucleosomes. Additionally,
ahead of the replication fork to altow pas
be reassembled on both the parent al strani

hi stone mar ks such that the rep(254ted58pl
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Whil e other histone chapero(e26ianheoRACTL
compl ex has been shown to be involved in b
the MCM complex to disassembl e n(ulc9l8earsd me s
the interaction between the MCM and FACT c
the MCM ¢a@am@gliemproving DNA replication eff
reassembles parent al nNgaebPOPosme 0fornt hree gFIAICC
| eadse tda ststoci ati on of t he MCM c(o2ndp3l)ehxe f ol
FACT compl ex also weakly(B6danaidr sc¢ nlcye IiRiPAe
to frHee2 6B hi s may be another mechanism pr ¢

replicated DNA by the FACT compl ex.

1.3.3 Role of the FACT complex in DNA dama:

The FACT compl ex assists i n mai nt ai ni
reorgani zing chromatin to facil(@2a@d,e 2DWNIA)
accumul ating at (s2@@8) Poefr hDaNoAs duannsaugrepr i si ngl
the FACT complex in transcriptionsotulpe el’lACT
nucl eotide excision repaBrdi meth -anpBdeesi
damage, not onl yhahkowi mgcesepb 9 MmMamaegeen
recr uietpiamg fact 230 Fdne@idhatleasiremair all ow:
restart following repair, which does not o
if the | esid2Oh9WNts Irepsti riedi nduec ecdo nDeA tdaonfia gl
FACT complex appears to be recruited to si

SSRP1, which phosphoryl ates SSRP1 and swit
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damaged 2BMAR 73FJDuring dsDNA break repair, H
(knowi2AX) by the ATMK AFTRt(h2eadds DNWe) FACT
complex is implicatedPKneeadiaftiedalplayt hwiatyh &
induced DNA damage caused relocalization o
site of DNA damage that afPKearephtt o hbesde
damasi@ AX i s exchanged onto nucl eosomes by
i's revAbDRedbabylowPdfie68 by( 2PPA/RWRHI | e KD of R
inhi bited recruitment of the (RAGNT ceo mPA @Tx
compl ex associates with AREHI)XDRCGCGINngad skRAR

during ssDNA2BO@ald rRampdidr during lia@d®dl)ogous

1.3.4 Role of the FACT complex in viral i ni
Though it depends on the virus and cont
been shown to be either a pro or antiviral
antiviral pat hway involving theAGEAC®E compl
Antiviral( FEARD o npcat82wayr |y vir al gene expr
SUMOy !l ation of SUPT16H, and the resulting
activates the FEAR pathway. Activation of
1, and tEWrSn i ncreases the expression of ge
Activation of the FEAR pathway is independ
evolved prior to the i nterferon response
cytopl arsentienti on of SUMOy | ated SUPT16H by

(which itself i s conserved among poXxVvViruse
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iral wedieawl arf st dmA¥t i angd vyvietusosw fever vi
i mplex virdyg )t,ymaughebéHEWg the FEAR pathw
i ver s 28i2nuses

Despite the FEAR pathway, the FACT compl
iruses to promote infection. Consistent w
he silenced sta(228a)tchegpEACT pcompltex scan
ranscription from ilntaaghraaitydndp hva trrad p iDcN Av ii rnt
nfection, l i-kelt g nac2d mPamsd ax ipacaol 'y, the |

equired for expression dr i-Me2n8 4bd/e & phiet d oena

work indicating thd aFRA@QTYycdmagltex ,i Suggpepsbi

t

(
(

ues may influence FACT1 ciomfpAwitxa rarlte uvki otsyi sd
equires the FACT complek28mDbui napgeat som
nvolved in ih2&4Yy dtoisen odf tHleV FACT compl e

uraxin CBL0137, at DWIiIAt hnplee{c®&8 &d W& 7clafgfsaat

n greater detail in section 1. 4), i ncreas
ika virus (ZI KXp¥(28%8) nantdheSAR®ESse of I AV
eplication was due to CBLO0137 treat-ment,

reat ment were r-bdYoekcibtesfobseheweedantas K
mpr oved | AV 2 8 2 pCIBiLa0al8idd me n t during human
HCMV) infection CiTncioanptl edk tilsatr etqlue reAl f or
he FACT complex was prevented from bindin
MI ER)B 9 he FACT compKapxosis' saessarcaeamae  oher p

KSH¥) ecasyoci ated -cdegeérdentanDNEOEMIphlei cFaAtG To r
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compl ex has been shown to inter alcti nwWietcht itoh
(291, 2a92)quirement for efficient transcr.i
FACT compl ex hasl olbceadn zadimggerwed3gddAdVgWRCSh e
of the FACT complex in HAddV infection was
compl ex via curaxins have indspgatedumhanmnt ic
compounds. The abilityl oafndCB€QONV3 dsbDMAs ensh,i b

suggests it may be able to inhibit HAdV re

1.4 Cegasaxtimesapeutic

Curaxins a@arebdsznd®led , i nt er cal a(ta &qg,. md8 ®)c
Wit hout causi(mn2g 4DcNUAr rdeaantengeent | eads t o nucl e
subsequently affect23985Asomat axi orgmahecal e s
they induce a conformati onal change that
nucl eosomes, mi micking the effect induced
attempt to pass th2a)ghst bendunbgeosomere F
nucl eosomes requires partia(l22Bnwi eadr)ag i o f
treatment causes thasBACT ad@erdplwe X ht multd ecomm
essentially sequesteredytrapptingpEag f 29Tk
Curaxin treat mpdreti oulrtoipmeat elff eltdss oMNFt he ce
aBB signaling, activation of NOTCH1 signal
stabilization efNAg5 A,ndf armmatuifdn cafenda |y hig
eviction of hi s(t208n7e,s 2f9r6o, nA 2cBh8rcoeniadt9idnt udy al s

that <tueaxdneanes i nhe degradation of the cat
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[ compl exes, as these complexes become s

proteosom99ydstem unichewoced fstcallrlaixngn of RN

is due to the inability to transcribe past
treatment induces a DNA |l esion originating
of -DRA.

The original curaxin molecul e, cCBLCOOO,
screen against the renal carcinoma RCC45

without causi((nhy8 6uedmretqauxindi tmol ecul ar opti
CBLCOOO vyielded sever al derivative mol ecu
including CBL0137 (figure 1. 5,0lwltiidh tlyas Di
t hese favourabl e per oppreirmaireys ,c uQBalx0i 1n3 7moilse ctuhl
i ncl uudmenrgouns preclinical cancer model8s6,de mo
30®0,7) which wultimately | ed to a phase 1/1
treatment for VNMCTOAUSY GBED44 d tumours (

As alluded to above, curaxin treatment
DNA virus replication. The FACT compl ex, i1l
the induction of interferon signaling via
induced an interferon response, wiCio&h wul ti
repli(cag88)dlhVr epl i cation is inhibité@&@0Both
309)CBL0137 is not only capab(2Zx9%2md HCMVDbI t
(29 but al so increased surii vafl(edn2 @omo el ¢ al
CBL0137 be approved for use in treating ca

of CBLO137 suggest it could easily be repu
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The antiviral properties of CBLO0137 are
proper gene regul ation/ expr(e2s8K8i,o0 M 8df, ARi9t2h e
epigenetic modul at i nHA WO mprouph&@rBtSitains hawver ial
additional compounds capabl e o f interfer.i
modul ation could prove wuseful. One promi s

compo@Udd®, 31urh a3y cumin

1.5 Curcumin as a therapeutic

Curcumin (diferuloyl methane) is a natur
Curcuma pl am3gla3,. 3ClWr)cluomign wai t h desmet hoxyc
bi sdemet hoxycurcumi §@f i Qo,r er dlpghrée)sceurr tciuang naop pdr:
5% of ground an3dl 5dwhiielde tuusrenderasc a strong f c
a spice (yYyBag3jcwmrmamian) i s perhaps known be
medi ci ne,-i dfulea mma tamrhye aa ni dn gw EPBrioGp.e r3tsi7eps nat ur
compound that is easily sourced, these pr
potential therapeutic, and muedicugcaan anhtlo
treat various di sdesmanstBackedr edaar chur o asm
antioxidant, and antimicrobial (including

antiviral) priapevfifitreos 31681 HBwdBwdr319hamper i i

transl aitn ownisthrc® ensns fsuludnds cl i nisc @lh et pioalrs w
solubility and bioavailability of cur cumi n
administered curcumin is actually absorbec
tisgdere, Addgltliyoob what | ittle curcumin that
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at physiological pH, and rapidly degrades into ineffective prod8&®). As a result, many
groups have performed studies into alternative formulations and analogues of curcumin in
attempts to improve bioavailability and stabilityincrease the effectiveness of curcumin

in potential clinical trial$322-327).

Similar to curaxins, curcumin treatment
(3B380)For example, research into the antic
t hat curcumin cPanBAKIMNO RagtuH(vea3el ,t BB PN)Fr es s
aBB sigaaBB8pYyinhibit cell cycle progression
and (pPB371-333368mong many (@Bt2Beru rpcautniwa yad so i nt
epigenetic(3ng.ul3@l0naecmu mi n treat ment mo dul &
dewnregul ati ndgg HDAC8#8AEOB However, ot her gro
upregul ation of HODACLE, 135RA,nd3GF3H)bs dndcBep:
upregulating and downregul ating specific H
used (<12.5 OM) s mesciwfeild efsB @b tc@B®hi syh&T s o
by c¢ ur drkis5n)

Thanks to the pleiotropic effect of treatment with curcumin and derivatives,
curcumin can inhibit both RNA and DNA viruses via diverse mechan($ths356, 357)

The first evidence of the antiviral properties of curcumin was inhibition of thelHival
protease(358), with subsequent research also demonstrating inhibition of reverse
transcription(325), replication(359), and degradation of the viral TAT protefB60)

Direct incubation of IAV with curcumin inhibits viral ent{$61), and suppression dfF-

aB and PI 3K/ AKT signaling pathways al so i nft

(334, 362) Curcumin and analogues can weakly inhibit the dengue virus protease, while
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alterations in cellular lipogenesis and actin filament organization interfere with productive
replication(363). Curcumin inhibits SAREC0oV-2 by interfering with the binding of the
viral spike protein with ACEZ364366), and was able to inhibit viral replication as well
(367-370). Many studies have performed molectdacking simulations suggesting
curcumin can also inhibit the SARS0V-2 proteas€368, 371373), though to date no
studies have verified thign vitro. Curcumin prevents hepatitis B virus mntby
downregulation of the NTCP recep{@74) Both HS\V1 and 2 are inhibited by curcumin
by preventing VP1énediated recruitment of RNAP Il to viral promot¢8&9, 375, 376)
while KSHYV is inhibited due to inhibition of APEhediated redox functiof877). Against
HCMV, curcumin reduces the expression of viral IEA proté8¥8), and downregulates
Hsp90 (379) Taken together, should a reliable solution to the poor bioavailability,
solubility, and stability of curcumin be found, curcumin could act astanpdoroaed
spectrum antiviral compound.

HAdYV, thbumghtseeffin healthy indi-visdgkal s,
popul d20D®dnsHowever, there is no approved
infectd4dpms HADdV exploits cellular epigenet:i
interfering with HAdV infection by target
str altledg)pi rect targeting of the FACT compl e
infection, could potentially i mpa-dt2ZHPAdV ge
Treat ment with the compounds CBispeXt ram c
antivira(lpropégotrie@erkl,d 3d&1990 potentially i

interfering with p(2apér 2pbgeBBdiijc3d8guBdn
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1.6 Rationale, hypothesis and objectives
As is the case with the host cell, prop
regul ation of viral gene expression during
target f or cdoinsteraosiel sikingi aHithideNi awell wp ¢ bhdfa g i
t his tthheadi st rieat ment with compounds capabl
interfere with HAdV infect-medi atTdd sdeé mlice tuid:
FACT compl ex, as wel |l as treatment with th
Thutshebj edtsi vieo eval uate compounds capabl e
dynamhcsé$ he cont ext  OsftpeHA df Vi roic hafu ehest | o n
(aBval uate cur-dAtdVncampanmnant i
i . Det er mi ne -tirfe actunmrecnutmicnarne pil nihciabtiitonHAd V
(bEBval uat e cuHAxXVncasmpanndnt i
i . Determi netridatcmemtximan inhibit HAdV
i i .Elucidate the mechamMmAd\Wm eofff eacctt.i on of
(cBval uate the role of the FACT compl ex i
i . Deter mi RARCT fcdarmmel ex is required for

ii . Eluci date the mechatAdc\WWn offf eaactt.i on of
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2.1 Abstract

Human adenovirus (HAddV) is a common patl
and mortality i n certain popul ations,
i mmunocompromi sed patients. Unfortunately,

combat HAdVCunc¢emtnonghe primary curcumin
turmeric spice, has shown broad activity a
of many different bacteria and viruses. I n
HAdV agent .f Treddtsmemt coul ture with curcumin
expression, and virus yield, at concentr at
viability. Thus, curcumin represents a pro

potentapeuthes to combat HAdV infection.
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2.2 I ntroduction

Human adenovirusn\VdlAdp/gd, si aotsradnreda d | DN A
(ds DNA) virus, capaBBe)efs i3t goort ygras torcouil natr
ti s6B8@23HAAdYV iIis grouped into 7gspegececdsi ftAo t

90 di ff er3eBnlt) nt ylpeeasl t hy individual$j mHAdYgi |

(19)However, HAdV i nfection can cause sevV
popul ati ons, i ncluding pediatric, (3@yiatr
Currently, there is no therapy specific t
infections are wusually treated wi¢h4)commo
Cidofovir, a cytidine anal og, inhi bits HAd
pol ymerase, as well as preventing chain el

(2.3)However, cidofovir is often &as2s40c i3a8t3ed
384)Brincidofovir (CMXO001, Chimerix Inc.,
cidofovir, has improved oral G3m,yadbd@bhas
been associated wi t(h3 8dga3lsninmuoni onttheesrtaidpdy& | uTst i onxgi
cells has shown some early success in bone
ongoing and there is a |l ack of data on th
transpl an2t0,p a3t8i64 d t3s8t7i)o Rianltleyn, s itvhee ntatmer e of
HAdMcdl |l s severely | imits tH{e88wWi)der adopt al

An effective method wused to discover n
l'i braries of small mol ecules to assess the
performed such high throughput screens (HT

(14, 1-890) 38i8ng reporter viruses derived
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expressing green f Il uor@espadesp BdBdjeeatini. f (i @RP )t
pi perazinone derivative 15D8 as an effecti\
based on inhibition of cy¢(8@®ejrHioa mefdf ec ts cir
16 compounds for efficacy against sever al
identified filocicl(89lkhs a&fecltevei dgaamaslt
ot her viruses.

OQur research group developed an HTS pro
HAdV r ep(l39%0awa omt i | i zedhaaetlAddnsypact t hat
fluorescent protein (RFP) as part of t he
expressed at appreciable l(evedhs foudh,withlge
to which a test compound affects viral gen:
with quantity of RFR 3@rOesseinntg ithheigsh eH TwR® eshterse
t he Prest wick l' i brary (~1200 -acpopmpoovuendd)s , f
compounds affecting HAdV infecti othAdavnd i d
act i(Bi9tOYyWodpd osmt udi es on three cardiotonic s
|l anatosi de C) identified in this screen sl
early 1 A (E1A) expression, and ult3maxely
We also screened the Cayman Epil§eOnestmacl | S

mol ecul es t hat modul at e t he activity of

met hyl transferases, demet hyl ases, hi stone
acetylated | ysine reader s, anedAidde nmatciy fi ive d
(154)Finall vy, we showed that suberoyl ani i
deacetyl ase (HDAC) i nhi bitor, effectively
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the HAddV | ifecycl e, i ncludinglg2ibeerpfess
SAHA was attributed to inhibition of CIl as:
HDAC activity is required for nor mal HAdV
t hese screens maHAdak tt haesr aepfefuetcirtd svied namgd d in & i
into basic virus biology.

A promising class of compounds that shi
curcumi noi ds. Curcumi n (di ferul oyl met hane]
produced by the€@urtcuurmmag ¢ li @anngdal amst t(he pri mar
compound found (iB3d4{)Cwrrmairmi n shmiscea variety
i mpacting many di f(rentTaxZ2tlmiarhaat ffvaws
variety of model systeM3335b hichfuldd BieBjioare | s
woundn#@#a&8dl7i)iCur cumi n abaot (e3x%a6)d i-vaiartanlntpir oper
(reviewed (i3n 7Relf red eeencc,e c ur cruam qni rh@ sa rsthiowinr a\
against many diverse swtrahdede RIN&As ( ssR&NANd
virg863Mechanistically, curcumin can- exert
encoded 3f6a0c,t o3r6sr 8@ 8pugh affecting cellul a
for normal (Bi3rdys BfaBrp chtiisorst udyef weciacyesfig

as ad#MAadwvt compound.
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2.3 Materials and Met hods

2. el l ines, Viruses and Reagents
Experiments were conducted-denitvied ASHEnN

| i ne-1(8GCL American Type CWMhhassaf€pl VActUSA)

stated otherwise. Cells were cultured in
Al dri ch, St . Loui s, MO, USA) containing 1
Al drich), 2 mM Gl utaMAX (Il nvitrogetai,c Car |

antimycotic (#4nVvidR, o aenrd) HHBRA/dVvér e obt ai ned
ATCC, and stocks were propagatwdsaoldt ai nhed
Dr. John Bell (Ottawa Hospital Reseandh | n:
titered on 293 cell s.

The curcumin used in fitdgeXldx wasi odhBas nedeas
Sigma Aldrich (065% purity, €61386), while
descr ifibgeliieimas obtained from Cayman Chemic
Arbor, MI, USA). Curcumin was freshly diss:
1, Thermo Fisher Scientific, Waltham, MA,
experiment utThhen tfockurcalmi n was diluted to

mediwim h a final DMSO concentration of 0. 25

2.3 n2ection and Drug Treat ment s
Medi um was removed from confluent monol
with HAdV in a minimum volume. The multipl

pl afaeming units (PFU) per cell, and an MOI
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specified otherwise. Vi r us -bunfofceurl eudmss aweirnee
Sigma Al drich), and added to the cells fo

Medi um containing either vehicle or curcun

incubation in a humidified CO2 incubator a
ot herwi se not ed, -itnhfee dtnidd rnc a(thepdi )h ocaurres fproosm t
Thus, for example, at 8 hpi,ed hteoiadrecumidn
h .
2.3.3 I mmunobl ot analysis

At the indicated timepoints, medi um was
Laemml i buffeHCII 6@H56 M8, T2b5% w/ v glycerol,

sul phate (SDS), O0.01% w/ v bbrmoemocpahpet nocelt hbal nuoel
storedo adAC. Samples were boiled for 5 min
dodecyl ppulypbatyéami de geiPAGERct Seplhomeeids
wer e transferre® pol yami nlymmaleinleondi fl uori d
(Millipopoa, BArl USdd). The membrane was bl o
powder di s stod fvfear eidn sTarlitdnCd (p2HO 7mNs , Trli3s5 mN
containing 0.2% Tween 20 (Thermo Fisher Sci
diluted in the Toh% niiollk oswolnugt iporn anmlt Ayd-\ant i bo
5 E1A (1/5000 typical-13643,culbmav ieddn-taiybeun)ni,ingrmhd
(1/10, 000 for 1 h i ncubarnttiudonu;l i @P O 6L,/ 1Mi, I010i0
i ncubati on; abEambBo| ddddamdKy i r vashHAdH,e 5 (

1/10, 000 for 1 h i ncubati on; abo6982, Abcar
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times in TBST and incubated with the appr

horseradish peroxidase (HRP, Bi oRad, Her cu
the I mmobil on Classico Western HRP Substra
auradi ography. Al l i mmunobl ot data are rep

experi ments.
To more accurately quantify protein ban.

for and analyzed using ai€€o0dPBsesygi Elnx eisma d il

USA) . Separated proteins wkelk e PYDRnssmkeebr ad
(Mill amar ee)h,e membrane was bl ocked-Ceowrth I
Bi osciences). The foll owiaxrgtl Apdf¥ niEalrAy (alr/ t5i0b0c

i ncubated overrtnuibguhlti)n, (nlo/ulsOe, 000 d mtru blulhi n nc
(1/ 10,1000 ifrmcublHtAd&N),1/d4d8®d 000 for 1 h incu
diluted in Intercept Blocking Buffer solut
was then washed three times in PBS contain
t he apprRdDyrei asteecondary anti bo@€@oesB{680RPNa:
diluted in Intercept Blocking Buffer sol ut
and protected from | ight. The membrane wa
protectedofromedi ghta final rinse with PBS
using an Odyss€€gr CBxosgiseermesgs)Liand anal yze:
(versi-omr 5Bi &dsciences) . Al protein quantif

or moredentdepegperi ments.

2.43 Quanti-tiame vBCRef@gPCR)
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A549 <cells were infected and incubated
described above. At the indicated time poi
har vest edpructi enigh &8DeS -KCI( 1@H mM 4'r i 0 mM EDTA,
1 mg/ mL erko)t eeamndasi ncubated overnight at 37
|l ysates usingchl etahdmamdmethleoad] precipitat
and the resulting DNA -RPTAe(THwas gPGRoOWaed
using 20@emgogmoc DNA per reaction. -CiThCe f ol |
CCC ACA CAC ATG AT TATAT ah@C 50GG GCT TTG AT
gl ycer &Blpdheolsypdat e dehydr oQEAaTEA (GACDEAG T
CCG TGA GAGG@n@TBHOTAC AGC AKLG AGIT KKEAV E1A.

genome copy humbers were calculated from t

using serial dilutions of pCB6, - damcdame. a
Val ues were normalized usangd GAP®M aopVyand
obtained using serial dilutions of a bacte

hum&APDHe n e, designated pMJ100. To generat
hum&APDHene (generated QBCNGCCCRCAIrCACrATG
TTA afCd T5AGT CCC AGG GCT TTG AT-H) gawasedl
pBl ueScript 1 KS(+), verified by sequenci

density centrifugation.

2.3.5 Plaque Assay for Virus Yield
To determine the effect of curcumin on \

virus recoverddebted carcsmi Briefly, mo n o
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infected-b5wiatth aHA dWO I of 10. The virus inoc
infection, cell s wer e was hed wi t h PBS to

containing vehicle or curcumin was added. .

by scraping into the medium, 40% w/v sucro
to a final concentration of 4% w/v, and th
the plaque assay, monol ayers of cAel49 Icyeslatse
After 1 h of infection, the cells were ovel
a 1% w/v agarose solution, 43% cl ear 2x
antidinoi mycotic). Plaques were counted 10

2.3.6 MTS Metabolic Activity Assays
Next-wel9l6 pl ates were seeded with 5000 /
overnight. The next day, the medium was r
containing either vehicle or curcumin was
Met aboilviict yacwas det er mi ned usi-Riagditchaec tGevid TG
Proliferation Assay (Promega, Madi son, Wi
instructions. Briefly, cell s were -(idnchubat e
di met hy2ytitli-&aoboxymet Rotyphempy-eryt azol i um
(MTS) substrate, and absorbance readings w
190 plate spectrophotometer (Mol ecular Dev
alter the aoeldoumof ath absorbances were co

curcttmiemated medium but | acking cell s.
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2.3.7 Statistical Analysi s

Statistical anal ysis was performed by u
GraphPad Software I nc.;t a$Sdre dDiuegpda, weaht WA
correction was used for comparing trSat men:

were considered significant.
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2.4 Resul t s

2.4.1 Treatment with @Guotemnn ERepdesss oHAdV

Curcumin hasrfadtoadtawtiity and can inhibi"
of vi(B®Fgl investigate whether curcumin cé
examined early and | ate protein expressior

concentrations of curcumin.5 Adt49amrc eMOIs avfer
1 hpdi,umecontaining cureMpymwas(8dded, A0, M@h
chosen to ensure sufficient E1A ipg.odAitct8 oan
24 hpi, medium was removed and the cells w
samples collected at the early 8hpi ti me p
within the&lkAelglison dass tthhe first region to |
viral DNA into the nucl eus, and the E1A s
subsequent aspects of39t9hler evaitrnaeln tr ewiltihc actuirvc
doslependent decrease innthlkee-gdbha¥titeyg oel E&
hpi , a trend appeared toward ledMwerurElLMi pr
which reached &M, gminfdi cwaansc eb ealto ws 0t h esMl e v el

fi gkdda). E1A expression was quantified usin
E1A | evels reduced to 75%, 30%M ahdcQ®fcamiozv
respecfitge®e®8y. (Samples harvested 24 hpi wer
using the Odyssey iUnAgi®n@nsy dtoam, capiamdg ear
several -Pmrtcet edAdsy, such as the capsid prot
observed for E1A pr odepeinddnrte rdee carpepaesaea eidn at

proteins presdamnteaitrefidgRk&€gd sr Jhmi mWlecrease i n
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Fi gu2rle Treat ment with curcumin r6dpces eham
|l evhk549 cell s wer e-5i mftecat endu Iwiitphh iHAdW of i
for 1 h, and overlaid with medieMm cAtht&i an:
24 houirsf g@otsiton ( hpi ), crude cel |l prtot ei n
anal ysiB) $amples prepared at 8 hpi wer e a

(E1A) probegi BampCes harvested 24 hegV¥ were

capsids proteins. Images and quantificati ol
were quantified using Odyssey CLx imaging
tubulin | oading control. -Valeaeleldsa.teT hpd omd &

nine experiments are shown and the error
me an. (E) A549 <cel | s5 waetr eani nMCelc toefd 1wi tfho rH Al
of 0, 286M oafndc usxOc umi n. One hpium cmoata@l oumc
curcumi n, while the other received medium
curcumin. At 8 hpi, crude cell protein ext |

for E1A, with tubulin as & I00a@diong contr ol
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reached significagMeamd abhowentaatsobown 50y
penton protein | evefl gtv®) hi @frtehaettneen@ve cwtietdh «
of curcumin | ed tionhinbiitdeomt iacfal | dteev ed e od
experi ment was repeated with HAddV at an M
curcumin reduced the quantity ofbimdtectedr |
cell s.

Curcumin cawiagxdrtefiftexctanttihr ough mul ti

preventing the virus from entering the celll

—
o

nf4€4@0)somerically interfere (WiQtlhorc e lnlhulba
cellul ar pat hways n e c3ebs3s)lam e efdo,r ciunrtceur nmian i v
suppress Pl 3K/4ARt)whsiicghn aild i mgqui r e d( 4f0o03r) HAdd
Thus, the#nducedmireduction in HAdW gerda cexp
virus entry. To test this pos$i htl any MOAS5 44
in the presence ofeMfurammi i (@, ,2HDnheamgadad ob(
|l acking curcumi n, while the othhéO,redei aad
eM) . At 8 hpi, medi um was removed and the
Exposure of theMiotiecumdncéblsthe BAtire 8
detectabl e e fipgriedses)i.o nHoowe vEelrAt (it ceatmennn dur
the 1 h of infection did not | ower E1A | ev

inactivate the virus or prevent internaliz

2.4.2 Treat ment wi t hDeCuecduem tn  [Beflcurs@eads lea |1 Bno

Met abolic Activity
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The effect of curcumin on HAddV protein
of the drug on the virus, or indirect due t

examined the effect of curcumin 90 nc eA54s9 icne

96ével | pl ate were treatleOMMwec thc mmidn uaanad on8 e
|l ater, assayed for cellul ar met abol-i c act
Radioactive Cell Proliferationcangcay.t rAafttieor

of eM0Oand bel ow showed no significant di f f
vehicl e, although higher concentrations of
fi gwrra) . Thus, at 8 hpi, the 75% reduction

infected cel tM cturrecaitgetth &aBi)t h s50i kel y due to

of the drug on the virus and not due to in
compl ete | oss of E1A prMdtefi nclrev@emisn wies ot
effects on host <celll heal t h. @&M otfh ec u2rdc uhmi t
showed a significant ~30% reduction in met
|l evel s observédguwidr€,t rDeatneady cbeel Idsue(, at | eas:s
host cell health rather than solely due to

2.4.3 Treatment with Genowmmi CoRgd NouembeHAWdV
Given that treatment with curcumin can
| ate proteins within cells, we next exami ne
al so reduced. A549 cebl last vaenr eMAln fod bEdee dvoirt |
in cuecommianni ng medium until 8 or 24 hpi . |

subjected to gPCR with primer £l1tAecgamnamamldi
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al so the GAPDHMIAGAL gehés showed a similar v

hpifi gBA) . At 24 hpi-fowed -bbBeé+r&edl| ane2i n ge

number in cells treated with 25 and 50 OMN
di fferences did not reach significance. H
al modtoogad@ction in viral gebasmedcopyt hambied

effect curcumin has on fcglk8&hea,l bthlreea tg u an tsi
of wviral genome present in cells treated v
di fferent from samples analyzed at 8 h.

We al so examined the kinetics of viral

of cur cumi n. A549 celsl atwearne MOn f eedt dd wWiotr h

i n cuxcowmmianni ng medi um. DNA was isol ated f
every subgegiulen244hpi . |l sol ated DNA was su
primers as above. Treat ment of <cell s with

DNA replicétgiuBnB)by Howev(ier, once viatadd DNA
the rate of replication -agpmpdkav-emde sstied | ae |
although the peak quantity ofoldriah ODNA at
treated cell s, simil ArguwBd )t hel hpr eV ioo s X[

curcumin causes a delay in the onset of HA

2.4. 4 Treat ment with Curcumin Reduces Viral

Next, we examined the effect of cur cumi
with -HHAdV an MOI of 10, and 1 hpi, the cel
unattached virus, and medi umeMpbnivasnaddedu
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Fig283e Treat ment with c-Brgembomer edvw & ens inhhAéd
cel(lA). A549 cell s we+be aitnfaenct @Il wdft hl HAawvd
medi um containing curelumi At (8, aré&, 2860hpiand
i solated from the cells -byosednase dKddcygl
phenolf/ocrhmh cerxot racti on. The resulting DNA wa
average genome copy number per 200 ng DNA,
of human GAPDH. The mean of three experi me
shadard deviation (SD) of the me&bn.at( BB)n ABM
of 10 and overlaid with meavi)umEd @rttaihmiinagn
4 h wunt il 24 hpi, total DNA oweas niasscd et edd gfe
phenol/ chloroform extraction. The resultin
average genome copy number per 200 ng DNA,
human GAPDH. Data represents a singhesexpel

representing standard deviation (SD) of th
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24 hpi, the infected cells were collected
analyzed by pl e&eMuef assaogumWhil ewB0Oed virus
one | og, this was riogWRkét.atiicweMadfl yd GO aguimif
significantly reduced viral yield by appro
early or | ate winfadctpadtedInlesi nnu eHafidgvd nei( t h
21), and no significant incrtelxedilg®@B&)i,ral g
the virus presgsdnduragaumidn bdi cehl $00i kel y r ej
from the infecting inoculmdd4dhedeedhavbenb
di fference in virus recovery when comparin
virus DNA replicatN onf) duwrrc wmneihn ctlree aotre dl 00e |
recovered at 24 hpieMaurtdwemicre.l | Bhu g ,e attreala twr
curcumin causesl g madud¢taten piroitebhaect evd t €|

ulti mately reducing virus yield.

2.4.5 Continued Exposure to Curcumin is Re:

Our data indicates that the concentrat
infection are in the range that <can have s
this narrow therapeutic window, we asked w
intbit HAAdV replication while preserving ce
activity in cells eMxpdsedricameintther HS50fdrer

Briefly, AS54@l telpllatienwar 86treatbd, wirt hl Ol
eM of curcumin for either 1, 2, or 4 h, at

medi um without curcumin was replaced, or t
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50, aaM) .10TGhewmtry hpi, the cells were harvest

of recovered viruses wWase anealny zodd thy epl st

shown, and the error bars represent standa
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enti-hepeédi od. Met abolic activity in al/l ce
fi gBbA&, incubatioseM efurcelmi s Wwiorhab0 ti me pe
mi nor reduction in metabolic activity whi
treated with vehicl e cRiorrc ucneInl,s etxrpedadtiuerde wio
entire 24 h period caused a significant ~¢

treat men€tM wd urhc ulm®ion f or 1, 2, ao0ti Vi thy ,prelste

there was stil]l a trend toward reduced act
there are conditions under which cell s can
metabolic activity can be preserved.

We next asked whether transient treat mer
HAAdV replication. Ab549 -xxedtl sanwkeM®l 1onfli elcG te dw
point mediunmMcorit a&iumicugni m0 was added. The ¢
presence of the drug for 2, 4, 7, and 23 h

washed with PBS and fredsdhcmaldi Um widtdh tmong L

of HAdWected cells received medium suppl em
h period. At 8 and 24 hpi, crude protein |y
for early and | atten gbrOocotfe icnusr.c uThriena t pnteenvte nwie

E1A protein at the 8 hpi when the cells we
infection; however, removal of the drug af
the 8 h ftiigm@bs&8pgai nfthi(s observation suggests
curcumin iIs HAWVI reded ifcacyantitindeed, for | a
observed an inverse correlation between ti

present wittehdi o el®lte€ )i(n fTehcu s , removal of curc

57



>

T 125-
Q
S ns
< 1007 ns Bl Unchanged
2 ns ns ns
75 l [ Replaced after 1h
>
=z I Replaced after 2h
= -
g >0 1 Replaced after 4h
L
S 25-
3
(]
= 0~
50 100
Curcumin concentration (UM)
B © O © e e C
& ‘)\Q‘)\(\‘) & & o‘c’ o‘c’ &G’O&G’\(\‘\' R
N AT Qownb‘v,\wq?,dqx

50— S“aERas amEmes 7 n 50— RGP SREs ssesas Tubulin

58



Figa2se Continued exposure to curcumin 1S ¢
(A) A549 <cells were treated oM tdf mewdni awumict
Medi um was removed from the plates after 1,
the remai nhdetri nod ddier 2e4. As a contd oiln tahee
presence of curcumin for the entire 24 h.
249 ti mepoint by MTS assay. The mean of two
represent standard dev(i@)t iAmnd o 8Deilnbsk cieb &
HAdJY at an MOI of 10 for 1 h and oMyl aid
or vehicle. After 2, 4, 7, and 23 h incuba:
replaced with fresh medi umrluaekicred | c pmrourmiil
were prepared and analyzed by i mmunobl ot f

as a loading control. * p O 0.05, ** p O O
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to initiate gene expression, albeit with d
exposur e, i ndicating that the cell s need

effectively | imit HAdV protein expression.

2.6 ' reat ment with Curcumin Reduces HAdV Typ
OQur study shows t hatb cguernceu neixm rceasmns i loinmiatn
However-5 HAdWot the most prevalent serotyp
accounted for only |l ess than 4% of( 4®I15]) HAdM
HAdJ%¥ and-THAadhke typically associated with m
12.4 and 8. 5%, respectively06dthealelf or ep o wt
examined whether curcumin could be wused to
rel evant HAdVY types. A549 c4l los -WMAd®r eafed
with medium containingeMu,r camd nt {e@,c Il5],s 5W
24 hpi in 2x Laemml: i buffer. We examgned |
t UHAdY anti body, as-4s ewndr7HAdds it eprelcAtde/i n's
with these3anh)bi moldaie,stwe HAMsVerpeam da ndos e du
in | ate proteins i n4d4dsamgIH7elgachMn fta ctad & divOnvd 1 hl
eM of cufrgwem@@) ( The quantity of penton cafy
band) within the infected cellags wanceindg miaft
curcumMnam® abovey/7 whiowedHAd¥tatistically
| ate protlegi rmgM eodel csufrognkn&8 n D) . Thus, curcum

of reducing HAdV protein expression in al/l
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containing curcumMn. (DWe @ty hpio, @anudddaodel |
were prepared and analyzed by mpmesnobhbecf
with -HAd®re analyzed for expression of sev

ngHAadrY anti body. (B) Quantifi edatpi3o rk Doaf p
maj or band) normalized to tubultirneatVead uesl
(C) Samples inTeweed wnahyHAdVfor expressi
proteins by i nmHAd&bhaoti boidyg adenQaanpi 61 €i
from AAd¥63 kDa major band) normalized to
to vehiealteed cel |l s. The mean of three expe
represent standard deviationO0Q@8D) of the m
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2. 7reat ment with Curcumin of Higher Purity

HAdV

The curcumin used in our study to this
may be a significant l evel of i mpurities i
efficacy of the test compound. We obtained
eamined its effect on HAdV gene expression
infected -5wiath a-HhAdWOI of 10 and, 1 hpi, me d

curcumin (0, e)5,wadD,addnadd.10Dampl es were ha
i mmnobl ot anal ysi s. Similar to our previou
doslependent decrease in the -iguufaendtifit dy uaetl |Esl
27) . However, perhaps unsurprisingly, treat
to have a greater effect on viral gene exg
l ess E1A protein was presevitf owi tthhei tiyhghaedar
curcumin relativefi g@dé&B)s.s BluA ep rcoutreciunmiwia s( u
cetrsat edMwaft ht b hi ghfi pe7ZBA) y Quaotumfhceati o
intensities showed that E1A protein | evels
with 25, @MW ,ofamcdirX@lni hi,g Zr7edBs)p.e cAsi veed syer(ved
proteiqwepandene decrease appeared in the q
curcttmemated cell s. | nodve edf, dbrcecwd mphintitthye t It
curcumin r eseuwlttaebd ei n dwgped&€Dgf. pent on (

We additionally anal ypaued ttyhe ue fcfuendi tn o
Briefly, A549 cell s wer dlbasMeht-gdewt yhcmomeduu

and, 8 and 24 h | ater, assayed forpuwreilttyl a
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Fig@tre Treatment with higher purity curcumi
A549 cell s were-5i ateaine MOwi oh HAd¥Yor 1 h a
cont aciunricnugmi n of hi gher eMur i ({(BA) (Da mRI5es 5@r, e
at 8 hpi were analyzed for t hg D u a rStaimpyl e ¢
harvested 24 hpi were piobaepsiwd tmr catnetiinbso.d
guanti fication for penton protein are sho
Odyssey CLx imaging system, withngacdnitsimaol]

(EOF) A549 -wedlll pliant ex6 wer e i ncubat-puWriwtiyt h |

curcomfirlddd@M.0 Cel | ul ar metabolic activity w
|l ater. Values are-tpleatteald credll &t i Md et aneaa h io d
shown, and the error bars represebht gtampda

© 0.01, *** p O 0.001, **** p O 0.0001, ns
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curcumi n, the higher purity curcumin was

treat ment , treapmeinty wectohcaimien hihgdheno effe
activity wuntil concent r aM ifilognur &) x.c eTerdeeadt nmaepnpt
cell s wit-fhurtihtey hdwrhceumi n resulted i n no gt

cellul ar metabolic actieoM fiyguditpgEF) 0 &dowewnee
concentrations above this had a greater de
cells wpuhi hygbercumin appears to i mprove

HAdY with no additional i ncrease in cell ul
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2.5 Discussion

HAdV infection continues to be a serio
popul ati 028, a3.8 2TihsckBghH drugs capable of 1 nl
are avail abdapethesesamaeadotfan result in si
(382, Jda)x, there is a need for identifica
safely inhibit HAdV replication to treat i

Our results show that treatment with ct
expressgiuarlg ,( genome fAgaiBmularntd,onul(ti matel y,
(fi guzdg for5 . HAWSVIi ng | ate gene e xopurte sfsaronv iars
replicative capacity, we s4hoaw d-hHAAGXEEr. c u mi r
The effects on early gene eeMpcessumnnappen
a significant reduction i n fiEQLAr.BA2r7dBt) e iwn tlhev
no effect oing ur2zeh 27 EHh e alHohwe(v er extevmded e
curcumin did reduce cel lfiugar82me) abebpggeatt |
|l east part of the effect on | ate HAdV prot
addition, E1A proteins are critically reqt
(3990 it is possible that the | ater effec:
to generate sufficinesnt |Idguanhtei teifefsi coafc yE 10X pc
to inhibition of E1A protein expression, f«
of HAdV to repliieatedioaelclus cuWe npreviously
in whi-tcbaEHdIiRxkpression is driven by the hum
i mmedi ate early(¥lhhl)anderntpreopatealr t o- ci r cu

induced block in HAdV replication. Treat me
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|l evels of E1A produced from this virus and,
However, since the HCMV immediate wearly e
activated during native HCMV infection ani
efficient initiati(adm6qgfurt hoeb sHC M\ tIliiofne csyucglges

could also be an effective treat ment for H

There are a number of potential mechani s
gene expression and replication. Fi+st, c
domaismsoci ated pAOT e npr(oaexixny found in pro

protein (PML) nNB) eahatboai esi §PMLvedutceadan
antiviral resgdm®9fuagaignstnfAdV on, the HACM
E1B5Kk normally ant(abg2o,nildsebetf Hiexctn eepexpe es s
poteins caused by curcumin may prevemt HA
pat hway. Second, as previously reported by

for HAdV (é&pRjlamnat icounr cumi n has been report

(350)Finally, curcumin can i fOhinkdiitn g t lpea o &
(p300/(GBRB)a key cellul ar protein that i nt e
changes in gene expression within the cell
viral i o@pRhgabor all these mechani-dMdV may |

effects of curcumin.

Our studies revealed that, although sho\
di splays a very narrow therapeutic window.
using curcumin against A549 <cell s as an 1in

case apoptosi(s40i8nNT PAlb#A,9 aebbdlsance must be r
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against HAdV and maintaining health of the

an -BlAtdNV agenttr ainmmfmomed cel | l i nes or pati
shows poor bioavail abil i t(yd Qa8Onwdh iscthabwdultdy Ila
di stribution to infected tissues in Vvivo.

and evalwuated curcumin derivatives that sh
anviiral (a3c2tbi,vidteyZl,he3 auud)e of nahopmamult aci ess a
carriers can enhance cu(r3clusmyvmi csholcuabn |iinipyr caw

act i(vMtQy2 ) Such approaches may enhance effic

Il n summary, our work shows that <cur cumi
expression, as wel |l as virus yield, in vit
curcumi n i s capabl e of i nhibiting ot her
i mmunoedrecfyi cvii rus, and i nfl uegn3z9a7 JJAh ws r-ucsyr aum

derivative compounds or formulations that

find use asspétecumvaenbirwviadal therapeutics.
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3.1 Abstract

Human adenovicammdHAdwWhd ckei ma® cause sev

i mt i sk pomNwl atthieornasp.euti ¢ has been approve

Curaxins are a family of DNA intercalatir
ulti mately altering cellular gene regul ati
clinical traigeelntass. avatniyc aonfc érhe pat hways t ha
copted by viruses, suggesting-vauradx ialgse nd «

Trad meht owet he curaxin CBLO013 HAdDiNMgoit i aahelve
inhi bited viral DNA replicat i oae,t ba ned altoewde rbe
t he Meelhla.ni GBtLiOcla3l7l yinduced degradation of ¢t
RNA polymerase |1, which eeardleygkBI)AEARASCT i p
is the first region expressed from the virdu
ot her viral genes and subkientt hg .Tmarheg cacfe d |
addition experiments showed that CBLO137
replication when administered after -the on
expression of the HAdV ear |l y pmweaodtieitnesd ERIN AaF
Il degradation, thus all owing progression
drug. Thus, CBL0137 is effective at preven:
effective at combabohngTakerstabpeéi sbed ownf e

CBL0O0137 may be an efHAdGVNn veattihenmtap ewitti c rt ef
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3.2 I ntroduction

Human Adenoviig us daodo/nn col d virus, acco
510% of all respiratory tract (i2i2f,e Aunti3gphs ai
hospitalization rate of 18.9 per 10,000 di
18 41U4n addrespnr atoddrAyd Vd icsaena salong uaati s @ i t 1 ¢
gastrointestinal dviisntcaala® d idepbecatdedgt DsS Ud,e
di fferent types have been i ¢de#®HAdDY i endf édtait ol
are typibanign in (hle®)btuty ciaanndi vawsual sever
mortality in pediatric, geriatr(2z0, aftvil) Bspce
a mortality rate as high as ~70%)T merpeataree
current layppnroovleDA t her ap( ¢,4 )i tfe cma my Higw
efforts to discovéd52nhi@BBRdjt)roednd Stwieddp pidnl & 9
Certai-aspdectomdm antivirals have shown some
however t hese drugs aurewanft tea@inf sxcdsvgci au eh
hepatotoxicity i(rR4t)Asdsacleyveir yciodohewi comp
of safely inhibiting HAdV replication i s n
ati sk popul ations

During a screen against the RCC45 renal
genotoxic compounds capable of activating/
(286dentifiedi&aecaobaerzal e, CBLLODWONLh itmatan
cells but spared nor mal cell s. Mol ecul ar o
derivative molecules with enhanced dbitmwl ogi

as cufag&e6)Yyse suchCBddm@Bound,howed superior
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solubility relative to the pmaemlitastoingp ocaufnfdi
numerous preclinical cancer Md@&PYsj obhabud
(301, 3@y o3 G)X-mahbl luny0LmelkceBOhpmvari an
can¢8nN5) eukE&Bé)and myel oprol i fefad@7 Mdeneop
promising results in preclinical studies h
CBL0O0137 treatment for rel apsed rorourse fsryasdtea
neopl as m, | y mphoma, mal i gnant solid neopl
(NCT048Y0944

CBL0O0137 is a DNA intercalating (2®ent t h
l nstead, CBL0O137 causes nucleosome wunfol d
(295)Thi s process has pleiotropic effects,
suppressaBosigimaNFng, activation of NOTCH1
expression anfdactirlaiptpaitnegs ocfh(rfoA€@Tt)i nc otnrpal nesxa ca
unf ol ded nucl eosomes -t(rragfpe mrgeadp gtia8B Ea.s 20161 o
CBLO137cevmts| y eri enpdaurcteeads ttaRINIAi e | ymer asd | | (
subsequentofdetgh ebdparttaheniprbad tgaus @ & thé M9 )

Whil e much of the focuscamceBL@Oridpe ritsi ec
have reported that CBL0O0137 treat ment of i
Treat ment of cells with CBL0137 |l ed to ind:u
of i ntsearifmurlcant ed genes, which resulted 1in
refractory to replication of zilkaeverasuf( 2
respiratory synd3AReYxXasaeixaBLiorlDD IF,a bmotr e ¢

|l ess solubl e aamdi GRlaMbl &7 cweraexiengdch capabl e
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i mmunodefici enlc)y rveipflBsc&lt | @BAY 137 was al so
against the nudluenam dyDNAmegwiahwaeheasp ¢ HCHMVIr
virus tylpenltiiélS¥ase of HCMV, CBLO0137 preve

binding to and transactivating the major

subsequently inhil{i2t8®dwhviilrea-t C BrlaeQaln3d 7i-lv at n o rH
infection inhibited the interaction of the
normally acts to recruit the FACT compl ex
the viral i mmedi ater eprdé gug(Eedn9zs) meLecistao yc u

appear toadhwwndailbracti vity. tihn@BtLiDilsh7sitbu dys,

HAdY replication.
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3.3 Materials and Met hods

3.3.1 Celll l ines, Viruses, Transfections,
Experiments were comdenneddien nolen@d ASHhan
l i ne-1(86CL American Type Culture Cobte29Bon
cel(bskind gift from Dr. Frank Grah@#l6pPr of e
Cells were cultured in Mi Mi2Bb® OS5 g mai al
Al drOakhv,ONCanadaontaining 10% (v/v) Fetal
Al drich), 2 3InH10 550 e BOMAGODMWac o Canadad 1-x ant i
anti mloRt4iDD &R bc o
HAdV-5 was obtained from Dr. John Bell (Ottawa Hospital Research Institute,
Ottawa, Canada), and was gromn293N3S cells (a gift from Dr. Frank Graha(d)L7)
and titered on 293 cellddAdV-5 was purified by cesium chloride buoyant density
centrifugation, as previously describ@d 8). For infections, medium was removed from
confluent monolayers of cells prior to infection with HAdV in a minimum volume. The
multiplicity of infection (MOI) was calculated as plagft@ming units (PFU) per cell.
Virus inoculums were diluted in phosphaleiffered saline (PBI)8537#500ML, Sigma
Aldrich), andincubated withthe cells for 1 hour (h) at 37 °C with periodic rocking.
Medium containing vehicle (0.1% dimethyl sulfoxide (DMSQO)) or CBL0139110,
Cayman ChemicalBurlington, ON, Canadawas then added to the cells, followed by
incubation in a humidified C&ncubator at 37 °C until the indicated time poii8.time
points are relative to the initial addition of the virus inoculum to the cells, which is
considered t=0 h post infection (hpi)

For transfections293 cells were seeded or2é mm plates (3.0xEGcells/plate).
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The next day, when cells were ~80% confluénig of either pPEGFRE3, pRP3512 (GFP
tagged E4orf6 regulated by the CMV promaoter) pRP3516 (FLAGagged E4orf6
regulated by the CMV promoteryas transfected into cells usihgpofectamine 2000
(11668019|nvitrogen,Ottawg ON,Canadp, accor di ng t o manufactu
generate pRP3512n&96 bp Hindlll/BamHI fragment from pRP106819) containing

the E4orf6 gene was cloned intdindlll/BamHIdigested pEGHE3. To generate
pRP3516, pRP3512 was first digested with Nhel/Xhol to remove GFP, the DNA ends
repaired with T4 DNA polymerase, and recircularized generating pRP3515.
Complementary 54 bp oligonucleotides encoding a FiaAg sequence and Hindlll
compatible eds were cloned into HindHlligested pRP3515, generating pRP3516.
Plasmids wereverified by sequencing, and purified by cesium chlerbuoyant density

centrifugationusing standard methods.

3.3.2 Immunoblot Analysis

Immunoblots were processed for and analyzed usipemiDoc MP imaging
system(Bio-Rad, Mississauga, ON, Canadat the indicated timepoints, medium was
removed, and the cells were lysdidectly on the platem 2x Laemmli buffer(referred to
as protein loading buffer (PLBE2.5 mM TrisHCI pH 6.8, 25%wl/v glycerol, 2%w/v
sodium dodecyl sulphate (SDS), 0.0 bromophenol blug % v-mercagioethanol
(added immediately priortousej)ynd st ored at 120 AC. Sampl €
prior to protein separation by sodium dodecyl sulpipalgacrylamide gel electrophoresis
(SDSPAGE). Separated proteins weransferred to an Immobilgi. PVDF membrane

(IPFLO0010, Sigma Aldrich and the membrane was blocked with Intercept Blocking
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Buffer (927-70001 Li-Cor Biosciences). The following primary antibodies were used:
antrAdenovirusType 5 (M58) (E1A,1/5,000 for overnightincubation MA513643
Invitrogen), Anti-Adenovirus Type Yrecognizes all capsid proteins including hexon,
1/10,000 for 1h incubatiorgb6982 Abcam, Toronto, ON, Canadajouse antiTubulin
(1/10,000 for 1 h incubation; CP0Bigma Aldrich, rabbit antiTubulin (1/20,000 for 1 h
incubation; ab59680, Abcangnti-Rpb1l NTD (D8L4Y)(POLR2A, 1/2,000 for overnight
incubation;14958S Cell Signaling Technology, Canada, Whitby, ON, Canaat#}GFP
(1/5,000 for overnight incubatiorA-11122 Invitrogen), andanttFLAG (1/5,000 for
overnight incubation; F1804, Sigma Aldr)¢chvhich were diluted in Intercept Blocking
Buffer containing 0.2% Tween 2BP337500 Thermo Fisher ScientificOttawa ON,
Canada) The membrane was then washibtee times in phosphabaiffered saline (10
MM NaHPQ4, 1.8 mM KHPQy, 2.7 mM KCI, 137 mM NacCl, pH 7.4) containing 0.1%
Tween 20 (PBST) and incubated with the appropriate IRDye secondary antibodies (680RD
and 800CW, LiCor Biosciences), diluted in Intercept Blocking Buffer containing 0.2%
Tween 20 and 0.01% SDS and protddtem light. The membrane was washed three times
in PBST while still protected from light, followed by a final rinse with PBS. Membranes
were scanned and analyzed using Imagje(version6.1, Bio-Rad. All immunoblot data

are representative of three oora independent experiments.

3.3.3 MTS Metabolic Activity Assay
96-well plates were seeded wittDB0 A549 cells per well and incubated overnight.
The next day, the medium was removed from the wells and fresh medium containing either

vehicle orCBL0137was added, and incubated &%h Metabolic activity was determined
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using the CellTiter 96 Aqueous Ndtadioactive Cell Proliferation Assay (Promega,

Madi son, Wi USA) according to the manuf a
incubated for 1 h at37 °C with 20 pL of the J4,5dimethylthiazol2-yl)-5-(3-
carboxymethoxypheny2-(4-sulfophenyl}2H-tetrazolium (MTS) substrate, and
absorbance readings were obtained at 490 nm using the SpectraMax 190 plate
spectrophotometer (Molecular Devices, San Jose, CA, U8R)Is containing no cells

were used as a negative control.

3.3.4 Quantitative PCR (qPCR) and Reverse Transcription gPCR|PRR)

To examine whether CBL0137 affected HAGDNA replication, we determined
the viral genome copy number in infected cel§49 cells were infected and incubated in
medium containingCBL0137 as described above. At the indicated time points, medium
was removed, and the cells were harvested using@dti8inase K (10 mM TrisiCl pH
7.4, 10 mM EDTA, 1%w/vSDS, 1 mg/mL proteinase P80445G, Sigma Aldrich) and
incubated overnight at 37 °C. DNA was extracted from the cell lysates using a standard
phenolchlordorm method, precipitated witisopropanoland NaCl, and the resulting
DNA pellet was dissolved in TELO mM TrisHCI pH 8.0, 1 mM EDTA. gPCR was
performed using 200 ng of genomic DNA per reaction. The following primers were used:
5&£TC CCC ACA CAC ATGCGCOAMAGT CCT AGGRGCT TT&ATT
for human glyceraldehyd&phosphate dehydrogenase APDH) ; -CGAOTTA AAC
CAG TTG CCG TGAGGCEAGT BAE AGCSTECA AGT CCA AAG for
HAdV E1A Viral genome copy number were calculated from the Ct values using a

standard curve obtained using serial dilutions of pCB6, a plasmid containing the entire
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HAdV-5 genome. Values were normalized usgé®yPDH copy number, calculated from a
standard curve obtained using serial dilutions of a plasmid containing a cloned fragment of
the humarGAPDHgene pMJ10Q as described previous($62)

To determine if CBLO137 affected vir&@lA transcription, we determined1A
MRNA copy number from infected cell&549 cells were infected and incubated in
medium containingCBL0137 as described above. At the indicated time points, medium
was removed, and the cells were harvested uBRIgol (15596026 Invitrogen) Total
RNA was extracted from the cell lysates usihg PureLink RNA Mini Kit (2183018A
|l nvitrogen), according to the manufa-cturer
free DNA remova kit (AM1906, Invitrogen) The resulting RNA was reverse transcribed
into complementary DNA (cDNA) using the High Capacity cDNA Reverse Transcription
kit (4368814, Applied Biosciences, Ottaw@N, Canada)qPCR was performed usirig
pL of thecDNA reaction The following primers were usebl:?\CA ACT TTGGTATCG
TGG AAG G a n d- GE@ATC ACG CCACAG TTT C for humanGAPDH 5 6TCC
GGTCCTTCT AAC ACA CCa n d-GGCATT TAC AGC TCA AGT CC for HAdV
E1A EIAmMRNA copy number were calculated from the Ct values using a standard curve
obtained using serial dilutions of pCB6. Values were normalized @&gDH mMRNA
copy number, calculated from a standard curve obtained using serial dilutions of a bacterial
plasmid containing a cloned fragment of hun@APDH cDNA, pMJ111. To generate
pMJ111,a105bp fragment of the huma@BAPDH cDNA (generated using PCR primers
5-@ACAACTTTGGTATCGTGGAAG Ga n d-GEGATC ACGCCACAGTTTC)
was cloned into Smaligested pBlueScript || K&t), verified by sequencing, and purified

by cesium chloride buoyant density centrifugatisimg standard methods
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3.3.5 Plaque Assay for Virus Yield

To determine the effect @BL01370n virus yield, we performed a plaque assay
of virus recovered fron€BLO13*treated cells. Briefly, monolayers of A549 cells were
infected with HAdV(5 at an MOI of 10. The virus inoculum was removed after one h of
infection, cells were washed with PBS to remove unbound virus, and fresh medium
containing vehicle o€CBL0137was added. Afte#t or 24 h of infection, the cells were
collected by scraping into the medium, 408 sucrose (diluted in 10 mM Tris pH 8.0)
was added to a final concentration of 4%y, and the samplewere lysed by three
freeze/thaw cycles. For the plague gssaonolayers of A549 cells were infected with
dilutions of the cell lysates. After 1 h of infection, the cells were overlaid with medium
containing agarose (50%v of a 1%w/vagarose solution, 43% clear 2x MEML935046
Gibco), 5% FBS, 1% GlutaMAX, and 1% antibiotamtimycotic). Plaques were counted

10 days later.

3.36 Immunofluorescence Microscopy

To confirm transfection efficiency of GRagged constructs, 293 cells were seeded
onto 35 mm plates (3.0xPQells/plate), and the next dayansfected with pEGFE3 or
pRP3512, as described above. The following dayréscent imagesf live cellswere
obtained with a Pla\POCHROMAT 20x/0.75 NA Infinity objective on &eiss Axiovert
200mmicroscope equipped with géxiocam 506 mon@amera and@daptured usingEN
2 (version 2.0.0.0, Carl Zeiss Microscopy LLC, White Plains, NY, USA), and images were

processed using FIJI (version 2.14409)).
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3.37 Statistical Analysis

Statistical analysis was performed using GraphPad Prism8 soffwenson 8,
GraphPad Software Inc., San Diego, CA, USA) calculate significance, a omeay
ANOVA or T-test was performed, asindicatédi f f er ences with p O

significant
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Fi gu3rleTr eat ment wi t h CBLO137 i nhibits HAd
produdtaine54A9 cell s were treated with wvary
andfter 24 hmeotfabtorleiact neecntti, WITtSys svBagsn efls s s s e
A549 cell s wer e -5i naftecame ddovh g hhf HAGAIdI um cont
varying concentrations of CBL0O137 was adoc
respectively), me d ihaeenl |lwsa sw erreemadhoa rdpy reasrttdeidn |
buffer, (aPmdB)t he quantity of E1A (early) é
i mmunamladfylse ssi gnal i Paa@)bidryd Bl aBELNAW (s

guantanfdioedal i zed to the quantity of tubul.
shown, amdbahe eepoesent standard deviati ol
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a significant reduction in both E1A and he
respectivel vy, of these proteidsg .r &liatciev AW

gene expression was unaWflwt eidn hmvh ictdded pa tt ©2

both concentrations reducing metabolic act
suggests the effect of CBLO0137 treatment i
on cell health but, ratheg,fuduetitonmoTlkrus,p

show that CBL0137 is capable of significar

concentrations that are tolerated by the h

3.4.2 Treat ment with CBL0O0137 inhibits viral

Given the key role of E1A proteins in p

gene expression and replication, the abil
expression suggests that genome replicatio
we next assessed viral g e ntorneea t ceadp yA 5O m bceerl

cell s were i nY eacntde,d lwihtphh , HAdMWMat ed with 3.0

DNA was isolated 8 and 24 hpi, witoh atihre 8
DNA replication in these cell s, thus actir
assess viral genome copy number, quantitat

recognikEzligregnet wehi ch was t he®@AMDH akazmdnt ow
CBL0O0137 had no effect on viral genome cop
association or up-tanlde CBitOei8i7es icel vehi ¢l g
vehitcleat ed cel |l s, -fwel do bisnecrrveeadseca m cnm$véi or wa | g

bet ween 8 and 24 empie.d Icrel CBL 0 W@ lod sierr cvreeda so
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genome copy number betfwdealn [&sand i 24l hgieno

vehicle treat ment, indicating that treat me
genome accumul ation within the cells. As e
al so reduced viral yield, as assessed by p

from CRBRLOladt7ed cel | s-f avlad nm eIda taigvvkea+ted O vceeh il csl

was not significantly different hfartonvigsamp

recovered at the 24 hpi ti me point may S
i nocul um. Taken together, these results ir
HAdVY early gene expression, resullat mggeme r
expression, ultimately preventing product.

3.4.3 CBWLWODL3I*Ts E1A transcription through i
subunit of RNA polymerase |1

Recentl vy, E2@d9ea)mwms tertatadd t hat select DI
including CBLO0137, i nduce degradation of F
which CBL0137 may affect HBNX eart éiyncdguecaee o e 3
torsiomal tdter iOdNgsenduth B € ar scthrruocntautrien, resul tir
of RNA tr.dhscsitptiiled RNA polymerase 1is the
t he DNA, and pdreogtregaddcodndb2yb IthhAed V- does not enc
RNA polymerase and (del7ies fom shogtet RNAP nleld
with 3.0 OM of CBL0137 induced degradati on
cells were treated with either vehicle or

harvested 0.5, 1, 2, &nd awa &8s e poesd tthre ad
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i mmunobl ot. We used an antibody which reco
hyperphosphorylated (Il o) forms of POLRZ2A,
form of POLR2A provides a measure of free
me arseu of RNAP |1 th2a?29, s€BdYh8d87tor ®aAIAment ¢
dependent reduction of the total cellul ar
hal ffe of approximately 1.25 h, though the
of tot al POLR2A Op abteetaweienng d4atandl 58 h (figur
observations (i2n9 oNdretr, ceed lagypesed POLR2A p
treatment with 3.0 OMamd IE&BdW 27 eidncledtl s
harvested 8 and 24 hpi. For the 8 h timepo

of POLR2A in bomnh ewcn(efif gguetl & ¢3 .ah@) . As we o0b

there was reduced | evels of HEIBA Oplr3o/t,eirnesl ait
to untr eatterde aadreAdv ec?edl dhsp.i , i nHe ctaiusoeddevsatt h H
accumul ation of POLR2A form |1 o i3n BDnAtsr eat
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was more acticveel Bsnattihwe itnd Teccea detdiment edf ceht s
with CBL0137 caused a |l oss of forfmidlhlao, an
As we observed previ awsleyi,n twie hgtunaenathietdyC BoefO
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guantities of E1A proteins-tatatatdecel mesco

incomplete inhibition of HAdV gene express
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Fig83@BL0137 EhAradnssriptionon doefgugtdat ndnoct
the catalytic subuniRancefAS5BRA crdll ysmemeasee tlir
vehicl eM oCBL30.103 7 , and at 0.5, 1, 2, 4, anc
removethemend s werienthoa,r P&E&Bd etthe quandsty of
det eerdmibny i mamuanldBosinoeslI heB:si gnal i nt edgiotmy of
PanedagA antainfdbedal i zed to t hedgupdmwmttateldveftd
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8P&nt)l ankdanel hpi, medium was remoweodo &hdB c
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over time, possibdyfdueftohehdrogtucC8LO0OK8T
hal if fe-2df h~6n plasma of @ge®i9at VB8O pd sdd ad wall
E1ARNA copy number at 8 hpi following trea
l oss of RNAP 11, treatment of cellB1Aith G
transcripts to ~10%W popéatbdtcebbsrytedgunevs
treatment induces an earl y | oxspsr ecsfs i RNMAR fl I
and l i kely other early proteins, ul ti mat e

infection.

3.4.4 CBL0137 treatment is required early |
Since HAdV i s RMAPRfadndit torna ncseclrliupltairon of |
viral genes, we would predict that CBLO0137

the drug is applied solely during the | ate

effect on liabe, geathexptrleas a ripple eff ec
expression. We therefore performed a ti me
CBL0O0137 on accumulation of early and | ate

points, waBL@d3d&e&d to medium at 1, 4 or 6 hg

analyzed at 8 hpi (figure 3. 4A). For the |
ti me points between 1 and 12 hpi, and prot
3.4Bdr samples harvested at 8 hpi, t he qL

cor rdevli dthe t hder @ d dniet iodn, suggesting that CBL
bl ocking early viral gene expressi3A)at t he

Thus, no sBIps @egeonteiwmi thin the cells treated
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E1A psporteessennt within the cells i f infectior
drug i,s baadded | ti me points showed reduced
treated cell sWaanVest ®odbsarve8dhpi progressi v
POLR2A within the cells when the drug was
present i f the Idor uA54wla sc ealdldse,d HAadtVerl.at e ge

begins @t52,2 HNPAL,CBBAYP37 was applied to the

earlier, we did not observe any hexon pro
indicating a complete block of | ate gene e
wi CBLOBR378 hpi or | ater allowed for some e

ti me Tphousn,t .sufficient POLR2A activity was r
at 8 hpi or | ater Cormedisdaye headbgséespoés &I
wi t he nt rtehat ed cell s showed that application
of the protein when applied at | ater ti me
|l evel s of POLR2A aptpremateadd i delnlts .calThng, weos |k
as we previouslyidet of MPEOERREARaneal cel | s w

1.25 h (flihase ®&Bat3aB)i.ndi cate that CBL0137

early phase of infection to suceuggsstud |l tyha
eamnliyahe expregrseihieminelneaayst parti al stabil iz
the cell s.

3.4.55HAdWVWI Y genesi ndudebd td eCPBrLaddla3t7i on of PC
Chromati cadddyabfMAe i nt 8rvddal ataabs degr adat i

oPOLR2A that itdaedteipeinidieing-d eofndbhmedent protein
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p9@ CuRIINGbiIi quitin | igas(e293mae tshpe cifikif NiGe £ rr
ubiquitin |Iigase family member invol ved i
response t odemeAn deamtagset al | i ng, POLR2A i s i
NEDD4 and subsequentEIly npga InGUAN RBPE p Vidlat ed b
El ongiiRUIZBRB&L E 3 |l i gase (d@m@®BI) eFxoers DNA dama
independent RNAP 11 stalling, POLR2A is ir
(432) n -ithAdect ed <cel |l s, -Bt5hke and akE4 oprrfot eame
integr &t enBYidW5C andt RBXdrm an E3 | igase

redirects the ubiquitin machinery to alter.]
of cellular proteins that would be refract
Mr ell, andB8RAODNE abibl5ikKt/yE 4ofr f BL B wlietpiern d e n

protein degradation within the <cell coul d
stabilization, or rather-tdeatkedofcedelgsr.admd
examined whet he 5 5&Kx mrnas Efidonr f Gf vl RBCBLWGE ¥ 3 € i
medi ated RNAP || degradati on. We transfect
HAdJY E1A and E1B;;55iKMclléu)diamPI)ELIBN expressi
encodittqgGEBRB E4o0rf6 (or GFP alone ashea con
cells were treated with CBLO0137, and harve
expression of both -Edoonrtfréo | p rGoFtPe iannsd ionu rt hGeF F
i mmunofl uorescence and i mmunobl ot . Al t houc
achieved (figure 3-EBAYyf6twasqgsesagni ftycaht G¥F

GFP alone (figure 3.5B). We al-posbbbseevesde
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Fi g5 BAd-Y early g€Bed lddmhickeidt degradati on
prot298 cells were tr@GAhhsf@ERPed pHERD5S IpPE)GFE
(PankdrmrsiRl), or pRPB&AAGRHGLIABLI nof | uorescent mi
of GFP signal 24vab-t paestfteomeedosnur e simil ar

effi cRhemghthe( cell s were taea2pdswi ttbran@BIE @ L3
protein sangflteesr c8 | H exft etdr eat ment . Sampl es
as sfaoyr B&PBHsd) , FRaAMR)I( and PPaOBR2s™) ( wi t h

tubulin as a |l oading control
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from ~135 to 24&AokDIad nosnfleyc tiend GFaPhes (figure
the -E54&dPr f6 protein itsedtframayabeosalb moded
hi gh mol ecul ar speci est awagse da | Es400 rof b6& BwPhvi ecdn  fl
protein fusion (figure 3.5C), -stndnshathngna
modi fied when expressed intef@B8stettesed tel ur
of 3.0 OM CBL0137 induced degrkpdassbanobf R

Ed4orf6 @&doFELEAGWI thitreéhttedc BL2DA3Cell s part

cellul ar l evel s of POLR2A I I a, suggest.i
stability/ degradation-tofeaRBAPcEl |l $n Thes,kC
adi tion experi ment, all owing early gene

cCBLO137, l i kely actdwelugedr edegntaedadt CBhO D37

3.4D). Taken together, these rbexsklamnd shdoref
froem vhral genome may redirect ubiqu-itin/p
induced degradation of RNAP 11 . Thus, thes
compounds as an eHAdLtagentcs,aslutofalasna i hi

encosd proteins that may i mpact the efficacy
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3.5 Discussion

Whil e HAdV cauddsmeasrsl y nmioncrer wi se healt
cause significant morribsi kd i g o/p ual nadt i marst, a | si utcyh
geriatric, or i mmun@@Z@mp2bmi §fdé,riedadb)e cwalr
approved t werfeaedeuttircesat( HBdV Fabecbondnocted
studies to identify and evaluate compound s
infecibP»n 154, REGAUr pd®B3ONg drugs repoesents
treating viruses, as it has the potenti al
bench to an agEBLOLI&d rtrreenddl vpeindmast @aait ancer
t her apz2&g,i c28w] th36pita ©s(e@EBdr,t B3O, . 3BH e
promising results observed in prldamliicmilc atlr
eval uati ngCBLh®1l 3Wws eagafi nst severian Marmhdrs e
(NCTO48YPW9HAtdher more, curaxins have already
and RNA(eBBUsE289, ,2abndCcBU®13309%9)yeat ment pr
against -Let md({eZHBHPPUNS , CBL0O0137 and other C L
t herapeutic efficacy against HAddV and be e

CBL0O0137 is a DNA intercalating agent t}
causing chroma®b "CBUdAdd@igat e d alteration of
pl eiotropic effects within the cell, i ncl u
expression, s8B psegsabnng,f aNFti vati on of
trapping of the FACde dc omypd(l@e8o7sqonntetsh pved N f ca s
downstream consequences of these effects.

of RNAP -DNA andqR2i9®n)We confir mdad tdlregtr aRiMAP u
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treat ment with 3.0 OM of CBLahBZhEDAASEOd
transcription and Ssubsequently pr e)e.nt ed
Il nterestinmge dgi,atC8d 0d8gr adati on of RNAP 11 r
HAAdV early gene expr essi-bobnkK anidk eHd4yo rtfhér opurgoht
3.5)55K1Bnd E4o0orf6 naturally f uQuwltRIiodG i n ¢
E3 ligasetacompbmeres degradation of sever a
nartal |y be refractory (te@Bh¢fThesieenti rvalr upr o
function to redirect nor mal E3 ligade act
CBL0O0137 is inducing RNAP 1| | -idnedgerpaednadteinotn NuESL
pol yubi qui ti(mMa3t2i)vEBDDpdatihtwsaegy/l f may be target:
viral E3 |ligase, again |l eading to RNAP 11 s
to have reduced efficacy against a Vvirus
effevely block initiation of subsequent ro
spread of the virus within the host.

For botlhaH8V HCMV, CBLO137 is believed
through inhibitiowWwhotet ECBLEAGT dompl et di
FACT compl ex, CBL0137 =establishes a chr om
becomes trapped on dtersad mpiirdg)z,e dt mawcd ke otshoanepx
foll owing removal 0 R9ECEBE@®I-HSV¥V nbderc DINAN, t |
| CP22 protein i nteracts wi t h t he FACT <co
el ongati emeé®fo1ly,i 22 ))ge t he FACT compl ex i s
transactivati o289 ThbeeFACTabcoMpE®X coul d &

efficient expression of-i HAdVedadbeygrgdatson
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is a major insult within the cell, and pr e

modul ating HAdV gene expression. |l ndeed, (
treat ment , it Iis possible that odrhemayeldd u
negatively i mpacted by the drug, t hus con

VvViruses.

The ability of CBR®@B3Ju7sl d op ostteanbtiilalzley peSx3p
as HAdV normally antagonizes p53 to preven
(52, 6M)ile we did observe stabilization o

infected A549 cell s, KD of the -Belftépkiycati
foll owing CBL0O0137 treatment (data not show
HAdYi nfectemdultheHDPBB39 cel |l | i ne. Thboiugehd CBL
HAdY infection in H1299 cells, we | ater de
not shown), confounding our results. Thoug
that the effect-5o0freBL@R37T oomniHAdVidependen

CBL0O0137 treatment has also been shown
restricting repl i SA®RCSo¥nRAB HdwWe/yed AVwheaendwe
the exprebBisn oGBWwWOledhFald, | HAAGMI9e dc el | s, we O
t hat at CBLO0O0137 concentr &ti amereamwals|l @ oo fc oi
increashexpnebsBNon (data snmost, sahown)astThins As
CBLOIM®2®i ated induction of the interferon
HAdJ-Y effect of CBLO137 treatment.

Our results also suggest t hat targeting

effective approach to treat HAdV infection.
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21,

t hes

t hes

aclarubicin, and actinomy¢29®9B,ugaglesd iin

e compounds may al so i mpact HAAdV i nfec
use in trda&t3i8nFgu thuurnea ns tcuadn ceesr wi | | need
e compounds in appropriate tis¢céd89c¢cul t

n summa hspghvoawh at t r e@QBmeEhd h WAdVs i nf ecti o
wor k ext endsCRBLhOel 307b sterrevaattmeonnt tchaant be us

ever(al8ods mMOALRRAB 8 ,viFuBs)Bishen suCBle@E3 D f

i n preicnl iundiucEad 8 6 ,a n4d3 7v)i r a(l 2 9Po)td eCGBsLIi Oond W | d

easi

l'y be repurposed -rtios k riemd it WWHadwdlysnf ed & ¢

burden of disease in these patients
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4.1 Abstract

The facilitates chromatin tranS8RBRPLons
and SUPTD6IHKEI ns, I's a key cellular compl ex
initiation and el ongati on, DNA replication

activhde yFACT compl ex has al s o- abnede rvainstbhib wn

properties, dependi nignwes ttihgatt\niek Qdseh @ pWee xt h e
wasequfiaghreednan adEekd niyrpeee bl i S@mali oninterferin
medi lahnedk dS@RBBUPT IreHl lecxepd essi on ofElddar |l y r
prosceue t o a Blefdruacntsmciormihpoth| t @bblugh E1A prot ei
FACT compl ex proteins showed partial over/|l
i mmunofl uorescence analysisWetbBbBowwbhat ot €
HAdJYi nfected <cell s, t he Z&FDOT t hempn vecxl erod lua
replicat,i omhecreentteres FACT compl ex -@modaekeds

DNAi ndi ngkmaowkddwn of t he FAE@T ucceendp laecxc uamusl «
of newly replicated gsndmemceduthiapronhédient e
expressrneodhquraenmd ucti on of progeny Vvirions.

i nditchaattie FACTIi s o mpfhoark rodpdk d-¥neelp | i cat i on.
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4.2 I ntroducti on

Within the nuciewuganiczeéed uil atmoudihe ®@sname N
serving as unistNueheawmemtes| consi st of an oct
H3, and H4), around owttn &ms IDNtAI o rsa lwhimgpddliefdi. c
terminal ofplhaystaoneist @lait el e i n ,gemel peixnpgr
determine the fAopennesso and fAcompactness:
repressive gene ¢gxl@r3e.dsliBeli®d, reppgenievelcy r re
in establishimagiogholwalt hgeane heegel | and, cCo
i dentli4ddpi geneti c regul atmaonyudlse ar( swivr e d t
if14833which frequently exploit the <cell ul
expression of viral genes, as wel |l as to m
expression of genes that support productiywv
to viral repl i cdaetn ooviHAUS ), hihing ndvygaraanhi cal | vy
remodelugt ohler @ oiunrfseqc 9@fnlle ceosms soci ated with
and wrapped i n rleipkeea tsi tnrgu cntuucrleesopsedanoed yt o ni mi
of expression O0fiL2BHRUd,y HWAdDVWI Icighkdlays aut ielpii e
regul atory proteins to suppolrnd,eewoalk deneotL
| ab andsdoetnnoenrsst rhaat ed t hat compounds that m
regul atory prHAdavinfseCca &b i, nplaldig ge ptiigreg ett h at

regul atrii diuciEHAhgiVnf ect i on.

Whil e nucleosomes are vital for epigene
also represent a physical obstacle for g e
el ong@t9dbAddi ti onal chromatin remodeling |
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modi fy, shi ft or evict nucl eosomes from

transcription factors to bind to the DNA, &
[ ( RNAP 11) t hr-maugmd tDRA.Nnu@Gneosomb facto
clomat i n t (FaAnCstaocnt piwdenxs h , i n humans, i's comp (

SUPT16H and08BS3Pel FACT complex is perhaps
transcripti(@m®O0®minan giastd eodntoautlghhdt i muoc | e o s o ma | ¢
through oeenoM2A/ dE2rBonditmheer nucl eosome during
[ enzyme and replacing the di2@er aRkRber 2t
However, the FACT complex has also been in
the cell, includi 827 ) DNdpcti(ced ombhd) tDINaAL i
rep(@da0,HaemMduysgok nocldPTi1@EeBIOX)S S$SRRAB)et hal t o
early mousecleemabrrlyyosi ndi cating that the FACT
the cell

Previous studies have shown t-hatather FA
antiral factor of bot h RNA and DNA viruse
context. Work282mBRaszteatedlthat the FACT c
antiviral response that appears to have ev
FACHTS® Antivir@FERRsppaskway, activation o
enhanced expreksioanodr itphtei ol T Sf act orrus whi ¢
restriction programs within the cell. Al th
vVirus, -arhccoABMHRust ei n antagonizes the respg
medi at ed explr.esTsheo nF EDAR EpTaStvlewd yc ud lag o sit rolmalt ii

influenza A virus (I AV), and yellow fever
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SUPT16H was sufficient to increa(282)her qua
human | mmunodef i c-L nayndavhalhyne hdt r(oHlive vi ru
infections, the FACT complex suppressed vi
| atencf 2 Bznadt,orconsi stent with this, t he FA(
endogenoud MeMERYL)rgeh2e3 expwesserponpar adoxi
et .( 2a8f40)und t hat the FACT complex is requir
terminal regeatnfcecwrtiimogn, HIbMit i s not requir e
transcribed viral DNA, suggesting the FACT
i nfeon. By contrast, the avian | eukosis v
compl ex for i nt gr8abt)lihoen FOACTv icroamip IENKA al s o
the interferon response, through i nltienrgact i

(442KD of SUPT16H or treatment with the cu

FACT comp8e@&x 2i8h7c)reased interferon activit
replication of zika virus, | AV, and2%&Nere
However, it should be noted that | AV repl:.
treatment, suggesting tHataadeinti onmay! ceomnft &

observed antiviral effect, sineel KD28%ZA)o8UP

Kaposi ' sassarcd amadr eheuipressyi t e FAraQTe-nc g mp |
associated dagerdentanDNA 6r@eDulriicnagt ihoenr pes s
1 (HgVinfection, the viral | CP22 protein r.
to promote efficient trafg8éeipihdieceli @mmg ami
| CP22 mutant unable to bind FACT |l ed to st

sites on t he viral genomeptiscunggebbnggt iion
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cytomegal ovirus (HCMV) al so requires the
treatment with CBLO0137 prevented the FACT ¢
the major i mmediate early promMmat89r), t her eb

Unpubli shed work by our | ab also demons
capabl e of bnhinldietcitng nHAdMDW!t t hi s -iefdwecdad wa
degradation of RNA (p2o9 Yympeir@afsleud éd ( RNAPr o m) c
any specific role fo#th timd eEACTONncomml @xhiisn s
the role of the PBAGThfceacmp loenx diinmr eHAd\W usi ng
(si RNAJi at eHUKD1 ®HoSkBRPland show that the F

recu rf or ophimapl| HAa@tI on.
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4. 3 Materials and Met hods

4.3.1 Cell Ilines, Viruses, Transfections a

Experiments were conducted-denitvied ASHEnN
l i ne-1(8GCL AmerGuwlathurTey pol | ecti on ( ACE€IC)s Ma
were cultured in Minimum EssemtakalONMedi um
Canadaontaining 10% (v/v) Fet al Bovine S
Gl ut aMAmAXW50061 0Ot tGaGedc,o Capnadad lXaninmybobic
1524006Pbco

HAdV-5 was obtained from Dr. John Bell (Ottawa Hospital Research Institute,
Ottawa, CanadapdDBP™€ (lab designation AdRP3122) has bescribed previously
(404) and is an E1+ and3-deleted viruencoding &LAG-tagged DNAbinding protein
(DBP). AdPVIIFAG (AdCC100) is an E1+ and Efeleted virus encoding a FLAfGgged
protein VII, and was constructed in a similar manner as previously des¢t®@d127)
All viruses weregrownin 293N3S cellg417)and titered on 293 cel(@¢16), both a knd
gift from Dr. Frank Grahan(Professor Emeritus, McMaster Universitjll viruses were
purified by cesium chloride buoyant density centrifugation, as described preViéL8)y
For viral infections, medium waremoved from confluent monolayers of cells prior to
infection with HAdV in a minimum volume. The multiplicity of infection (MOI) was
calculated as plagtferming units (PFU) per celUnless noted otherwise, infections were
performed at an MOI of 10/irus inoculums were diluted in phosphdteffered saline
(PBS D8537%500ML, Sigma Aldrich), and added to the cells for 1 hour (h) at 37 °C with
periodic rocking.The ells weresubsequentlyashed with PBS to remove unbound virus

and freshmediumwas added to the cell§he infected cells weiacubatdin a humidified
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CQ incubator at 37 °C until the indicated time poirifl.time points are relative to the
initial addition of the virus inoculum to the cells, which is considered t=0 h post infection
(hpi).

To generate pMJ102, which encodes FL-fs@§ged DBP driven by the human
cytomegalovirus (HCMV) immediate early enhancer/promoter and contains ampicillin and
neomycin resistance genes, viral DNA obtained fiddDBP™¢ was PCR amplified
using the fol-MdWi GAApTiT@Be GEC RA&L&C ATG GCC A
T ATA GCG GCC GCG CCG TTT AA. The resulting DNA product was digested with
EcoRI and Notl, and cloned into EcoRIl and Notl digested pcDNA3.1. The plasmid
integrity was verified by sequencing, artie plasnd was purified by cesium chloride
buoyant density centrifugatiarsing standard methods.

Pooled small interfering RNA (siRNA) targeting hun&ldPT16H(M-00951700
0005 and SSRP1 (M)1178301-0005) and siGenome netargeting controkiRNA (D-
00120613-05) were obtained from Horizon Discoveryafayette CO, USA). A549 cells
were see@d in 12well (0.5x1C cells/well) or 6-well (3.2x1CG cells/well) plates and
transfected witHLOONM total SiRNA using Lipofectamine 200011668019 Invitrogen,
Ottawa,ON,CA according to the manuf aSingleaKDsr 6s i r
were performed using 50 nM siRNA targeting SUPT16H or SSRP1 along with 50 "M non
targeting control siRNA to a final concentration of 100 nM, while double KDs targeting
both SUPT16H and SSRP1 used 50 nM siRNA each for a final concentratiof oML
The transfection medium was removed after /Athre cells were rinsed with PBS, and
complete medium was added. KD was confirmefdt posttransfectiorby immunoblot

analyss, and the cells were infected at this poast described above
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4.3.2 Immunoblot Analysis

At the indicated timepoints, medium was removed, and the cells were lysed in 2x
Laemmli buffer(62.5 mM TrisHCI pH 6.8, 25%w/v glycerol, 2%w/v sodium dodecyl
sulphate (SDS), 0.01%w/v bromophenol blue5 % v fmercagdioethanoladded
immediately priortouse)p nd st o r& Tthe samplesw2r@ boiled for 5 min prior
to protein separation by sodium dodecyl sulpipatlyacrylamide gel electrophoresis
(SDSPAGE) Separated proteins were transferred to an ImmolsiloPVDF membrane
(IPFLO0010, Sigma Aldrich and the membrane was blocked with Intercept Blocking
Buffer (927-70001, Li-Cor BiosciencesLincoln, NE, USA. The following primary
antibodies were usedntirAdenovirusType 5 (M58) (E1A1/5,000for overnight (O/N)
incubation MA513643 Thermo Fisher ScientifijcAnti-Adenovirus Type 5 E1A (1/2,000
for O/N incubation; 554155, BD Biosciences, Mississauga, 8Ali-Adenovirus Type 5
(recognizes all capsid proteins, including hexon, 1/10,000 for 1 h incubabhé®982
Abcam, Toronto, ON, CanadantrSUPT16H(1/5,000for O/N incubatim; ab204343,
Abcam), antrSSRP1(1/5,000 for O/N incubation; 15696AP, ProteintechRosemont,
IL, USA), mouseantitubulin (1/10,000 for 1 h incubation; CP@&igma Aldrich, rabbit
antitubulin (1/10,000 for 1 h incubation; ab59680, Abcalt)e primary antibodiesere
diluted in Intercept Blocking Buffer containing 0.2% Tween 20. The membrane was then
washed three times BS (10mM NaHPQs, 1.8 mM KHPQy, 2.7 mMMKCI, 137 mM
NaCl, pH 7.4 containing 0.1% Tween 20 (PBST) and incubated with the appropriate
IRDye secondargntibodies (680RD and 800CW -Cior Biosciences), diluted in Intercept
Blocking Buffer containing 0.2% Tween 20 and 0.01% SBgainprotected from light.

The membrane was washed three times in PBST, followed by a final rinse with PBS.
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Membranes were scannaging aChemiDoc MP imaging syste(Bio-Rad, Mississauga,
ON, Canadp and the resulting signahalyzed using Imagdeab (version6.1, Bio-Rad.

All immunoblot data are representative of three or more independent experiments.

4.3.3 MTSMetabolic Activity Assay

96-well plates were seeded wittDBO A549 cells per well and incubat®dN. The
next daythe cells were transfected with siRNA targeting SSRP1 ottawgeting control,
as described above. The cells were incubated in medium without serum, containing 2mM
GlutaMAX and 1x antibiotieantimycotic. Three days latehe medium was removed from
the wells and fresh medium containsgyumwas added, and incubated 8 h Metabolic
activity was determined using the CellTiter 96 Aqueous -Radioactive Cell
Prolf er ati on Assay (Promega, Madi son, Wil
instructions. Briefly, cells were incubated for 1 h at 37 °C with 20 pL of t&3
dimethylthiazoi2-yl)-5-(3-carboxymethoxypheny2-(4-sulfophenyly2H-tetrazolium
(MTS) substrate, and absorbance readings were obtained at 490 nm using the SpectraMax
190 plate spectrophotometer (Molecular Devices, San Jose, CA, W&M3. containing

no cells were used as a negative control.

4.3.4 Polymerase Chain Reaction

To determine if KD oSUPT16Hor SSRP laffected HAdVY5 DNA replication, we
determined the viral genome copy number in infected cells by quantitative PCR. Three
days post KDA549 cells were infecteds described above. At the indicated time points,

medium was removed, and the cells were harvested usingp&Dnase K (10 mM Tris
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HCl pH 7.4, 10 mM EDTA, 1%w/v SDS, 1 mg/mL proteinase KP80445G, Sigma
Aldrich)) and incubated/N at 37°C. DNA was extracted from the cell lysates using a
standard phenathloroform method, precipitated witlsopropanoland NaCl, and the
resulting DNA pellet was dissolved in TEO mM TrisHCI pH 8.0, 1 mM EDTA. gPCR

was performed using 200 ng of genomic DNA per reaction. The following primers were
us e dCTCBECACACAC ATG CAC -CATAGRGCE AGGGCTTTG

ATT for human glyceraldehyd&phosphate dehydrogenas@e APDH) ; -CGAGTTA
AAC CAG TTG CCG T&H GERTBC AGCACAAST CCA AAG for
HAdV E1A Viral genome copy number were calculated from the Ct values using a
standard curve obtainddom serial dilutions of pCB6, a plasmid containing the entire
HAdV-5 genome. Values were normalized usgé®PDH copy number, calculated from a
standard curve obtained using serial dilutions of a plasmid containingeal dlagment of

the humarGAPDHgene pMJ10Q as described previous($62)

To determine whether FACT KD affected production and accumulation of viral
ElAtranscripts, we determindeLAmMRNA copy number from infected cells. Three days
after KD, A549 cells were infected as described abawnd, & the indicated time points,
medium was removed, acdll lysates were obtainegingTRIzol (15596026 Invitrogen)

Total RNAwas extracted from the cell lysates usihg PureLink RNA Mini Kit columns
(12183018A I nvitrogen), according to the manuf
was then treated with the DNfkee DNA removal kit (AM1906, Invitrogen)The resulting

RNA was reverse transcribed into complementary DNA (cDNA) using the High Capacity
cDNA Reverse Transcription kit (4368814, Invitrogeg.CR was performed usidguL

of thecDNA per reactionThe following primers were usel:\CA ACT TTGGTATCG
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TGG AAG G a n d- GEB@GATC ACG CCACAG TTT C for humanGAPDH 5 6TCC
GGTCCTTCT AAC ACA CCa n d-GGCAETT TAC AGC TCA AGT CCfor HAdV-5

E1A EIAmMRNA copy number were calculated from the Ct values using a standard curve
obtained using serial dilutions of pCB6. Values were normalized @&gDH mMRNA

copy number, calculated from a standard curve obtained using serial dilutions of a bacterial
plasmid containing a cloned fragment of hun@APDH cDNA, pMJ111. To generate
pMJ111,a105bp fragment of the humaBAPDH cDNA (generated using PCR primers

5 @ACAACTTTGGTATCGTGGAAG Ga n d-GEGATC ACGCCACAGTTTC)

was cloned into Smaldigested pBlueScript Il K&t), verified by sequencing, and purified

by cesium chloride buoyant density centrifugatising standard methadgo quantify the
relative abundance of eaétiAisoform following FACT KD, we performed PCR using

the following primers56ATT ATC TGCCAC GGAGGTGT-30 &FGEHEATAG CAG
GCGCCATTT TA-36(443) Amplicons were resolved on 2% agarose gels and the image

was captured using the ChemiDoc imaging system.

4.3.5 Plaque Assay fafirus Yield

To examire the effect of FACT KD on virus yield, we performed a plaque assay of
virus recovered frontreatedA549 cells. Briefly, 3 days after KD, monolayers of A549
cells were infected with HAd\s at an MOI of 10After 1 h of infectionthe virus inoculum
was removedthe cells were washed once with PBS to remove unbound virus, and fresh
medium was added.tA, 18, 21, and 24 hpi, the cells were collected by scraping into the
medium, 40%w/v sucrose grepaed in 10 mM Tris pH 8.0) was added to a final

concentration of 4%v/v, and the samples were lysed by three freeze/thaw cycles. For the
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plaque assay, monolayers of A549 cells were infected with dilutions of the cell lysates.
After 1 h of infection, the cells were overlaid with medium containing agarose\(aao
a 1% w/v agarose solution, 43% clear 2x MEM (11935046, Gibco), 5% FBS, 1%

GlutaMAX, and 1% antibioti@ntimycotic). Plaques were counted 10 days later.

4.3.6 Immunofluorescence

A549 cells(4x10* cells) were seeded ¢m1 cm round coverslips in 2&ell tissue
culture plates andhe next dayinfected with AADBP“A®. At the indicated timepoints,
medium was removed attide cellswererinsedwith cold PBS. Cells were fixed using 4%
paraformaldehyde (pH 7.0) in PBS for 10 oties (min) then rinsed 3 times with cold
PBS. Cells were permeabilized using 0.25% Triteh00 (X100-100ML, Sigma Aldrich)
in PBS for 10 min, followed by 3 rinses in PBS, 5 min each. Coverslips were incubated in
5% donkey serum(DS, S30100ML, Sigma Aldrich in PBS for 30 min to block
nonspecific antibody binding. Coverslips were incubated in 5% DS in PBS conttiiaing
following primary antibodiesantrSUPT16H (1/1,500, 28598L-AP, Proteintec) antk
SSRP1(1/1,000, anti-FLAG (1/1,00Q F1804, Sigma AldrichO/N at 4°C or for 1 h at
21°C with antinucleolin (1/1,000, MAB1271-25UG, Sigma Aldrich The coverslips
werethenrinsed 3 times with PBS. Coverslips were incubated 1 h protected from light in
5% DS in PBS containing the following secondary antibodies: Alexa Fluor 59¢ahbit
IgG (1/1,000; A21207|nvitrogen, Alexa Fluor 488 antrabbit IgG (1/1,000; A2206
Invitrogen), Alexa Fluor594 antrmouse 1gG (1/1,000; A2120 Invitrogen), and Alexa
Fluor 488 antmouse IgG (1/1,000; A2120anvitrogen. After secondary antibody

removal and 6 washes in PBS, 5 min each, the coverslips were incubated with Hoechst
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3342 ( ibh PBSHBST, Life TechnologieBurlington, ON, CA for 1 min. Lastly,

the coverslips were rinsed with PBS and placed on glass slides using Dako Fluorescent
Mounting Medium (Agilent Technologies, Santa Clara, CA, USA). Fluorescent images
were obtained with a PIaAPOCHROMAT 63x/1.4 odimmersion Ph3 objdwe on a

Zeiss Axio Imager.M1 microscope equipped with an AxioCam HRm camereapiwared
usingAxioVision software(version 4.9.1, Carl Zeiss Microscopy LLC, White Plains, NY,

USA), and inages were processed using FIJI (version 2.(44.9)).

4.3.7 Nuclear Fractionation and Gaenmunoprecipitation

To evaluate proteirassociations, A549 cells were seeded ontecrhiOdishes
(4.0x10 cells). The next day, the cells were infected with appropriate virus, as described
above At the indicated timepoints, medium was removed,thadells were rinsed in cold
PBS.The @lls were scrapeffom the plateand transferred to a new tubiéhe @lls were
rinsed 3-times with cold PBS, with cells pelletebdetween washely centrifugationat
300xg for 5 min at 4°CAll subsequerdgteps were performed on ice using cold reagents.
The PBS wadliscardedthec el | s were resuspended in 500
Tris pH 7.4, 10 mM NaCl, 3 mM Mge@), and incubated for 15 mifext, 25 L of 1
Nonidet P40 substituteB{olynx, Brockville, ON, CA was added, and the tube was
vortexed for 10econds (sat maximum speei lyse the cellsandthenuclei were pelleted
by centrifugation (84%g for 10 min at 4°C). The supernatant (cytoplasmic fraction) was
discarded, while the nuclei were resuspended in a volume equivatbeipacked nuclei
(approximately 50rL) with nuclear resuspension buffer (50 mM HEPES pH 7.6, 300 mM

NaCl, 1 mM EDTA, 0.5 mM dithiothreitol (DTT), with 1x protease inhibitor tablet, 10 mM
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b-glycerophosphat€BGP), and 200 &M phenyl methyl sul f o
prior to use). Nuclei were flash frozen, and thawed omoidgse the nucleiOnce thawed,
thesolution wasglarified by centrifugation (15,06@ for 20 min at 4°C), and the resulting
supernatant (nuclear | ysate) was transferr
pulldown buffer (PD buffer, 50 mM HEPES pH 7.6, 150 nM NaCl, 1mM EDTA, 0.5mM
DTT, with 1x protease inhibitor tablet, 10 mBGP, and 200 €M PMSF ad:¢
use).

A bead slurry was prepared by washiB@0 pL of unconjugated protein G
Dynabeads10004D,Invitrogen) in 1 mL PD buffer 3 times, and resuspendeDit pL
of PD bufferAn aliquot @ 0 ef the nuclear lysate asreservedis input. The remaining
nucl ear | ysate was brought upgheleadsldr@ase L wi
added to the tube, which was then placed on aimgtgtlatformfor 1.5 h at 4°Cto
eliminate proteins thanonspecifially bound to the beadsAfter preclearing, the
supermtant waglividedinto 5 tubes eachof whichwasb r ought t o 400 eL wi
Each tube received0 ¢ g antibody targeting mous&LAG (F1804, Millipore
Burlington, MA, USA),SUPT16H(2055%1-AP), or SSRP1(156961-AP) as indicated,
while theremaining tubeseceivedlOe g o f | appBopriatespecids.eThe tubagere
incubatedbn a rotaing platformat 4°C O/N

The next day, 40 L of the prepared bea:
back ontherotaing platformfor 2 h at 4°C to conjugate the antibody complexes to the
beadsThe supernatantontaining thainbound flowthroughproteins,was transferred to
a new tubeand combinedvith 5x Laemmli buffer (156.25 mM THBICI pH 6.8, 62.5%

viv glycerol, 5% w/v sodium dodecyl sulphate (SDS), 0.01% w/v bromophenal blue
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125 % v-mercafioethanpl The beads were washed 3 times in pulldown wash buffer

(50 mM HEPES pH 7.6, 150 nM NaCl, 1mM EDTA, 0.5mM DTT, 0.1% Nonidet P40
substitute, with 1x protease inhibitor tablet, 10 B8P,and 200 &M PMSF add
to use), bef ore being resuspendedHCGpH 40 €L
6.8, 25% vl/v glycerol, 2% w/v sodium dodecyl sulphate (SDS), 0.01% w/v bromophenol

blug 5 % v-mercagdioethanhl After processing, all samples were store2@tC.

To confirm that the proteiassociations were due to direct binding, and not due to
independent binding of the two proteins to the same DNA molecule, the nuclear lysates
were pretreated with DNase | prior to incubation with antibody. M®lal 5 mM) and
CacCeb (final 0.5 mM) were added to the nuclear lysates, and 1 pL of DNase | (10 mg/mL)
was added, and incubated O/N at 4°C. The next day, appropriate antibody was added and

the lysates were processed foriconunoprecipitation (cdP) as described above.

4. Bt&tistical Analysis

Statistical analysis was performed by u
GraphPad Software I nc., San Dieget ec€dj nUS A
usi ngquagn & NOVAmMu lHteisptise, Tas i ndi catDedf enerae®

with p O 0.05 were considered significant.
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4. 4 Resul ts

4. 4.1 Knockdown of SUPT16H and SSRP1 | ower

We first assessed whether the FACT compl
early genes, focugilyhdg tome efard yt rreggiomn 1Ax (g
genome and which encodes proteins <cruci al
lifecys) ed44A54A%5¢el |l s were transfected wi
and/ or SS-RBigeodor ngowotomd rod u rtsS egutes)t tgyotsiton, t
were infectb,d amd hprHAtdeVi n | ysates were har)
ear |l y pnhfaescet imfn.i The FACT compl exelgaads oan |
whereby SUPT16H and SSRP1 mRNA associate
interaction is required not only for stab
absence of this interaction, SUPT16H and S
eftientl yl 2t0r8amss laatceadnsequence, KD of one m
directly impacts the protein(kRegdescohfihed
KD of SUPT16H and SSRP1 and, as antwern pat ec
the quantity of the other protein (-figure
targeting si RNA had no effect ometdhat £dvEKED:
of SUPT16H, SSRP1, or both reducetdhéheelhluasarl

(figure 4.1B, C), suggesting thhaxprmhes FACT.

We confirmed that treatment of the cell s wi
not significantly i mpact cel cameng@gbohiat a
expression of E1A was not simply due t
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toget her, these results indicate tEHB®At t he
expreSismoe. KD of one member of the FACT col

proteins, déxpesiumsertgysiewe only performed KD

4. 4.2 Knockdown of SSRP1 reduces E1A trans
The FACT complex is well known for its role in transcription initiation and

elongation(200, 227) Thus, the reduction in the quantity of E1A protein following FACT

complex KD could be due to less effici&itAtranscription, resulting in few&1AmRNA

transcripts. As such, we next examined the effect of SSRP1 KB1&ArmRNA copy

number within infected cells. Briefly, SSRP1 was subjected to KD in A549 cells and, 72 h

later, cells were infected with HAdY, and total RNA was isolated each hour from 3 to 7

hpi, converted to cDNA, and then analyzed by gPCR using primers thatEdryetithin

exon 2 (common to aE1A mRNA isoforms). Under our gPCR conditioiislA mRNA

could not be detected prior to 3 hpi. KD of SSRP1 did not affect the quan@pBDH

MRNA (figure 4.2A), indicatingSAPDH could be used to normalize our results. KD of

SSRP1 caused a modest delay in the appeararieeAahRNA transcripts, by about 30

min, but the overall rate of mMRNA expression was unchanged, as shown by the identical

slope ofE1Atranscript accumulation in siSSRP4And siCtritreated cells (figure 4.2B).

We also assessed the relative abundance of EABHRNA isoform. During infection,

HAdV expresses 5 isoforms of E1A, termed 13, 12, 11, 10, and 9 S, with isoforms 13 and

12 S being more abundant during early infec{i®®). SSRP1 KD caused a very modest

decrease in both the 13 and 12 S isoforms, while 11, 10 and 9 S appeared modestly

increased in abundance, but these differences were not statistically signifigariil{shed
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data, MRJ and RJP

The modest delay iBE1IAMRNA accumulation within HAdMnfected cells treated
with siRNA to SSRP1 suggests that there may also be a delay in initiation of expression
and accumulation of E1A protainWe therefore examined the kinetics of E1A protein
accumulation in infected cells treated with siRNA targeting SSRP1 or dangeting
control, to get a more comprehensive view EdrA expression. Protein lysates from the
cells were harvested every hour from 2pi and at 24 hpi. KD of SSPR1 was confirmed,
and led to a reduction in levels of both SSRP1 and SUPT16H within the cells at all time
points (figure 4.2C). In cells treated witbntargeting control sSiRNA, E1A was detectable
by immunoblot at approximately-B hpi, and increased approximately-fbd between 6
and 8 hpi (figure 4.2D, E). In contrast, in cells treated with SIRNA to SSRP1, E1A protein
was first detected at 8 hpiatevel that was ~%old lower than that observed in controls,
and reached only ~40% of control levels at 24 hpi. Taken together, KD of SSRP1 reduces

production of E1A proteins within HAdNhfected cells.

4. 4.3 E1A proteins do not associate with
E1A proteins have many different binding partners within the(8&ll 444) and

can indirectly control the epigenetic status of the chrom&im example, HAdV E1A

proteins bind to and redirect the cellular p300/CBP histone acetyltransferase to

epigenetically reprogram cellular chromatin thus conferring a global change in cellular

gene expressiofdl, 446) As E1A proteins stimulate the activity of tB@ Apromoter(55,

56), we examined whether E1A proteins associate with the FACT complex to perhaps

redirect its activity and enhance expression of Edifyilar to as reported for the HSV
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ICP22 protein(291) We first performed immunofluorescence (IF) analysis of infected
cells to determine if E1A proteins ¢ocalized with or rdocalized FACT complex
proteins A549 cells were seeded onto sterilized coverslips, and infected with A4V

at amultiplicity of infection (MOI) of 100 to ensure sufficient Elgxotein forvisualization

by IF. Cells were fixed 8 hpi, and probed with antibodeeE1A and SUPT16Hbroteins

while nuclei were stained with Hoech$n uninfected cells, SUPT16H wascalized
primarily to the nucleolus, as has been described previq@dB) We also observed
diffuse staining of SUPT16H throughout the nucleoplasm (Figure 4.3A). In HAdV
infected cells, E1A was found throughout the nucleoplasm but specifically excluded from
the nucleolus. SUPT16H in HAdWfected cells showed a similar distritan pattern as

in uninfected cells at this 8 hpi time point, with no obvious relocalization away from the
nucleolus. Thus, E1A and the FACT complex share a diffuse expressiempethin the
nucleoplasm, with the exclusion of the nucleolus, suggesting that the two proteins could
associate. To more directly address whether the two proteins are associated, we performed
a coeimmunoprecipitation (coP) experiment. Nclear lysatesvere prepared & hpi from
HAdV-5 infected cell@and subjected to IP with antibodiesHbA, SUPT16H, and SSRP1
proteins or isotype controlPulldown with antibody to E1A proteins efficiently enriched

for E1A proteins, but failed to eenmunoprecipitate either SUPT16H or SSRRdure

4.3B). Similarly, pulldown of SUPT16Hor SSRP1did not co-immunoprecipitateE1A
(figures4.3C, D). Taken together, these ressliggest under our immunoprecipitation (IP)

conditionsthe FACT complex and HAdV Elproteinsdo notassociate with one another

4. 4.4 SSRP1 alnadc aSIUPZTel 6WH tcho vi r al replicatic
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Al't hBAGHh compl ex proteins in tHhecraddlzeu s
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that the FALCdcabmpksxwcodoh VRCs that form | ;

4. 4.5 SSRP1 and SUPT16H associate with DBP
The FACT complexproteins SUPT16H and SSRP1 appeared to strongly co

localize with DBP within the VRC (figure 4.4). We therefore investigated whether the

FACT proteins associate with DBP through dle@ssay. Briefly, A549 cells were infected

with AADBP™A¢ and, 24 hpi, nuclear lysates were prepared from infected cells and

incubated overnight (O/N) with antibodies targeting FLAG, SUPT16H, or SSRP1, as well

as isotype control. FLAG IP of DBF*® resulted in cdP of both SUPT16H and SSRP1

(figure 4.5A). These results werenfmmed using reciprocal et?, whereby IP of SSRP1

(figure 4.5B) or SUPT16H (figure 4.5C) resulted inlBoof DBPA®, These results

suggest that FACT can associate with HASNXDBP.

The association of FACT and DBP coul d be

or medi ated indirectly simply through ©bot
fragment. We thet Pfexperemeatednotuthecprese]
cofirmed the conditions for DNase | treat me

in pulldown (PD) buffer alonandr O0sbpmMe @aCg
treated with DNase |, and incubated O/ N a
pcDNA3.but only when PD buffierGCa@dd BNapé em
(figure 4.5D). We repeated the FLAG I P exp:H
suppl ement ednadvifda&@iMdg Cl r eat ed with DNase | {
antibodies targeting FLAG or Il gG i sotype ¢

described above. Treating the nuclear | ysa
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ability of SUPT16H to cdP with DBP (figure 4.5E). These results indicate that the
association of thEACT complex and DBP was due to proteitein interactions and not
due to the proteins binding to the same DNA molecule.

Finally, to determine whether other viral accessory proteins were required for the
DBP-FACT complex interaction, we performed plasrbaised overexpression of DBP
within A549 cells. Briefly, A549 cells were transfected with an expression plasmid
encoding FIAG-tagged DBP, and 24 h peasansfection, nuclear lysates were obtained
and subjected to IP using afiLAG antibody. Similar to AJDBP#C infected cells,
SUPT16H protein cammunoprecipitated following IP of DBP (figure 4.5F), indicating
DBP and the FACTomplex can associate in the absence of viral infection or other viral
proteins. Taken together, these results indicate DBP and the FACT complex proteins are

associated with one another.

4. 4.6 Knockdown of FACT proteins inhibits
producti on

As E1Aproteinsarevital for productive infectiorf31, 422) thelag in accumulation
of E1Atranscripts and proteins within cells subjected to KD for FACT protiggests
subsequent stages of the viral ldgde will likely be similarly impacted. Thus, we next
evaluated the effect of SSRP1 KDwiral genome copy number with the cels49 cells
were treated with siRNA to SSRRdr nontargeting control)and72 hlaterthe cells were
infected with HAd\A5, and total DNA isolated & hpi (before onset of viral DNA
replication) and 24 hpiAs shown in figurel.6A, although similar genome copy numbers

were present within the cell s Kab o8 hSpSRP1i
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Figure 4.6. Knockdown of SSRP1linhibits viral DNA replication and late protein
production. Panel A:A549 cells were transfected with siRNA targeting SSRP1 of non
targeting controlSeventytwo h posttransfection, the cells were infected with HA&\at

an MOI of 10 Total DNA was isolated at 8, 18, 21, and 24 hpi and subjected to gPCR to
determine the genome copy number per 200 ng DNA, normalized to the copy number of
humanGAPDH Panels BD: A549 cells were transfected with siRNA targeting SSRP1 or
norttargeting contrglinfected 72 h latewith HAdV-5 at an MOI of 10 and protein
samples collected froh2-24 hpi. The quantity of hexon (B, C), SUPT16H, and SSRP1

(D) was analyzed by immunoblot and, where appropriate, normalized to tubulin signal. The
mean of three independent experiments is shown, and the error bars represent SD of the

mean.Significance was calculated Ibyultiple T-tests **** 1 p < 0.05.
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resulted in a reduction of viral genomeis24 hpito approximately 35% of that observed
in cells treated witmontargeting controsiRNA. Thus KD of SSRPladverselyaffected
theaccumulation of viral genomes within the cells

In part, the newly replicated viral DNA serves as the template for late gene
expression(173, 423) suggesting that reduced accumulation of genomes within cells
subjected to KD for FACT complex proteins may also lead to reduced accumulation of late
proteins. To directly examine this, we determined the levels of the late protein hexon in
cells KD for SRP1. A549 cells were transfected with siRNA targeting SSRP1, or non
targeting control, and 3 days pasinsfection, were infected with HAdY. Protein lysas
were harvested every 3 h from-22 hpi, and analyzed by immunoblot for hexon,
SUPT16H, and SSRP1 proteins, with tubulin as a loading control. In-gi€ited cells
hexon protein was first detectable by immunoblot at 18 hpi (figure 4.6B); however, the
guantity of hexon protein present in cells treated with siRNA targeting SSRP1 was reduced
by ~20% relative to cells treated with ntargeted control siRNA at 18 hpi and all
subsequent time points (figure 4.6B, C). KD of SSRP1 and SUPT16H was confirmed
(figure 4.6D). Although the differences in hexon protein levels were not statistically
significant, these results suggest that there is a delay in initiation of expression or
accumulation of late proteins in cells depleted of the FACT complex. Taken todledser
results indicate that KD of FACT complex proteiteads to decreased viral DNA

replicationand a concomitant reduction in late protein synthesis during infection

4. 4.7 Knockdown of FACT complex proteins
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Our results indicate that KD of SSRP1 d

as wel |l as genome replication, suggesting
examine virus recovery in cells follaagwing
4, 18, 21, and 24 hpi, and performed a pl.
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4.5 Discussion

Eukaryotic genomic DNA is packaged into
of DNAraneins that encodes epigenetic info
cel | (d8at i 4TRe Mi5sBt)ones conphawnwedni achueeée

gene regul at-i oanshabobiugmalpowtbe i mi ciat aond by

as doakhdaegognition sitesr requi mrmedulat ogrryo mg

expr eslsdido,n Hodwpver, these same nucl eosomes
during transcription initiation antoebohga
promoters and stalling t(#&9Tshausss,a gaed doift iRANMPI

such as the FACT compl ex, are (nOdqui rROD , f @rz
During early HAdV i-mdwrcd i winr,alt h2N A rtoh seti ne rvi
guickly remodeled and becomes associ-ated w
l i ke s¢®8ramnud etshi s event occurs prior to tI
(128Ayutilizes many host proteins to facil
to manipul ate cellular epigenetiTcheaRAGIay s
compl ex appears to be crucial for gene exp
(284, 289, s29hbes29ny HAdV may al so require
Our results show that KD of the FACT <co

Eldene (figures 4. 2A, B) I eading to reduce

cells (figures 4.1, 4. 2 E, F) . E1A proteins
promoters, thus ensuring eft##bblhadt aé¢ spr € s1s i
the cellul ar mi croenvironm&hj)Thus,priotmoit €

unsurprising that KD of the FACTooaompli gxr é
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4. 6A), | ate gene expression (figure 4.6B,
targeting control si RNA, which areElAkely
expression.
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in the early depaoskiet isotnr uocft urmruecsl eoons otnnee Vv i r &
this histone chaperoning function of the F
template would not be effi-tboioemdlryitprta-ansnsaltliy
competent form.
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i's not cruci é&ll®@framselrampgat.i on of

Duringh HSM ection, the viral | CP22 prote
viral genome to aid in tr@a%kI)HAQPIVA opnr oet led mg
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to promote veradildimdtecdeoboact Winteha@acEFEAGNT o
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i mmunoprecipitated (figure 4.5) with the v
FACT complex was r-eoeatli yerwewpbohtnV¥@®Ctéeidn aldFrF
(293)confirming our resul ts. I n cells subj
accumul ation of viral genomes (Figure 4.6)
caused by reduced expression of HAdV early
compl ex proteins and DBP suggests an addit.
the | ate phase of i nf ec tEi2odnr.a nBRR i ips i enc aad
involved in promoting repndadcadd odNA(l@omlgyamer
44&)s well as coating and protecting the s
degradation by( ke, uD@%P) nscheasesnvol ved i
gene expression and pdr70i)cDer ias goefmbdeyli [¢unlteav

DNA, the FACT complex interacts with the
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nucl eosomes ahead/( &@Ba8n)dh er eraespsleinctba tei otnh ef oprakr e
on t her enpelwlcya(t1:e99 JDINeA FACT compl ex coul d be
the viral nucleoprotein structure during DI
or DBP to facilitate passage of the viral
with CBLO137meataf8t ehrpie,aral f gene expression
had no effect on aceumgkatiogppbhabaD8Apwas
unaf f(eMRJ dand RJP, 0.n pTuhbil si sihredi rreecstul @wi denc
FACT compl ex may not play a cruci al rol e i

The FACT complex has also been implicat.
(revi gwed )i,M@h)d accumul ates at sites of DI
chromatin to f&deiRGIBt)dahe sDNAul elpasiulggest t ha
is recruited to VRCs by detecting viral gen
replication does acti dtleg ptrh ePhigT4MplfdwAYR p
Il nterestiaagldw.cleadte &Iell 24t inon of FACT phreot ei n s
site of DNA damage has beewrKrz2pdHODwdvEeED, bt
downstream consequences of FACT Il ocalizat:i
t he DDR are unclear, as HAdMW 169 rkinolwac a loi 2p:
(4602f) many components of the MRN compl ex n:¢
(7)) to prrmecindt ek p@aonmcatemerization of the

Recentl vy, the FACT complex was shown t
conserved ant i VFEARA GHa t3h vAanyt itva mmeB REsp b ¥y s e
gene ex@fr esscsmedb mviigrguesress nucl ear acSWUPMDl1 &l i on

and activati onE 26 terxgpmseisesa nént chfrs(ef & nc e
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transcriptiegutalcwomlraurs haestriThoheéi poAXxbplrRogs am
protetmagoni zes this pathway by tethering t
(282PBP could be acting in a similar manner
activation of the FEAR pathway. DBP appear
of SUPT16H present in infected cell s,d as pr
in our immunoblots is the SUMOI yaheedpkeaori mi
residues of DBP that bind to FACT may all ¢
mut ant DBP t hat can no |l onger bind the pr
pat hway attenuati on.

OQur results also provide anHAadBM ietfifoencals
of CBLOMR3J7 and RJP, U n p uCoB Li 0s1h3e7e¢s a tse Hai le tv @Dt NeAr
intercalating agent -canderal fg8@eratliBasud d 3 & d
has also shown efficacy as an antiviral ag
(288, 289, .29h¢lABR2pPrda@Peyt iterse actfmeBtL OwWla3s7 a't
tdegradation of the <cellular RNA polymeras
genes necessary tdhekive k uHso wree glri, c aCtBiLWeL 37y d
pl eiotropic effect28doninbéudeéeinly ( mMedlwuicéeweadn i
which resul t sFACIompameixo nyn fodslothe&0Oyc ROG, 2 ¢
As KD of the FACT complex alone was suffic
results indicate that in addition to RNAP
may al so contHAdbW teef fteoc ttsh eo fanCBL0O137.

Il n summary, this report shows that t he

HAAdV i nfection. Our work extends the obser
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for productive infectiohhese bfoithd iRMN@s amrdo \D
understanding of HAAdV biology, r ekpAdeMs ent i i

therapeutics.
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Gener al Di scussion and
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HAdV causes respiratory, gashenoi nhe hiteianh
individual s -1 si {(dlfStgeHoweelefr , i n pedi atric
i mmunocompromi sed-i nddcedddabkeas AdZ2Much n
There is no therapeutic appr ©V.£)3dTafragretu sneg it
processes represents a promising avenue for
evolutionary prek&sWrkdid)ast havei migaismienesc dg ¢
with many cruci al funibhds onprGCameand ddshe arectk
of epigenetmodukgulangierprassion of host g
nucl ear vVvi HAd,eshaweutcenv emlspddit cehivol aedmaan

epigeneti(14l2zigdueleadt,i ocnompounds that can mod

proteins are capabl e (olff Bib5n)hlihbuist,i ntgh eH Aodv\e rian
of this work was to evaluate additional co
in the context of HAdY infection, such as

compl ex 0INA7.CBQurcumin treat ment has al so
epigeneti(c3rT2gudbadyoding a potent iHAId Vme c h a

effect Tolbeserrevsedl.t s obtained and their signi

51The FACT complex is required for opti mal

Il n chapter 4, the rolebofnftadet FACTwa® me
KD of the FACT complex or SSRP1 al one was
of E1A proteins, whil e simultaneously not
4. 2 E, F) . Examinati orE1WRNtAh e ra@lsatri pé sq s & ot

of SSRP1 del ayed thEL1RAINanmagriopt appetarmaatc et |
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ofElAranscript accumulation (figure 4. 2A, E
throughout the nucl eopl asm, E1A does not a
However, as infection progresseds octal waes
wit hCsVR figurel P4.ad4nal yasnids ciondi cated that th
with the viral DBP (figure 4.5). SSRP1 KD
reduced the relative quantity of hexwumeprot
4. 6) . Finally, depl etion of the FACT comp
progeny virions (figure 4.7).

The FACT complex is best knowhnlO%2, a20t0r,a
202)with the precedent 4f anpl oet i dgDNAI 8|
transcription el(®mMdlaHoiwenv eorf, voiurralr egseunletss s u
not require the FACT complex for transcrip
rateEl#dafanscription was not affected by SSR
are more consistent with the FACTormloAnpl e x
transcription. I n this context, t h(e2a0Oh2i,st on
203)uggests the FACT complex <could be dep
requi r eemeArta nfsodrrli2@tlihcen chaperone that accomg
been i demst)iTthiiesd coul d be tesd@gdt ddryg epteirnfgor H
si SRRP1 and si Ctrl treated samplEkfdemend ev
Should the FACT complex be the hNA,t okilz aofh a|
the FACT complex shoul d rEelddiecne . hi stone ass:

Al ternatively, the FACT complex may i nst

ofE1AY ensuELMgombeer iI's free of nucl eoso

152



transcription factors. The FACT CbMmpy ex3 2 a
242) and at | east in yeast, the FACT compl
themsel ves to (@8mM9t.aidnhk) r PAMOTT ecsmpl ex 1 s r e
transcription factor(d2nh)di hgasstesptioncl! Ud
ElActi (a4tsi7Tohhi s suggests the FACT EbMpl ex
promoter, and may evElmrroentortueirt, S P1 eintssualef e
ofElAranscription factors by shifting depo
possibility could besegeanattybyspéenfgeming
positioning of d e Ealsh rtcerdo t keirs t oanse s weolnl  tahse
associ at iEolnArwintont etrhe n t he context of SSRP
FACT <compduweixr eids ime pIpApambohgElthh®enseccessfu
produced, the ability of EBA,dauet)d amcsmrdn /:
for FACT compl ex deplEElthRINMFA dnmdanmay i @xX plraisn
Our results also indicate that the FACT
viral DBP, a finding that wa&9 3r)¥ec an tdl yn odo ref:
the significance of this observation in th
ctrapping induced by CBLO013-20t heat dent nwhe
production of the hexon proont eifni,guarned 3t.hus
the FACT complex within VRCs iionnotl nisnwaldy
possible that the FACT complex is sequest
activity, possi bly due to the r-Bkmee difattehde |
phosphorylation of H2ARX)8 2dArs siumi tnlge t MEA FF ACA

interacts directly with DBP, generation of
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proteins unable to bind to DBP would all ow
PK or expr elsassisoorc i aft eBTenes during HADV i

bet ween the FACT complex and DBP is due to

the above experiment would require identif
infection following depletion of said pr c
verification if productive infection can ¢
|l @d i zati on to VRCs. Ulti matel vy, our resul
positive role during early HAdV infection,
FACT complex is instead neutral or even r

observed-PK tdhurDMA HAdY)infection

52 nhi bition of human adenovirus replicatio
Il n chapter 3, the effect of -& hree pluircaatiin
was examined. We initially esdpalimdteecd i OBL Oa:

i nhi bitor of t he FACT -icrodnpd ek, RMARveV E&r d€
precl udedriubsutfirnogm tahtet ef f ect s &f r@PLOLLART iton
ctrapping. Treat ment with CBLO0137 signific
E1A and hexon proteins, at concentrations

E1A psotwhnch was attributed to degradati ol

stages of infection, reducing viral DNA r ey
3.2). However, we al so observed that at t
appeared to be partially stabilized, as Wwi
expression (figure 3.3D). Il ndeed, during a
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with CBL0137 at | at er ti mes resul ted i n a

became detectabl e once treated sufficient

observations | ed us to specul ate t hraotm ear |
POLR2A following CBL0137 treatment . Transf
encodes tagged E4o0rf 6 proteins partially
treatment, suggesting that early viral ©prot

1 (figure 3.5).

CBL0137, a DNA intercalating @36t , 6 284as
299)Wi t hout induci 6g9dCBeOtl 3DNAohamdged ess
a DNA | esion which |l eads to stalling of th
degradation of POLR2A(D99XBEOmMBWE eedch sdengr ad/
of RNAP I El1Anandctiepdti on. However, as disc
compl ex itseldf i's required-tfrappopgi mal twnie
compl ex onto nucleosomes by CBRA¥3&f magt ab"
CBLO137 treat ment .

CBL0O0137 has been shown (86radetd, siabH
infected, we observed stabilization of p53
During infection, HAdYVY normally antagoni z
i nduction (052 ,apodp)g@sstsi ng anot her-HméYhani s
effects of CBLO0O0137 treat mdmdAr anBenrtipen mor a|
a reduEliBroannsgaori ption, indicating tlhate the
and degrade p53. However, KD of @4#fd3)Yiadcel

not reseuea ehbAdveati on foll owing CBLO0137 tre
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examined CBLO137-5trimdtemeretd HL129/R8d¥ el | s, a

not express pb53. We initially foune that

nfection despittheoutgthe iltacwkasofl ap®3, det er mi

cytotoxic to H1299 <cell s, potentially expl
shown) . Additionally, CBL0O0137 tre@d¥nent c
replication by i pdunskengoamai hyenktgarnonveey

copnl ex (287). Howebvenrf,ecatte d eAabs4t9 icne IHAsd,V t r e
did not appedbexpoedaidurce( dd&tNa not shown) .
suggest that the ef5 ercaploifc adBLoOnl 3i7s oinn dHeApdeVi
interferon response.

Due to intemestrasompoamtdi, CBLO0137 has |
i nn modgdels ¢L86BOFOBuccess in these model s
clinical trial i nvestigati NQTCBEPABFAItcle ait
still recruiting. CBLO0137 has absel so€celSyi

1 inf(exzg22)8hould CBLO0137 be approved for us

results indicate it could very easily be r
53Anti viral effects of curcumin on adenovir

Il n chapter 2, the antiviral properties
eval uated. Treat ment -5wiitnhf ecueduntienl | sn wHA

significantly reduce the relative quantity
proteien A.fl)gurbut only at concentrations

suggesting curcumin has a naDueow o htelrea peefuft
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curcumin on E1A, treat ment with curcumin r

2.3) and progeny formation (figure 2.4). T

to increase metabolic activity, aamdt iwtays ft
early E1A proteins, but was | ess effective
(figure 2.5). Curcumin treatment was sl igh

types-4dHAAOM 7 infection (ffi gturee Rurbi)t.y Fdfn ad L
evaluated, and indicated higher purity cur
guantities of E1A and penton, whil e al so |
extent relative to2.l%)ss pure curcumin (fig

Curcumin treat ment has (d3i-B@e0r)sTeh ee fafbeicltist
curcumin to modul at @1 2 pnag4 Oceotnita irbddeelVatoi otnf
effectsCaoabsemvedtreat ment downr edg,ulbat easn de x
(385 0Wor k by gHahn)eéitcattled t hat-3,beittwewas HIDA ¢
HDAC2 that inhibited | ate viral expression.
trichostatin A tbeanfment) oKDwas HAUVeval ua
evaluate the ekefhémenodof oouHOAW@GRRIinnofre c6t eidn cHA
suggests that curcumin treatment could be |
HDAC2, and possibly HDACG6. The relative ql
HAdY infectionlwwsnge®@AetlddbERdg int naegnrtee ment
effect of curcumin treatment on E1A.

As discussed in chapter 2, curcumin tr e
(407PDAXX is normally tar&e6,2yarndrprdeweamtdiang

degradation causes deposition of unacetyl e
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repression of v(ilreadl) ngcerneca seexdp rAXA oemx pr es s
treatment therefore mayEDbéx grommgsiidru.t i ng to

l nhi bition of p300/ CBP by curcumin may
While p300/CBP is i mpoprhtaasnet ifnafHAdMdct e o mi

di fferent5h,t efh)cel psocess may not be as r e

as the A549 cells used in our study. Curren
activElR®xpmoession itself, E$Rgpeetsisn®@nt inatqg
p300/ CBP, inhi bition of p300/ CBP btyhecurcu
reduction in the quantity of E1A (odb5s5e)r v ed

indicated that KD of p300/ CBP reduced tra
Del etion of the E4 proteins | eads to sever
expres7s6)dmi s suggests that even i f p300/CB
effect of curcumhheone&ldédei hs HAONese may h
E4 proteins, which coul d contersisbiuotne. t o i nh

Though curcumi n has potent (e3pli2gen&40)
curcumin could be inhibiting E1A pr-oduct.
induced upregulation of DAXX expression ma
DAXX is also a coeH®pdow einrit eorff etrloen amtsiponse

countbegredrl y HAODY¥9)pnoteased quantities of

in an antiviral state unable to be count el
which cesteddbkytevaluating induction of (.
treated, infected cell s. Curcumin may hayv

inhi bit(B8F9KHsgwhd xh chaperones newld¥59ynt he
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this is the case and is the primary mechan
in tBEmMRMA transcripts would be simidar be
infected cell s.

Whi | e curcumi n has isrhownttrhoac hpopr onsiosle
bi oavail abi I(i3tly3,, a3o2dd ,c t3a2blu)i nysi gni ficant |
to use in human therapies. Attempts to sc
generating alternative f orwltuilcaht i loanvse 03 h cawra
succedsds2,7)i ncluding improving the ¢efLR)cacy
Strategies that <can successfully bypass th

to approval of curcumin as a therapeutic i

5.4 Concluding remarks

|l nrask individual s, HAdV i nfeed2d)ohiheepr
| ack of safe and efficacious treatment for
suffering of (tHdegmieghlInidg ivtiidugaltshe need to d
treat HAdV infection. We have shown treatr
targeting the FACT complex, compounds that
HAAdV replicatiomaniThmuagfh a ditei onre vparrii neasr,i layl |
control HAdYVY infection by interfering with
of E1A proteins negatively i mpadqt3sl-5a7l53l15 sub
representing an excellent target to combat
compounds can be transl ated t o human use

treatments for HAAdV infection.
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Abst rHucatain adenovirus (HAdV) i s ¢
spread i n confined popul ati ons
retirement homes. Al t hough HAdV
ot herwise healthy pati enotrd, dHAJV
i n certain popul ati ons, such
i mmunocompromi sed individual s. D
dramatic changes in nucleoprotei

of virali cgetniesn afepti he DNA, and
infectideachi proonsess requiring a

hoethcoded proteins. I n this revi
of the nucl eoprotein isntgr utchheur\ea rc
infection, the cellular proteins
role of epigenetics in HAdV gene
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viral replication; epigenetic mo
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1. Il ntroducti on

Adenoviruses (AdV) are a diverse group
vertebrates, including humans [ 1]adeHuomadn A
tissues (from which i1t 8pri8escetstaaheyco
into HAdV has <contributed greatly to our
mol ecul ar cel l bi ol ogy, | ar gefyi diutee ltyo atdh
identifying cruci al pat hways/ processes wi't
key proteins within those pathways to fac
examples include gene splisciamg,aswlicde h owa sH
expressSjonbfg#4,subsequently shown to be a f.
in eukaryotic cells. Studies of cellular pi
1A, the first virladwipnrgot A\ ienxfpe etsisend) f«
identification and/ or functional character
hi stone acet yalstsroacnisafteerda sger oHE18A] n , p2 0@ ¢(BR3Q
suppressor Rb andiliotfs flamimay ymevmlyer, s s[t&idy i
synonymous with studying host molecul ar <ce

Within the cell, eukaryotic genomic DN/
organi zed complex of DNA and proteins that
gene expressionil&8nfd ddlel biademrt iutny t[ D¥ chr o
l147Aaske pairs of DNA wrapped around two mol e

Hi stones play an active rdrFranshatgieomralr e gad

(PTM) ON&t ermeini , which are subsequently rec
prteei n$4] 12As a nuclear virus, it 1s within
its genes and replicate its DNA, suggestin
mani pul ate cellul ar epigenetic pat pwasys to
of this review is to summarize our curren
establish and remodel t.he HAdV nucl eoprote

2. Adenovirus Biology
The AdV virion (Figuenmnveloped cioanps d lsedr a
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a di anm8®N®ed rorh, wi tlhi keea cfhi bsepri kper ot ei n iprotru
35 nm, depending on the specific-ssgulaindea |

DNA (dsDNA) Dg®enoo nkeb off15] , with over 100 di
speciGe$ 18] . HAddV-2t)y pend -B) (HHeWc h both bel o
C, are perhaps the most extensively characH

sequence (dii.ng.s, umo<Lti afi i egd HAe &t | y-5 apmpd i ciabe
ver $a4) not ot herwise stated, we rePRemantdere
HAd-Y. Theb HAdVome i s approximately 36 kb
Adenoviral coding regions are designated
expres.s,edbgfioree or after DNA replication)
proteins, which induce mitogenic activity
viral glen]je,s dgnd ,E1B proteins, which serve
actvities »1] EABKB2I0so assercd aded i dthe iEMs

cellular proteins to form a ubiquitin |iga
proteins, such -Rad-Bthsel c(eMRN) aDNMMrreelglai r co
E2 region encodes proteins invol vedegdiornect
encodes proteins that primarily have I mmun
the adenovirus death protein (ADP)hewhnthc:
cycle [25]. The E4 region encodes proteins
cellular protein stability, reorganizati on
of | ate viral RNA spllilculnagr, [aNAd diannhaigbei trieosn
with sever al of these pr o2t7e]i.n sT hhea voinnsge tr eodfu
replication | eads to the activation of the

to a long transtyippltbhaetd istaltbebéftateet
|l ndeed, during infection, HAAdV wuses high |
11,000 differently spliced transcripts, | i
and possi blgy fcoormptemes at @echuced i nherent S pon
genome replication of this DNAOvi.r uTsh er erleagti
encodi ng2KhaB8&KLpProteins are initially ex
promoter |Ibkcatlked weghom [ 31], and these pr
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of the MLP [32]. Additional transcripts ar e
including the structural protein I X (pl X)
the viral DNA into immature viexiporssd3] at
infection and |l i kely has a role in DNA rep
unchar act3edr]i.zeHlAd[V3 2, so-assocdas edwd VA) r RBIAS
and RNAII) which i mprove talHhe gtemarss!| atniharbi d
of the interferon response, an@7mnmay Galveart
| arge number of transcripts producedtdurin
uncharacterized protleiAd\einrefreadteidord.urli cmm@a
of the genome are the inverted terminal r e
(e.g., ~10&5hp faomd KHAdV as the origin of DN
viral DNA packagidngadsjeaqgcueenntc et op otshiet iloenfet | TR

[ 1I (Hexon)
IIT (Penton)

Ila
v 1V (Fiber)

L

VI
Vil
VI
IX

D@ ¢ ©

I
Va2

Protease

@ Terminal protein

FiguiSehgmatic -bfviheomMAdNdapted from [ 38],
on [ 8431] .39Created with BioRender. com.

The mat u¥ ecHAgdivd i s composed of proteins
There are three major (11, 11, and [ V) ani
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t hat make wup t3hBd 04y2i]r,alr ecvaipeswedd [i3n3,[ 1 5] . Tr i

commonly known as hexon) form each facet of

by pentamers of protein 111 (al so known as
trimers of peoterotéeVn.the fiarge part, the
stabilize the major proteidd]andHAdd¥| DHNATF wi
the mature capsid associ a¥lels, wV,t ha n4hbr@ e( Mu)
49] .

The actual architecture of the HAdV DN
unknown [ 15]. Protein VII is the main prot
the viral DNA [50] . Digestion of the viral

(MNg@gs@roduces protiaédDetpP2fadsnemaeawh att &Mal o
i's observed for cel |l tDINAr natcrd cerogtrior .e i Thh & omrpc

to be organized into a central dencstei ocnosr,e
termed adenosomes, whi ch ext ehmd] .i nReoc eenatc hw
using atomic force microscopy revealed tha
both direct clustering and by promoting br
[ 41]. Virions formed i n -itnhfee caubss edhucee tod amr oi
escape the endosome as erroagsulnt Vvdf [& 5flai lwhi
facilitates endosomal e s cVa pfeo rdnsr ian gs hienlfle ca
protebDNAVedmwpltdx n t h8&758]r iaonnd [t5e3t,her s it t
5760] . Virionasbdemanedofi npntdhteein V are recov
to premature capsid degradati on, which | ea

cytopl &2m.[ @h,appropriate release of the vi
antiviral i nnate 1 mmune signaling through
cGAS [62], clearly illustratiabg!| thengrian
protein V.

The HAdV genomic DNA may also contribu

virions with genomes | ess than ~80% of the
and rapi dly di sint édgirffat el ndepend, hdaAtdiVhngst[r @3
appropriate genome si ze: vectors with geno
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75% [ 66] undergo spontaneous genome rearra
virus. This phenomenon has been observed f
64] . For HAdV, the mechannShubédycevhivcihr ithhre
not been elucidated. I n the HAAdV virion, t
regions of the inner capsid and makes dire
[ 59]. This region apptrtabisl it opedbeuporfre @it
wi t hwislubt ype genomes [ 63] I elhigghht DpoNaAc k ang ion ¢
may force the DNA in the vertex regions 1in
l inkage between tthen®dDINAhaeaxadns hebpiedgeenby |
virions ceavntl aitryipreg | ®imlgt h genomes, | oose pa
may prevent these interactions, | eading to
While the receptors used by HA&Vs tfhoer ¢
fiber protein binds to the Coxsackie adeno
HAdV5 and Coxsac&8l. BHAwdisnusal[s6o7r,utilize |
proteoglycans |l ocated on the cell sur face
binding to the fiber shaft of HAdW [wi9]h or
various factfam8]inAf herbtbedinitibaéemtbomdi n
protein interacts with dvbSeldbhdaegriepsepivb
triggers internalization -médHAdDdYd aeddocygtuo
Acidification of the endosome alttheer sr etlheea sH
of protein VI from the inner capsid. Prote
medi ates rupture of the endosome and rel ea:
to the nucleus along thegmessovebyi7édilsenwo
Upon reaching the nuclear pore, protein V
ubiquitination by thé8E3 WhpgpebeaMl odsboabe.
ViWwr apped HAdV DNA and subsequ®&m2t] .i mBpdarht viir

DNA replication and progeny formation occul
take362H4 in immortalized cell s, al though t
slightly extended in primary cell s.
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3The R&#rotefi n VII in Early I nfection
Protein VII is the only viral protein tfF
and appears to have sever al functions dur |

protect the incoming HAdV DNA from datectd.i
of the DDR can | ead to concatemerization of
to be efficiently pfdtkadédhongb peapseds VI
protecting the viral DNA durinme thteudiee y Iea
suggested that prolonged association coul d
When injected into Xenopus | aevis eggs, pr
and i nhibits t rdmeer ispytsitoenms [u8d5g]v. eHl AclgMe Id D NtAo
replication have/Il-krhaopvyme dt hwaitr agdr oD A nal | ows
transcription ann@8 PDNACorpéi csalty onot{ B&r st u
protein VII may be i mportant f oarl  agcetnueasl. |
Transfection of plasmid DNA complexed to p

expression compared to -nakemdnbDNAofal BhA [ 8

associating with protein VII, whit dlermiEg At
associated proteins, such as components of
prodéewmapped DNA to facilitat©Od®d]iniThiuat i a@ariyn
regul ation of protein VII wtsh;l i«%weflfyi mieecrets sp

must be removed or remodelnadc|ltctopdetendete
all ow access to the transcription machiner
to stimulate transcription.

Protein VII can undergo PTM, which i nfl
92] . For exampl e, mature protein VII can k
mut ation of either of these residues to al
being dispersed throughout the chromatin t ¢
change-poontere VII has the opposite effect
acetyl ation of hi stones Al oosedispr anhoet es e
transcription [ 14], but whet her such mo d

nucl eoprotein structure or as a prelude to
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The conflicting data on eairel yi mproansacnrciep
mirrored by conflicting data on the timing
Protein VI I icn&kredbe ocrtdhses vir al DNA at al |
chromatin i mmunoprecipitatpoat éiChl )| scadi
bound to the viral DHN®BAE] t oHaweVeamstseh®d &
t hat protein VII association does 90%4] ,c hanc¢
whil e others 1insteoatdeisnugVglelstasas odcda caltii men iwni t
939597] . Compounding this issue is the obse
vary depending on the region of the genome
10 hpi, protein VII appeared-gttmer dimxiom <toa
regi on but showed declining association oV
Protein VII also showed reduced associatio
early (4 hpi))vdri anes ploatnd s( o8 hmfection [ 9

Anot her aspect o f protein VII bi ol ogy
transcription of the HAdV DNA templ ate 1is
studies showed that inhibiting transcripti
HAdYV men|®¥%Jd,, while others958aWw. nBRBesuvuaoht méhe
to t he-Vipirroatpepierd genome may stimulate ear |l
subsequently strip prot9%0]n. VHdwefvreormm tphreo tveii
remoivredt he absenXx]e, osfuddeAsi8B®g that this fu
f or expr esencoond eodf gveinreuss. | f E1A was absolu
nitiation on -bHaAsdevd Dv/NeAc,t oHfFAsd M hat are del et e
u
u

nction swerddt, twhea cchase. Tr ared pdrea expErn oy sSi

i
f

q
encoded proteins that can compgeheat .dAfddr ctah

ite efficient and can be detected-as ear

complete a full replication cycle in cert
compl ete the replic@a®]jonsecggéetinsgexhanded
magxi st.

Based on sftuele esystheme, |lthree cell ul ar
in remodel inighrtalp epr ot eiah DNA. Transcripti
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Iba( so known as SET) is perhlpant her meattelt
compl ex wi tv-wrla@ppepdo ®8IAN]9,3,whi ch i mproved
to restriction enzymes [ 88], which woul d
transcriptional activalbod scaFl mesewcéht Ilpyo
incoming viral genomes in the nucleus, whi
[ 101] . mesdiRdNtAe d Kk n o dbkhdaodw na oro dTeAs+t effect on
[ 102] but did not affect the binding | evel
[ 89], suggesting that other proteins are r
commsat e for t h-¢&b . TIAdcCclk (GNAH ITAB] ) -1l and T A

(B23/ nucl eophosmin [104i]al weemodébkeVisildent i |

wrapped viral DNA in cell free systems, anc

core, whilead A&l so enhance transcription.
Protein VII can also associate with hi

suppressing i mmune danger signals [ 9-2]. Pr

mobidrigawp B (HMGB) family of proteins and c
Since free HMGB functions as a danger si ghneé
data suggest that protein VII i s acnt iVhiglh to
al so causes a depletion of hi stone THI1I si s
i mbal ance of HMGB and H1 caused by protein
the authors speculated could be a mechanis
the cell cycle progression i nducreodg rbeys sk 1o np

beyond this phase may be del eterious to vi

Vi1, -HAfdé&cted cells express markers of G2
released from the incoming wifreicared «relrdewlm
shape the microenvironment for opti mal vir

4 HAdV DNA Associ at elsi kwa t$t rNwetl tleroesso meear |y i1 n
Though there was initially debate over

HAdV DNAL J11]0,7 more recent studies have cl ea

on the HAdV DNA dasnfearntbhgwtd, § B3P, hWipboblsitn t he

229



Vir 2985161

hi stone variant H3.1 is expressed exclusiyv
replicated cellular DNA by them@he&am@fll 8, A
Thus, deposition of H3.1 is intimately tiei
variant H3.3 is expressed throughout the <c
of DNA replication [115]. ThenhottbB&8e3chapi
chromosome region; H3.3 is deposited on acH

within actively transcr inbuecd egaern eDsN Ao rb yo nt hien c
cycle regulator A1(8nRIA)o nc otmepll ceme r[elsl 7and p
repeat ssavyodieatdbd protldi@R06¢ . ( DAXX) [ hE7 ] der

vari ant contained in nucleosomes <can prov
deposition. During nor mal viraditwvnansagi <=l
inducing cell cycle pregpesssioonohdy aft e:
suggesting that HAdVY DNA is Ilikely to be
independent of host nc.elChloRr evxiprearli nmeNA sr esphl
from regpeéefieat i-masdHdAdVectors [95] 96hU2]wi | dt
preferentially associates with H3.3 begin
chaperomheapglpPAddar s to | ocalize to viral repl i
cell sH3.112dges not associate with HA®BGY DNA
112] . SHempdeex Virus 1 (HSV1) DNA also assoc
the early phase ®&fV1i rsfwa dtcihers, tal tahsosuogchi aH i
infection [121]. Knockdown of HI RAb adseecdr e a s
vectors [95] and HSV1 DNA [121] and subseqgl

by the Howewvees knockdown of HI RA did not

wil dtype HWAIV] 96], suggesting that either F
H3.3 on wildtype HAdV DNA or that there ar
|l oss odédr HWVIRIAdf y p & ov i Hbdass\ébdu tv encator s . DAXX i s
by HAdV as a histone chaperone, as it i s a
that are unable to degrade DAXX ultimately
i n repressicon pofiilothdj[all2zizndacesat i ng t hat DAXX

factor to | i mit gene expressilbde man sitnrcaotmin
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hi stone chaperone activity |[88], it does
incoming HAdV genomes [ 89]. Knockdown of t
to trimethylated |lysine 4 on H3 (H3K4me3l),
dindot | ower vii#Hahfgerceked cel HAdY126], sugges
to remodel its DNA.

Wor k by Komatsu et al . [ 89] demonstrat e
members of t heiHRWBc laaild cHB3&hi H&@ AH4 woul d be
heterodi mer with H3.3, the chaperone respol
Upon MNasgd ohi,geHAdV DNA i n t heD2nwWwc Ibepu ss tdiuscpt
similar to cellular chromatin, suggesting

physiologically-l spacedyr uoatuaof esesaor@ey Ipehaasste

infectli@h1QqQ2B]. Al regions of the genome
protected fractions [107]. The observation
bound to the same viral DNA mol ecul e at th

l i kely cborgpd en@tl y resemble that of the hosH

(188 hpi), viral genomes no | onger appear
|l i ke structure [96], i nstebdtdsthmevsEhgudatrure
approxi matety ome density of cel | wli ar c hi
nucl eosomes per Om of DNA, respectively [ 1

with regularly spaced nuclwhisloenesheuspagi t

bunstabled during a lytic infection [128].
|l ate times of infection could be mdB8&ly a
coupled with increasedr eabnyournd du coifn gvitrhael pQo
available for binding to the viral DNA.

5Nucl eoprotein Structure of HAdV during Ac

HAdV has evolved a unigue mechanism to
the ends of its |Iinear dsDNA genome. Prote
are encoded within the E2 transcription un
which have separate polyadenyl ati-bnndgings
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protein (DBP), whereas the E2B region code
(pTP) and the 140 kDa HAdV DNA polymer ase
protein priming mechanism (reviewed in [13

toTP, the pTP/ dCMP mol ecul e t fOdn gbhiorugps otf o t
dCMP serves as a primer for elongation by
nucl eotide of the newly synthesizedomenome.
in a continuous manner, whil e the second
bound to the ends of the viral DNA at all ¢
by theermMHcAddved protease to produwde t(hTeP)madtuuri
virion maturation. DBP aids in unwinding t
133] and promotes DNA replication elongat.
di spl acedr andgd eDNA (ssDNA), thus @gevent.
responses that can be induceld36i]n tThhee cdelslp
ssDNA can th-eantibem atfipanure (by annealin
|l TR at each end of the molecul e), whi ch f
serve as a template for inimamanermnnsiomi Iraempl
dsDNA genome [137]. DBP al so binds dsDNA b
hat newly replicated HAdV DNA i s timeaked?o
|l ifecycle; naked DNA is not well tolerated

—

—+

genome instability and susceptibinl ity t
Il 1 ul ar histone synthe30]s, |RBR may HA@ Vt h & f

sociating with viral replicative 1inter me

O Q@ O

O »w 9 © T O o O »w ®d O

[ at |l ate times -wfapmddhctioal DBNAeverp
mpl ate for | atda4@é¢ne asNAorepdlsylmenr ale3 91,1 k e

ntend with such a radically different n

—+

romatin. A small fraction of the viral D
6], and it 1s per haptshd htirsamssudrpiomptuil can i toe
ch genome in a replication center may as
si gmend sttaoskes for gene expression, DBP f i

T 9 @© — O O

ckaging into capsids, as discussed bel ow
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6The Switch from Histones to Protein VII
Prior to encapsidation, the histones or

and repl aepadtwinh Vpi e However, t he mechan

unknown. IGigsteoindg hmtoduction is red806gd hat

the | evels of <cellular hi-ptonesnd¥Ccl i wet hn
i ncreases, the viral genome mpayotlked nprvddi srg
t han hi stlaMesl][.10Buri ng | ate infection, n
accumul ates within the-rceertiecratofvevi(valPIRy
wi t h-prpateei n VI I, and these regions active
anort hpeot enti al mechanism for this switch [
of bogrhotpgien VII and protein VII may infl ue

[ 992] and may therefore be another mechani :

hi ston@sotei pr &Il 1 on viral DNA.

Mi xing HAdV DNA -parnodt epunr iMlile dl epardes t o t |
insoluble complex [143], suggesting that a
deposi tipoomtei npVél onl IHAd Vi DAL i-ffTikeded suyssitnegn
asHAd&¥ore remodel er, hapr at greaVier twhiadnntihgeg
Vi and wi l-dr ottrea ms f\elrl poanret o-f rHAa Vs \DNtAe msn [
Consistent with-ltlhli sc,a udseepd ehtiisotno noefsvTtAdalb e r
DNA [ l4pmdrlot irre VII also interacts with chr ¢
BAZ1A, suggesting these proteins coul d al
remodeling [146], although this hasimot be
prprotein VII, the viral DNA is available
evidence, HAdV capsids appear to form ar ou
DNA being inserted into partialltyi ads sneondbell es

respectively) [147].

7TEpigenetic Regulation of Viral and Cel |l ul
The observation t hat HAdV DNA i s wr a
nucl ebdsdtmeuct ur es, at | east at earlier tim
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make use of epigenetic regulation to help

induces global changes in the epigenetic | i
mi croenvironment for optimal vindab30@pkaaoat
a global reduction in histone H3 |ysine 18

genes) [148] but maintains H3K1l8ac mar ks ol

cycle [149]. Kul ej etscallbealgléobhdngésoi nobhes
over the course of infection, but these <ch
genes in their study. Epigenetic changes a
an increase in the astbcHAdVopromoheesyltaes
acetylated histones are commonly associate
that as these promoters become active, the
genes, which maprapdifmmcemnecr iotri mgptamal ge

Sever al studies have demonstrated that
cellul ar epigenetic regul atory proteins a
(reviewed in [151]) . Hi stone deacetyl ase (
subwlroni | i de hydroxamic acid (SAHA, al so k
[ 153], can inhibit HAdYV infection. |l ndeed
mul tiple HAdV tyB&ds, HAW,V a"dédeEdJABBEY. A scr
small em|tlraat modul ate the activity of epi

numer otHDA@an nhi bi ttlkbAdYV wirtchpearntiies [ 154] .

i nhibitors were also shown to reactivate |
suggestiegd amechani sm of gene regulation du
met hyl transferases (HMTs) al so appear to b
of EZH2/1 (an H3K27 HMT [156]) or treat men
H3KBMT G9/ G9a and SUV39H1/2 [154]) negat.i
These H3K9 methylation marks are typically

is not clear i f these compounds are primar.
|l hhe case of the EZH2/ 1 HMT, i nhi bition ap
promotes the expression of <cellular genes
that i1 s hostile to virus replication [156]
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8Concl usions

As we have shown throughout this revie
under goeschdygeemni ct hroughout viral replicat
Understanding the mechanisms by which HAdV
replication in the host cel l i's 1 mportant

| i mgitni rheal thy adul t s, HAdVY can induce seve

pediatri c, geriatric, and I mmunocompr omi
i mmunosuppr Elséslagnt sHor[ 1e5x8a mp | e, recentl vy, H
not oriietsy pfoaienvol vement in a mysterious ou
unknown origin that has been diagnosed in
world (revilé®¢d.i Depb62e the pionemntedl|dif e ¢
in infected patients, there are still no a

broesapdectrum antivirals shows some success

secondariti ¢é®xiassoci ated wi t h t hese treat

compmds, such as HDACs, are already being e
as cancer; thus, if they are proven safe,

[ 151] . Second, a better understanding of

HAdYVY may hel p i mprove t heasead eu e c thaoerdsa effyd ri cc
such as i mpmpevcingctitsamesgene exdgraggsitorrc etld
[ 16166,7] . Finally, gi ven that HAdVkeg adkebu
processes, exploration of HAdV biology <can
cel | bi ol ogy, knowl edge that could wultimat

human di sease. Undoubt edieyd i actgpendt @ ¢énpuice dr esg wld:

of viral and cellular gene expression shou
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Remodeling/decondensation of HAdV DNA
Highly condensed DNA refractory to and initiation of expression of virus-encoded
transcription genes

Protein VII © @
@ :-_: HIRA

H3.3/H4@ HIRA

Nuclear \/
translocation TAF-1p

_— P — S, ———

/0

Unknown Unknown

H2A/H2B@
DBP @ S
5

e
ey H2A-H2B g
§ g H3.3/H4 S

- -
< <

@ TAF-I1I V
;;% Ez*\Hﬁr;? DBP/Histones

Condensation of
HAdV DNA

Figum@de2structure of HAdV DNA throughout t
events/ processes we know, while blue repres:c
the viral capsid, condensed viral DMA Ooi s w
the cell-ViIwhappedteNA i s translid®&zx]lat(ed) iantdd
subsequently remodel-lbd [ BFM® i blgy someopvioh e
viral DNA and decondensing the genome (3).
DNA [98961,12], possibly by HIRA [95] and oth
for more efficient earl yl igkeenes terxpatewsrsea onpr
viral DNA -El2Bt aH8&. B2A&nd MHal I 89, ng DNA repl
DBP i s deposited ontb35leplwhialt ¢ ngome ntoimetso 1

| ate gene expression [96], podAsi Hlay eon ntfvea
progresses, histone pools decreas@ranceciar e
A by TAFI I [ 145], recondensing the ge

subsequently encapsidated [1483] oaantdhéeheell

Created with Bi oRender. com.
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Ab st rCaucrtc:u mi n, the primary <curcul
spice, has shown broad activity
replication of many different fu
summari ze recent studies support
derivati wsepsecasg ubmaand i vi ral agent

Keywocdscumi n; aqipecwtimam; mhytagaclt

1. Il ntroducti on

Curcumin (diferul oylaoertdhwmiejoiids dtere vpd
rhi zome of Cur c2ulma anodn gias ptlyapnitc glll,y used bo
consumed as a spice in the form of tur mer.
in traditional medi ci nd ntf H raonumgah ou-tye @alsnida gw od
propertdijes Mp8grn research has also demons

bi ol ogi cal functicamser wi aimt r-neigoordaabeita | a npdri oapn

[ 6] . Cur cumi n cnanafnatcitg ath ebtaarca nelayi ta?ls cao mp o u n o
as awiamali compound, i nhi briangneg ofepvVicas e ®
summari zed in Table 1. I n this review, re
curcumi n, itfodeuli aat omeswi ahdbe di scussed

251



Vir 9®r, 1242

Tabl Patlhfvapysesses impacted by curfdami mnand
Vviruses.

Pat hiRagce Anti vi Virus Ref er
Acti vi
Dengiuea us [ 8]
Actin fil Viral € Viral hemo [ 9]
organi zat septicemi a
Replica Dengue vVvi [ 8]
And nf | amma ReplicaHumanilmmunc [ 10]
Virus
Antioxi da ReplicaHuman.'mmunC [ 11]
Virus
APE1 redox ReplicaKapoh$arocsao3|sapc [ 12]
erpesvir
Cell lipo Replica Dengue Vi [ 8]
Cl eavage o Protel Enterovirtut [13]
express:ts
Zi ka vir.ut
Conformat.i Chi kunguny . [ IT86]
viikcal l ul ar Viral at Vesi stbamati:t
proteilns HumanVirreussplr [17,
HSC71 expr Viral € Vlral_ hemo [ 9]
septicemia
. Replicat I nfluenza [ 19]
Nk sl g el egress Herpes simp [ 10]
PKCphosphor Protel Enterovirut [20]
express
ROS produ: Virici Norovirus|[222]
Lipid raft Bovine herp [ 23]
Viral enz Viral e |l nfl uenza [ 24]
Viral p Dengue vi [ 8]
I nfluenza
Viral e Porcine rept %gg}
. . respiratory
Vi rpalot eir . .
Viral p Human i mmuno [26]
degr ada virus
Virici Norovirus [ 21]
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2. Curcumin

Approxiibaed eeffguBd and dried turmeric are
The curcuminoids are comprised of curcumin
bi sdemet hoxycurcumin (6%) (Figure 1). For
the purified pr ocduuntitnso ibdy wnianhe ,r eafnedr ctuor t wo
compounds together. Curcumin is fAgenerally
Administration (FDA) [28], with consumptio
toxic effects in ,rathse [mMed]i.anFdretdaamp aroisseo n
rats i s approximately 3 g/ kg [30].

?H3 0 0 $H3
0 0
O h - O
A HO OH
0 0 (|:H3
0
O h - O
B HO OH
0 0
O h ~ O
c HO OH
Figurel. Chemical structure of curcuminoi

demet hoxycurcumin (B) and bisdemethoxycurc

The first suggestion that curcumin had

the discovery that curcumin could inhibit
protease in vitro, with a median inhibitor
t hen, numerous studies have reported on t|
diverse set of viruses, including those wi
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noenvel oped, as discussed in greater detail

Despite promise as an antimicrobial ag
Curcumin is practicaliyp bnealablabi hi wwgt eA:
of administered curcumin is absorbed by th
target t83pbuesof32xampl e, i ngestion of 1
concentration of 29.7 ng/ mL (~81-hmM)r ofh)cu
poshgestion [ 34], which is far Dbel oiwn any
Vi stadi es. For exampl e, curcumin is-lneeded
integrase [35], while the effective dose a
addition, curcumin is unstabhlfe an dmghumsvit &l
containing serum of approxi mately 8 h, an
products [ 1]. Such | imitations have preven
vitro findings with curcumi nobisnttaoc Icd si,n irceasle
have explored the use of curcumin derivat
curcuminoids present i n turmeric besides
anal ogues. Typically, these coimgptoy nadfs cmari cnu
that i s responsible for biological efficac
olubility and/ or stability. One such exam

S
curcumin derivati ves (oafd dciutricounmionfd sa Kkceatrobnoen
l ed to Iimpbrpvededddd inhibition [37]. Many
i mprove del i very of curcumin t hrough t he
nanoemul sions and nanopart-éct¢ta@apsulExtaanpl|l esr
whi ch i mproved s thaulfif leirteyd ism | p h e s p hPaBtSe an
compared to free cu-toathed hPB81r aasvlheicawmhh oum
i mproved cel lFutaheupeabbmp|[ 82tofveshamidc all t @

formul ations for delivery and stability ar

3. RNA Viruses
3. 1. Human | mmunodeficiency Virus

Perhaps the | argesvi badypobdpewpntkesnot hel
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its efficacy against HI V. l ndeed, curcumi n

stages of the virudsnflliafnentaytcolrey. pGiovpeenr ttihees ac

et al . [ 10] evaluated whether culreugnemi tcalu
tract (FGT), which is known to facilitate
play a key role in forming a primary barri
cells (GECs) tel ignltyaccotp rvwitdgu sn mb2@HdGy ah2 i nf
response that results in downregulation of
barrier i ntegrl ttyo mawyavwvadrlscew tHHe/ geni t al e |

infecttioemat Meret of pri nmfargurGELCEi nwi g rhe vse nQ M
regul ation of TJ proteins, thus potential/l
chronicaltegll edeleloe)d With at | east 5 OM cur
expression of p24,ata ommar kaetr 204f hvpiir ucso nrpeaprleid

This inhibition could be maintained for se
replaced every 24 h [10]. Curcumin can in
function of eevenaludingl tpeotveral integras

activator of tran8#8rli]jpt iCumr c(uTnatn) nparyo tienihni bfi?

through direct interaction wSitmmiltdrel ,atadm
model ing suggests that curcumi-bh magt adse b
4 2] . I n the case of Tat, treatment( 2w ttho cu

120 OM) -daenpde tdemet manner, which appears to
pat hway independent of wubiquitinati ddin V[ 26]
LTR activation by inflammatory cytokines i
HSM, #S¥nd N. gosdrrhoeae [ 10,

Hypot hesi zbidn ¢k ett loante tmbe ety of curcumin n
decomposition at physiologicaiHI@HprKKpreari e

of a synthetic cur chbdi khetacnmd omaiee tl ya,c kti eargme

Cucrumin A exhibited i mproved stability rela
but similar stability in complete tissue ¢
encoding luciferase, curcumin At rasiucedc U mi

in humahl Tl eukemi a (CEM) cells (1C50 of 0.
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greater potency in primary peripheral bl oo
12 OM, respectively). Although both curcum
transcription of the virus, only Aurlkeamsn
part of the therapeutic efficacy of <curcur
ability to actilvatbH O, hsemaeancex avtaebyadema bDhhi
HI-Y [44]. Curcumin A was moder dtlelly nless g ntea
cytotoxic concentration (CC50) of 2.4 vs
suggesting that curcumin A has an i mprove:
curcumin [11].

Cur cwmiarbi | i zed si | vAggrNPn a rhaapvaer tail csloe sb e(eCu
for their efficacy agai2Znstel HIsRgN® hivaCuT me a &
effective alblTR oeweprienxggsiHIN compared to curc
CuUAgNPi d not compl-eatepkRy ekpresbhi bhy as the
continued to increase throughout the cours
kinetics rel attrivaet ed o AgMNRs cdle€Sar showed
i mmunoawduy effects than curcuUmibn;lBbdoedver i n

NFeB [ 45] . These results suggest t hat stab
i mproving the efficacy of curcumin for tre

Mirani et al . [ 46] studied the =effica
met abolite of curcumin, either alone or fo
as a potenti al vagi nal mi crobicide for tofy
prvent HIV infection. I n a repdbriehibietiomhi

the drug alone (1C50 of 0.9357 OM and 3. 63
OM of TME also showed a gr eat-ccay athiirmset goft o
infection compared to 5 OM of tetrahydrocu
of TME as a vaginal mi crodctcobepe ttihees ewd s
evaluated, as these bacteria form part of
mai ntaining the acidic environment of the
at any conlcentasateoan@ 6] . acidaphiyl us he au

both TME and tetrahydrocurcumin were effic:
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which would be easy td¢ll - Hprlfy, cwaicyh Kol |l es
studies show curcumilndédop dt @ rhitnibailg hda glainresatn o
prophyl actic strategy.

3. 2. Zi ka Virus

Mounce et al . [ 14] compared the effica
anal ogues against Zika (ZI KV), c¢chikungunya
(VSV), allvi enses ppad wel |l as Coxemnavceld iogp eBl3
Virus. Direct incubation of ZIKV in 10 OM -
demet hoxycurcumin or the syntZh4etard cdigrciuvma
FLLL31 (orhgsnaétlybgyAdams et al. [ 48] anc
resul tedand -dag¢ poensdeent decrease i n subsequen
these drugs have a direct ability24oamndact

FLLL3rMe wleess effective than the curcuminoi c
| C50 relative to their CC50faddi Hehdma ae$ hps
cells treated prior to or during inifaction

acts against Zl KV-ae¢xalchsmienel yordemitnmy aeldl |

infection [14]. I ncubation with curcumin w;
it did not | ower the total n urncbuemi no fa nvdi rit
anal ogues are not wviricidal compounds per
The authors specul ated that, since curcum

fluidity of the hepatitis Cowia ussi ffiHCar) neenc

to prevent ZI KV cell attachment .
Gao et al . [ 15] eval uated a natur al pr c
curcumi n, f or eZolnkKpVo uancdtsi vwittyh dmt it heir 1 nit

curcumin (amongst other idampOM)nd®) ahad ea tloc
OM) against sever al strains of -Z#&¥i taisomrde
assays again suggest el KiVhaatctd wr dwymitnhrexuegrh
itnerfere with cell attachment [ 15] .i nTéask e n

potenti al against ZIl KV,
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3. 3. Dengue Virus
Il n addition to evalwuating curcumin agai

the same selection of compounds against de:

formati on of al I-1-4f ourC59t roadi n%. 3(TQEN3/. 07, 2
respetty) examvMKzdcalnl £ Lvhi |l e showing | i mit
OM) [ 15] . Though the mechanism of i nhi bit

demonstrated that cu¥f2cumidn rleickdlyy tihmbhiulgiht g
systatmsenr than directly on viral functions

Bal asubramani an et DIENV] @ropent uasedft
bi sdemet hoxycurcumin and three other synth

curcumin and the four anal ogues modédast!|l y I

66 OM). Similarly, these compoundBENWAOIlyYy m
reporter replicon construct, with the acyoc
performing slightly better than the natur
(EC50) of 8.61 and 8.07 OM versus 13.91 O
greater activity in a plagque assay, with a
curcumin ( BC5409 oM 2v.e3rdsus 13.95 OM, respec

which curcumin inhibits DENV appeared to b

Curcumin and 1ts der i CatAi vceasr bobxwn rasgu | aant de
synt hase, and | owered I|ipid dropleto@LD) f
t o enhance DENV infection [ 8] . Curcumi n
dios gani zation and defects in polymerizatio

for DENV entry and replication [ 8].

3. 4. Chi kungunya Virus

Priencubation of Il entiviral vectors pseuc
envel op proteins E2 and E1 with curcumin p
of 10.79 OMMaddli6t]li.onTiasesays with €HgQi¥denc
viralcaselshowed that treat ment with curci

positive cells when added up to 2 hpi, but
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anal ysis revealed that curcumin treat ment

staining within the cell s, but it did redu
Taken together, this study suggnd s¢ cteti yhao

attachment, but it has no effect on virus r
by Mounce et al. [ 14], who postul ated that
viral surface glycopr @ethenemg ,, Thws , pf ®v e rCtHil

may be an effective treat ment to prevent
control-exngtangrenfection.

3.%esicular Stomatitis Virus

As i n the case with ZI KV and CHI KV, VSV
was incubated directly wil@é] .cuAlctuhmo ingh |tChe
did not address the menchhiabniitsend bWS My h itchh sc uerf

attributed to inhibition of cell attachmen
3. 6. Il nfluenza A Virus

Curcumin is also a potent inhibitor of
di fferent stages of the virus I|ifecycle. I
infectivity, possibly due to t heemaagbgilluittiynio

acti vi3tey] .[ ICu,r cumi n-aBal siognaalhliibng,s Wi ch i s
replicati-ofadd 2]i . onTiemgeri ments showed that
5 hpi reduced plaque formatiom (BECE=20 fefr es5

early stage of virus gene expression or re

sever-ahdué¥dkeolrleceptor (TLR) signalling p
normally required for efficient virus inter
My D88, TRIF, and TRAFG6. l ndeed, /4,r epaldt 8neInNK
MAPK o3 NWere able to circumvent the replic

| mportantly, curcumia ¢(b6atamantl5Wy mgr &lg) g
replication and lung injury in an 1in VvVivao

curcumin can provide a ther ap e untdiucc ebde ndei fsieta
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This | atter observation was supported by a
mi ce infected with the | AV sumra@aumi PRIBadnNnidnd
survival, reduced bodyweight | oss, and | ow
i mmunohi stochemistry. Bronchoal veol ar | av e
infectedtreatredmmnce had | oweat tlreavcettlasn to fp rm
( MGP) and tumou-al phaUpdMEBarfadcttod untreat ed
reduced I nfl ammati on-derSiivned amhgy opblmage smaf
i solated from mice and infecltamammai ohy PRBt pK
| 6, TBHAd HMCPollowing treatment with curcu

t hat curcumin is not only capable of inhid6bt
induced |l ung disease, 4B kelygndg hreadhng ntho!l
secretion of inflammatory cytokines by res

The enone fubptnoawlr gredpsabonyls) of
at | east parti al I-lyAVr epsrpoopnesritbilees foofr ctuhrec uam t
groups can f orwm tMi cshua eflh yaddrdyulc t(sSH) groups o
t hat cur cumi-InAVmaayc teixveirtty atnhtriough the abil it
protein(s) and interfere with their funct

effectivemens ® @afmdcumonoacetyl cur cuumd nt (aMAC)

mai ntains the enone groups and shows I mpr
incubation of | AV with MAC inhibited subse
and 30 OM of MAC was more effecttéarvieudguwls| i m
(up to 36 h, [ 24] ). Addition of GSH, whi ch
Mi chael addition reaction, to MAC reduced

again highlighting the i mportanckowdghthet te

MAC and curcumin were capable of mi |l dly r e
(which i1s vital for wviral egress) at hi gh
effective at | ower concentrations was OM)

unable to reduce haemagglutinin (HA) activi
cannot prevent cel l attachment [ 24] . Comp

suppressor of the Pl 3K/ Akt signalling ©pat
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fusion, suggesti nlgA\te flfeiacsac yp aaft MAC trhaey alne
on membrane fusion and virus internalizat:i
inhibit I AV via different mechani simat the
with both compounds was more effective tha

Combining sever al aspects of the studie
curcumin and severAdVl aaxrnalvoduwyes | nomMD&LKt icel |

maxi mummoxome dose of each compound signifi c:

M gene i n i wiebtedirceml s, showing t he gr
i mmunohi stochemistry, only curcumin and t
export of the | AV nucl eoprotein, thus preyv
neurdmsei activity. Consistent with the pre\

2100 mg/ kg of curcumin reduced |l ung pathol
Additional-bhpd -ibrofséhc tpiroen tr eat ment with cur
swin val time of infected mice [55].

Taken together, treatment with curcumin
through several means, 56hc¢l uadhmndipiriSebge mteiph
and preventhiSpgdekxi bnalRUly, or al treat ment \
sur vi vailnfoefc tlefd\bs 3Bi5de [iIndW,i cating the potent

anal ogues against | AV infection.

3. 7. Enterovirus 71

Though previous research has demonstra

enterovirus 71 (EV71) replication in vitro
cell s, whhwrmanarlki dinoeny epithelial icrelVvisvo To
conditions of EV71 infection, Huang et al

human i1 ntestinal epithelial cells. Treat me
viral protein expression, g e n o miechurceepdl icceat i
deat h-ofadidme i on assays revealed that curcun
entry, but it effectively inhibited protei

These effects appear to be uvami nl etaocsti mphairhbilty

261



Vir 9®r, 1242

ki na-s8eKC)I.nfection of a cell with EV71 1in
activating meTsyird3ulel , ofwhPK®& i s -trreedautceedd cien
Knockdownusef n®8K€i RNA or admi nhsbrabronobf]l
dr adtyi cgelduced viral protein expidaectsiiwat,i dm
for opti mal EV71 gene exp2@s®&Mowmf [ 2QF cur

reduced viral protein expression in C2BBel

nsttei n al epithelial cells [20].

Lin et al . ev al udaetreidv esde vcearrabl o ncQ@ @aunnti unm
formul ati ons against EV71l [ 13]. These qual
solubility in water, which may explain it
rhabdooamyma af RD) «€&IDI §,oranlull aCumns had super
scores compared t@OQE8B8O0cy¢mamedwibh €Cbe hea
synthesi s, i . e. 180 UC) having the hight
respecti velgy )t Wviddikcieldi tcyt opat hic effect ( CPI
Cu€CQBEL80 | owered expression of sawndrexlt i winr,
such as the \WRI uackasdu rnaobnt pr at epnot ei ns- 3CDpr
dependent manner {CREB80 Ardeldudehat hg, clCaava
translation initiation factor 4G (el F4G),
synthesisrafppiheg et&€powhn|[ ¥ tByo,-imfeat mentmi @
with-CQEL80 i mproved survival, | ower ed path
induced weight | oss comptareat ¢ed meEOQ&LBDL &2/d. a

treatment also reduced the quantity of wvir

and ' imb muscle tissue [13]. These resul
formul ations in bypassing the | imitations
EV71.

3.Buman Respiratory Syncytial Virus

|l ncubati on of Hu man Respiratory -Syncyt
stabilized sil \MVM@gmMNPr)ampompmautcied! oegartCwd es of
t han e rAtghNePr oCGurHRSV parti cl-AgNRI|Ibinreds sdiigrgesc
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HRSV, and this binding appeared to inhibit

CuUAgNP -iprofseacti on was not-tasatmémrict ave rasdu

recovery [17]. A derivate of cheoyalmoihe Xxtn W

and attached to sulfonated graphene oxi de

agai nst HRSV [18]. This formulation 1inhib
attachment, but it also inhibited HRBY¥ whert
presence of sulfonic acid in the formul ati
entry59[]58,the authors suggest the GSCC she
competitive inhibitor to sequester-amidruses
po-steat ment with the GSCC sheets reduced
respendgiobl viral attachment, indicating the
gene expression [18]. Takenttegetpsu,l at hen
used to i mprove the efficacy of curcumin a
3.9. Norovirus

For enveloped viruses, direct incubatio
of the vicredd st,o wihnfcehcti s t hought to be due
and inhibit the action ofilélrf Soemegquhyyat opuo{
i ncubation of murine norovirus ( MuNoV) Wi
| owered plaque formation, d eesnpvietl eo ptehde [f6a0c|t.
effect -avacks -ddepmendent , suggesting the reduct
to direct neutralization of wvinr 41608 a e tHioov e
in human norovir-bseafHodoWG28epkiten curcur
HuNoV replication [60], suggesting curcumi |
not alter other aspects of the virus || ifec

Curcumin has al so been investigated a ¢
photodynamic therapy (PDT), in which the <c
i s Aactivatedo by exposure to specific wayv
reaectioxygen species (ROS). Treat ment wi t h
activated (PDAC) by blue 1| ight radiation r
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curcumin or blue | ight alone [21]. The mor
TEM, sampl es treated with PDAC had visible
i's capable of physically disrupting MuNoV g

|l ive oysters, whccbhmaket &nownovior bs p wer e
curcumin for 6 h, the intestines of the o0y:
Titration of virus from these tissues showe
dependent manner, curcumi n wapsarleas st oe fvfiercu
solution, which was attributed to | ower fi
possible absorption of I|light by oyster tis
curcumin [21].

Randazzo et al. [ 2 2] al so evaluated PDA
feline ¢&BECVMEi asr iHaaNoV surrogates. PDAC tre
curcumin reduced the 50% tissue <culture i

Mu No V, but appeared more effective against
Viruses r edouc ePdD AACh, e wehfifcehctt he aut hors attri
ROS produced being spreadeacdir pargiehten eq

damagemft he avail able ROS [22]. The strate
oysters represents a potentially simple so
curcumin is already viewed as safe for wuse
3.10. Viral Hemorrhagic Septicemia Virus

Vi rtkelmor r hagi c Septicemia Virus (VHSV)

throughout the worl d, wi tthr enmtrmendti togf afsathh e
(FHM) ceilR4® WM Ru® cumin reduced CPE -and i m
dependemdar na9]. VHSV infection significant/
to uninfectedeaelmesnt amd hprcercumin | ower ed
|l evel s, which could have contri butterde atoed he
cesl If]9]. Additionally, 120 OM curcumin red
infected cell s, i ndicating curcumin can i
net work analysi s, the authors specul ated
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downregul ating heat shock cognat e 71 k Da
upregul ated by PNV during early infection.
heat shock ©protein inhimbduwmed KONKEB 33d3nd edaoaw
genomeg onawumbers within the cell [9].
3.11. Porcine Reproductive and Respiratory
Porcine reproductive and respiratory s
economic | osses in the swine industry [ 62]
adverse effects from vaccine treatments F
compountecpbation of 15 OM of curcumin dir
prevented inflédéticenl|l ef ( Marmi ssive to PRRS
curcumin did not | ower expression of sur f
curcumintappear édt PRRSV cel |l membr ane f us
results were obtained in primary porcine a
3.12 Transmissi ble Gastroenteritis Virus
Anot her virus that causes significant
industry is transmissible gastroenteritis
curcuminbs activity agaimdt ¢t6hdr eV alad ®a
against TGV. Direct incubation with at | ea:
viral yi el d. Furthermore, t-cr eepaet moeanntt  wd e chr ec
viral absorption, and @l 68 0uociM)o mnidn plr ottle i
concentrationstoxihat tarepomnoime kiedhesy [ 6
3.13 Severe Acute Respiratory Syndrome Co
Whil e there have been no published rese
antiviral effect of curcumin on severe acu
Co¥), the causative aglehtpamdédnriec ,woirtl dhwa od ek
t hat curcumin cOuX¥ dremplhi dati oSHARSCur cumi n
demonstrated -Co¥X indpbi ¢tatSIARIE (EC50 of >10
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which caused the 2003 epidemic [66]. Additi
been performed that suggesitn hd bri ¢ UGigh SvARI

replication [67], through interacting with
converting enzyme 2 (ACEQ)r gé8iyral npbr ot ¢i m
or inhibiting the main viral protease [ 70]

4 . DNA Viruses
4. 1. Herpes Simplex Virus 2

Her pes Si mpl ex-2)Vironésec2ti 0RSM s associ a
susceptibility to HIV2inépttcahnhi andl|l cweaet so
[ 71]. As part of their study investigating
all0][ al so examined the2 erfdpmlcitcatfi ocnu.r clumi m
GECs -t rperaet ment of cell s wi t2h st e@M i aiugrIcolymiln0

and 50 OM completely prevented producti on

pawdhys known to be I mpact-eBl ways cruerscpuomi sni bilnm
effects2 qnOHSV vitali et al. [72] evaluated
Pod ya€toelcycol ic Aci PLGAPLGANhI €lur can enhan
bioavaidabdl|j7Ty] Qagafest i d8Vin vivo. I n mi

(I VAG) del i-Rle®@A (cdonCwrn ni ng 0.5 mg - of cu
oligodeoxylrerscil(neddbM)ed acute -ARINGA ahmenthhtn @ ne f fCe

mi ce suowiwnglaorf Ollahat sheal e2f [HHRM . The aut hors
the use of crude curcumin extract i n conj 1
sol ubility75]n waotnmeprar[e7d4d,t o 1 mg of <crude c
Og of curcukB  ovi tPolPWPl usE had increased
scores [72]. The authors commented that it
reachedngheanoparticl es, whereas it i's eas
extacts in combination with compounds to i m
4. 2. KaposAis®so cSaartceodmaHer pesvi rus

Li et al . [ 12] noted while reviewing th
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t hat t her e was overl ap wi t h pat hways (

apurinic/apyrimidinic endonuclease 1 (APE1

redox reactions. dissoei Kapodsih@&s psavicoma (
requi r esf utnhcet iroend oof APE1 [ 76], the authors
i nhi bit KSHV replication. Pr tlmacreyl | esf ftulsa tv e
|l atently infected with KSHV were treated v
subsequenwi yhtceatenmi n. Treat ment with 30
bl ocked reactivation of KSHV by | owering e

—

ranscription activataod y( BREA)e, KaBnd 1t2He dail
educed beanhd tehxet riancterla ul ar KSHV genomic D
and EC50 of 6.68 OM, respectively) [12], ir
or KSHV infection.

-

—h

4. 3. Bovine Herpesvirus 1
Bovine herpes$yirncublia(@8dH¥i rectly with

a significant reduction in viral titer as
not reddcée¢ i BeMVduring a binding assay, sug:
attachment but, rat her, ma y-Dadrebya e Kt idmg yi
( MDBK) <cell s, 10 OM of curcumin significar
time of infection, but it had notbegonkti ta
i ncubation of cells with the virus inoculu
i nhi bit-LngnBeé&l¥i on by wupregulating | ipid re
reported to be dli sirnufpetcadi]adnuRe2ndgo Boddty al . [ 7
cencapsul ation of adcrywd otvhat, iamhialpiptro veIV pr
curcumin into three mi croparticle ( MP) f
hydroxypropyl met hyl cel | ul os e, Eudrdgit E R
| MDBK cell s, al | three MP formulations si
BoHY to a greater extent t han each antiywv
concentri2anidomws OM] .. 7
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4 . 4 . Human Adenovirus

OQur group evaluated curcumin against hul

l ung adenocarcinoma cells infectigdowOMh H/
causeddapemdeent decrease i n expression of t
arealviftor the virus to co8rp]l,etienditcsatrienpgl icc
effective against mul wiphecuypessmi of aHAdV.de-
5 viral genome copy numbers, as well as re
as s[a8yl] . However, t he most effective conce

| ower than the CC50 (~68 OM) of curcumin i

have only a very narrow therapeutic window

5. Conclusions

Curcumin and its analogues are capable
group of viruses through numerous mechani
curcumi n has |l ow bioavailability and I s
compromi sing curcumindés effectiveness as a
to the I|limited success observed in human
commpti on of curcumin in high doses in hun
reporop CR59ictoncentrations in tens of micr
further reducing I ts potenti al effectivel
formul ati on technology has shown promise, ¢
ofurccumin and its derivatives [84]. Conti nu
synthesi s of-dearoivedt ecsurtchuamti nshow greater an
toxicity may | ead to dewvsede@tmmrennm amiaircwirrcauln
clinical use.
Aut hor ConConbeptaasi zati on, M. R. J. ; i ter
R.J.P. dowirgitnalg dr afdr,evMem®. Jand wedittiinngg ,
supervision, R.J. P.; funding acquisition,
have ra@gdeacdt o the published version of t|
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