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Abstract

The genomes of both human cytomegalovirus (HCMV) and murine cytomegalovirus
(MCMV) were first sequenced over 20 years ago. Similar to HCMV, the MCMV genome had
initially been proposed to harbor 170 open reading frames (ORFs). More recently, omics
approaches revealed HCMV gene expression to be substantially more complex comprising
several hundred viral ORFs. Here, we provide a state-of-the art reannotation of lytic MCMV
gene expression based on integrative analysis of a large set of omics data. Our data reveal
365 viral transcription start sites (TiSS) that give rise to 380 and 454 viral transcripts and
ORFs, respectively. The latter include 200 small ORFs, some of which represented the
most highly expressed viral gene products. By combining TiSS profiling with metabolic RNA
labelling and chemical nucleotide conversion sequencing (dSLAM-seq), we provide a
detailed picture of the expression kinetics of viral transcription. This not only resulted in the
identification of a novel MCMV immediate early transcript encoding the m166.5 ORF, which
we termed ie4, but also revealed a group of well-expressed viral transcripts that are induced
later than canonical true late genes and contain an initiator element (Inr) but no TATA- or
TATT-box in their core promoters. We show that viral upstream ORFs (UORFs) tune gene
expression of longer viral ORFs expressed in cis at translational level. Finally, we identify a
truncated isoform of the viral NK-cell immune evasin m145 arising from a viral TiSS down-
stream of the canonical m145 mRNA. Despite being 5-fold more abundantly expressed
than the canonical m145 protein it was not required for downregulating the NK cell ligand,
MULT-I. In summary, our work will pave the way for future mechanistic studies on previously
unknown cytomegalovirus gene products in an important virus animal model.

Author summary

We conductedacomprehensiveharacterizatiomndreannotationof murine cytomega-
lovirus (MCMV) geneexpressiomuring lytic infectionin murine fibroblastsusingan
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integrativemulti-omics approachThis unveiledhundredsof noveltranscriptsthat
explainedhe expressiorof closeto 300sofar unknownviral openreadingframes
(ORFs) Interestingly smallviral ORFs(sORFswereamongstthe mosthighly expressed
viral geneproductsandthus presumablyencodefor important viral microproteinsof
unknown function. We showthat sORFdocatedupstreanof largerORFstune the
expressiomf thedownstreanORFsby repressingheir translation.We classifiedsiral
transcriptionstartsites(TiSS)basedn their expressiorkineticsobtainedby the combi-
nation of metabolicRNA labellingwith transcriptionstartsitesprofiling. This not only
identified asofar unknownviral immediate-earlyranscript( , m166.5RNA) but also
revealedhnovelclasof viral latetranscriptsthat areexpressethterthan canonicakrue
lategenesandlack TATA box-like motifs. We exemplifyfor the m145locushow sofar
unknownviral TiSSgiveriseto abundantlyexpressetruncatedviral proteins.In sum-
mary,weprovideastate-of-the-arannotationof animportant modelvirus,whichwill be
instrumentalfor future studieson CMV biology,immunologyand pathogenesis.

Introduction

Human cytomegalovirugHCMV) is aubiquitouspathogerthat establishealife-longinfec-
tion uponprimary infection[1]. While primary infectionis mostlyasymptomaticHCMV is
responsibldor asignificantmorbidity and mortality in immunocompromisedoatientsand
neonatesT hereis currently no vaccineThestrict speciespecificityof HCMV posesamajor
challengen understandingcytomegaloviru§CMV) pathogenesig2]. Murine cytomegalovi-
rus (MCMV) exhibitssignificantsimilarity to HCMV andrepresentawidelyusedmodelto
studyCMV pathogenesif,3]. Traditionally, CMV geneexpressioris temporallyregulated
andclassifiednto immediateearly(IE), early(E) andlate(L) geneexpressior4]. In contrast
toviral geneexpressiorf genes)theexpressiorf Egeneg genesyequires
expressiomf the major viral transcriptionfactorIE3 andthusviral protein synthesi¢5]. Viral
L geneexpressiordependson viral DNA replicationaswell asexpressiorof theviral lategene
transcriptionfactor (LTF) complexthatbindsto a TATA-like (TATT) motif in the proximal
promotersof viral lategeneg6+10].L genesverefurther sub-dividedinto leakylate( 1)and
true late( 2) genedasedn their differentialsensitivityto DNA synthesisnhibitors [11].
Moreover recenttemporalclassificatiorof HCMV [12] and CCMV [13] describedhtleasts
distinctkinetic clustersof viral protein expressioriurther complicatingthe landscap®f CMV
geneexpression.

In recentyearshigh-throughputsequencingechnologiesincluding ribosomeprofiling
(Ribo-seq)14] andRNA-se15] reshapeaur understandingof the codingcapacityof her-
pesvirusegcludingHCMV [16], HSV-1[17], KSHV [18] andEBV[19]. Strikingly,these
studiesrevealedhe presencef hundredsof novelviral openreadingframes(ORFs).These
arisefrom promiscuoudranscriptioninitiation within theviral genomeMany of thesenovel
viral ORFsaresmallORFs(sORFspf <100 aminoacids(aa)in size.Theymaynot contribute
to the stableviral proteomebut ratherencodeor cryptic unstablemicroproteinsof unknown
significancg17,20].Dependingon their genomdocationwith respecto thelargerviral
ORFstheyarereferredto asupstreamORFs(UORFs) upstreamoverlappingORFs(Uo0ORFS),
internal ORFS(IORFs),or downstreanORFS(dORFs)[17,21].

The 230-kbgenomeof the MCMV Smithstrainwasinitially predictedto encodel 70pro-
tein codingsequencefCDS),manyof which sharehomologyto HCMV [22]. To date,astate-
of-theart reannotationof the MCMV genomencluding mRNAs,shortORFsandisoformsof
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canonicalORFsaswellasanoverarchinghierarchicahomenclaturehasbeenlacking.Never-
thelessadditionalviral geneproductshavebeendiscoveredhroughvariousgenetid23,24],

[25] and proteomicapproachef?0,26].This alsoincludestheidentification of different
MCMYV proteinisoformswhich arisefrom alternativeviral transcriptsexpresse#ith distinct
kinetics[27]. A prominentexamplégor the needfor acomprehensivannotationof the MCMV
genomewastheidentification of the 83-aminoacid microproteinMATp1 [28]. MATplis
expressefrom the mostabundantMCMV transcript(MAT) upstreamof the codingsequence
(CDS)of the splicedm169gen€29]. Initially dismissedy predictionsdueto its small
size( 83 aa),MATp1 actsin concertwith the viral m04 protein and specificMHC-I allotypes
in atrimeric complexto evademissing-selfecognitionby naturalkiller (NK) cells[28]. Fur-
thermore recognitionof this trimeric complexby atleastthreeactivatingNK-cell receptors
explaingntrinsic resistancef certainmousestrainsto MCMV infection[28]. Thesdindings
highlight the importanceof studyinggeneexpressiorat singlenucleotideresolutionusingunbi-
asedjntegrativemulti-omics approacheso fully understandhe codingpotentialof MCMV.
Finally,the wealthof novelviral geneproductsrequiresarevisednomenclature.

We recentlyutilized amulti-omics approachcoupledwith integrativecomputationalanaly-
sisto decipherthetranscriptomeandtranslatomeof herpessimplexvirus 1 (HSV-1)[17].
Here,weuseasimilarapproachto comprehensivelidentify, characterizeandhierarchically
annotateMCMV geneproductsexpresseduring lytic infection of murine NIH-3T3 fibro-
blastgFig 1). Our newannotationcomprises365viral transcriptionstartsites(TiSS)that give
riseto 380and454viral transcriptsand ORFsyespectivelyTiSSprofiling combinedwith met-
abolicRNA labellingand chemicahucleotideconversiorsequencingdSLAM-seqyesolved
thekineticsof viral geneexpressiorandtheir regulationby corepromotermotifs. Abundant
transcriptioninitiation andalternativeTiSSusagehroughoutlytic infection explainedhe
expressiomf hundredsof novelviral ORFsandsmallORFs aswell asN-terminal extensions
(NTE) andtruncations(NTT) thereofrevealedy ribosomeprofiling. We employedhe same
nomenclaturestrategyasemployedor HSV-1to annotatenovelMCMV transcriptsand
ORFsln brief, transcriptioninitiating 500 nt distantfrom anothertranscriptwasgivena
newidentifier, startingwith *.5'to provideroom for future additional ORFsin caseanyTiSS
or ORFswasmissedTranscriptsarisingfrom alternativeTiSSlocatedwithin <500 nt
upstreamor downstreanof the main (canonicaltranscriptin agivenlocuswerelabelledas
1, 2. .and #1'#2',.. ., respectivelyPreviouslyidentified protein codingsequences
(CDS)of the Rawlinsorreferenceannotation[22] wereannotatedas'CDS'e.g.,m04CDS.All
largenovel ORFswereannotatedas’ ORFs'SmallORFswereannotatecas ' uORF'; uoORF',
'IORF',"”dORFor "sORFdependingon their relativelocationto their respectiveCDSor ORFs.
N-terminal extensiong NTEs")andtruncations("NTTs") of viral ORFswereannotatedwith
T AV#H2',. . and #1',#2',. ., respectivelyAlternativesplicedproductswerelabelledasiso-
forms(‘lsol',’Is02'..). Transcriptsand ORFsfor which no correspondingORFor TiSS,
respectivelycould beidentified werelabelledas orphan'.Thefully reannotatedICMV
genomewasdepositedo the NCBI GenBankThird PartyAnnotation databaseyith andwith-
outthe BAC sequencenderaccessionBK063392nd BK063394espectivelyin summary,
our work providesastate-of-the-arannotationof animportant virus model.

Results
Characterizationof the MCMV transcriptome

To identify thefull complemeniof MCMV transcriptsin lytic infection of fibroblastswepro-
filed viral geneexpressionn MCMV-infectedNIH-3T3 fibroblaststhroughoutthefirst three
daysof infectionusingmultiple next-generatiorsequencingpproache¢~ig 1). Thisincluded:
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Fig 1. Overviewof applied omicsapproadies.MCMV geneexpressionwasanalyzedn Swissnurine embryontc
fibroblass (NIH-3T3) infectedwith BAC-derivedwild-typeMCMV atanMOI of 10.Viral transcriptionstartsites
(TiSS)andsplicingeventsveredeterminedthroughtotal RNA-sey, 4sU-segeRNA-secanddSLAM-sedn = 2;
including onebiologicalreplicat for AISLAM-seqwith cyclohexinide (CHX; 4 h) or phosphonoaeticacid(PAA; 24h)
treatment) To decipherthe MCMV translatomefour biologicalreplicateof ribosomeprofiling wereperformed.
Enrichmen of readsattranslaton startsites(TaSS)vasimprovedby pre-treatingcellswith Harringtonine+Harr. (two
biologicalreplicatespr LactimidamycintLacti (onebiologicalreplicate)for 30min. Theavailabldime pointsand
conditionsareindicatedby starsfor anygivenapproah.

https://abi.org/10.1371durnal.ppal10109923001

() RNA-seqof total RNA (Total RNA-seq)and( ) newlytranscribedRNA obtainedby meta-
bolic RNA labellingusing4-thiouridine (4sU-seq]30] from the samesamplesTo analyze
temporallyresolvedoromoterusagewe performedtranscriptionstartsites(TiSS)profiling by
( ) cRNA-sed16,17]aswellas( ) dSLAM-seganovelcombinationof differentialRNA-seq
(dRNA-seq)[31] with metabolicRNA labellingandthiol(SH)-linked alkylationof RNA
(SLAM-seq)32]. A representativexampleof the obtaineddataareshownfor the M25 locus
in Fig 2A. cRNA-seqs amodifiedtotal RNA sequencingprotocolthatis basedn circulariza-
tion of RNA fragmentghencetermedcRNA-seq)17]. It allowsboth TiSSidentificationbased
on amoderateenrichment(median:8-fold) of readsstartingat 5' RNA ends(Fig 2B) and
quantificationof total transcriptlevelsln contrastdSLAM-seqrovidesamuchgreater
enrichmentof TiSS(median:24-fold) by selectivelenrichingreadsat5' endsof cap-protected
RNA fragmentgesistanto 5'-3' Xrn1 exonucleasdigest(Figs2B and S1A).Importantly,
dSLAM-seqcombinesl h 4sUlabellingimmediatelyprior to celllysis,followedby RNA isola-
tion andchemicalconversiorof theintroduced4sUresiduego acytosineanalogugSLAM-
seq).Thelatterfacilitatescomputationaidentification of sequencingeadsderivedfrom newly
transcribedRNA (‘newRNA") basedn theintroducedU-to-C conversiong33]. Selective
analysiof newRNA in dSLAM-sedlatathusrevealghetrue temporalkineticsof geneexpres-
sionfor eachviral TiSSIn addition, wealsoincludeddSLAM-secsamplegpre-treatedwith
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Fig 2. Characterization of the MCMV transcriptome. A. Screensbt of MCMV geneexpres®n showingannotatedranscrigs and ORFsin the M25 locuswith 5'
readenrichmentat TiSSasdepictedoy cRNA-secanddSLAM-secpswell asRibo-seqlata,respectivelyi-our viral transcriptswhich initiate within the M25 regionof
theMCMYV genomearehighlightedin yellow(TiSSscoresn S4Table). Theschematidepictstranslationof the 130and 105kDa M25 proteinisoformsvalidatedn
arecentstudy[27] andvalidatedby our Ribo-secdata.TheM25RNA  lalsoencodegour smallORFS(M25 uORFsl+3andM25uoORF)of 6,11,8 and63aa,
respectivelyvhoseexpressiorevelsandkinetics(6 hpi) correspondo their respectiveranscript(M25RNA 1) andwerehenceannotateddSLAM-seqlataare
depictedn linearscaleRibo-seg datain logarithmic scaleB. Graphcal representtion of 5' readenrichmentobtainedby dSLAM-secand cRNA-eqapproache<C.
Venndiagramdepictingthe numberof TiSSidentified by both cRNA-secand dSLAM-seqTiSSincludedin thefinal annotationaredepictedn thegreencircleas
“annotated TiSSlabelledas’Requiredor an ORF'repreent TiSSthat arerequiredto explainthe translationof adownstreamORF(no other TiSSwithin 500nt
upstreanof the ORF).

https://da.org/10.1371¢urnal.ppa1010992.g002

chemicainhibitors of protein synthesisandviral DNA replication,namelycycloheximide
(CHX; 4 hourspostinfection (hpi)) and phosphonoacetiacid (PAA; 24 hpi), respectivelyA
detailedoverviewof the analyzedime pointsand conditionsis shownin Fig 1.
Reliabledentification of viral TiSSrequiresintegrativeanalysiof multiple datasetsfrom
differentTiSSprofiling approacheandkinetic studieq17]. We thusemployedour recently
publishedintegrativeTiSSanalysigipelineiTiSS[34], whichidentifiesstatisticallysignificant
peaksarisingfrom TiSSprofiling readaccumulationscrosgshe genomeWe furthermore
scoredtheseTiSScandidatesccordingto avarietyof additionalcriteria,including anincrease
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in upstreamto downstreanreadcoveragén cRNA-secand4sU-seqlatatemporalchanges
in cRNA-secanddSLAM-segeadcountsandthe presencef translatedORFsidentified by
Ribo-segfor whichno othertranscriptcould otherwisebeidentified. This resultedn amaxi-
mum scoreof 7 for anygivencandidateTiSS We then manuallyinspectedhll candidateTiSS
usingour in-houseMCMV genomebrowserwhich combinesall datasetstime pointsand
conditions(Fig 2A). In total, weidentifiedandannotated365uniqueMCMV TiSS(Fig 2C),
satisfyinghe givensetof criteria(S1BFig). SomeTiSSwerecommonfor alternativelyspliced
productsanddifferentialpoly(A) siteusageaesultingin atotal of 380MCMYV transcripts.The
completdist of all MCMV transcriptsandthe scoref their respectiveiSSareincludedin
SlTable.

We nextanalyzedsplicingeventdn the MCMV transcriptomebasedn our total RNA-seq
and4sU-seglata.We first identified all uniquereadsspanningexon-exorjunctionsby atleast
10nt (seeMethodsfor details) We identified 366splicingeventsmostof which only occurred
atverylow levelgFig 3) with minimal exon-spannindranslationalactivity. We thusdecided
not to includetheminto our newreferenceannotationandonly retained28splicingevents.
Sixof thesesplicingeventshadalreadybeenreportedby Lisnic . [29] andseverabf these
hadbeensuccessfullyalidatedusingRT-PCRand 3' sequencingn the samestudyaswell as
otherstudiegS2Table). To independentlyalidatetheidentified splicesitesandinvestigate
theimpactof the correspondingranscriptisoformson translation,weutilized our Ribo-seq
data.We confirmedanalternativesplicedonor sitein the m133locusassuggestetly Rawlin-
son ; [22]leadingto the expressiorf two proteinisoformsfrom differentiallyspliced
ORFS(S2AFig). Splicingof both the mostabundantranscript(MAT) within them169locus
[28] and of ahighly expressetranscriptin the M116locuswerereadilyconfirmedin our data
(S2BFig), thelatterreadilyexplainedarecentlyvalidatedsplicedprotein,M116.1pwhichwas
foundto becrucialfor efficientinfection of mononucleamphagocyte§35]. We alsoconfirmed
apreviouslyreportedsplicedORFin them147.590cus[36] (S2CFig) alongwith anovelsplic-
ing eventin them124locus leadingto acorrectionof the previouslyannotatedn1240RF
(S2DFig) [22]. While wereadilyobservedhe well-describedCMV 7.2kb intron [37,38],we
wereunableto detectthe overlapping8 kb intron reportedin the samestudy[37]. 4sU-seq
dataalsorevealednultiple alternativedonor sitesin the m60-m73.9ocus(S3Fig), which
expressedeveraleaklyexpressegoformsof the m73.50RF,the mostdominantbeingthe
M73-m73.5splicedORF.Our datademonstratehat splicingin theMCMV transcriptomes
muchmore prevalenthan previouslythoughtbut mostlycomprisedow levelsplicingeventsn
additionto the previouslydescribedsplicingeventsA completdist of annotatedsplicingevents,
whichweincludedinto our newreferenceannotationof the MCMV genomejsincludedin
S2Tableandalist of all 366putative4sU-sedasedntrons areincludedin S3Table.

Temporal regulation of viral transcription

MetabolicRNA labellingand chemicahucleotideconversioncombinedwith dSLAM-seq
enabledusto analyzeeal-timetranscriptionalactivity of eachindividual viral TiSSin "new
RNA' throughoutthe courseof lytic infection. Utilizing maximalnewRNA levelghroughout
infectionfor eachTiSSobtainedfrom our dSLAM-secdata,wegroupedtranscriptsaccording
to levelof geneexpressiorthigh, mid andlow transcription).Many corepromotersof eukary-
otic genexontainTATA boxeq39], which arealsoprevalenin herpesvirugenomegl17]. T/
A rich regionsindicativeof TATA box-like motifs (TBM) weremuch more prevalentin highly
transcribedviral geneghanin lowly transcribedviral genegFig 4A). In mammaliancells,
TiSSaremarkedby aninitiator element(Inr), characterizedby a pyrimidine-purinedinucleo-
tide [40]. As previouslyobservedor HSV-1[17], Inr elementsverealsoprevalenfor MCMV
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Fig 3. Identificatio n of MCMV splicing events Mappedreadsrom 4sU-segndtotal RNA-seqgdentified 366putativesplicingeventin the MCMV
transcrigome.They-axisdisplayghe numberof readsoccurringatasplicedregion,further categorizd into readsspanningexon-exorjunctions
(red) by atleastlOnt aswellasnon-exonspanningreadsupstream(green)anddownstrean{blue).Putativesplicingeventsveresortedbasecn the
ratio of spliced(red) to unspliced(green+ blue)reads Only 280f the 366putativesplicingeventsvereincludedinto our newreferenceannotation
becauséhey( ) hadalreadybeenidentified by others(16/28;S2Table),( ) werehighlyabundant,or ( ) affectedhecodingsequeneofanMCMV
ORFor sORFTo avoidunnecessagrcomplexityin therevisedannotaton of the MCMV transcrippme,weexcludedhe other (putative)splicing
eventfrom our newreferenceannotation.

https://dbi.org/10.1371durnal.ppal0109925003

TiSSirrespectiveof their expressiotevelsThis confirmedreliableidentification of TiSSeven
for the mostweaklyutilized viral TiSS.

MCMV immediateearlygeneq , and ) areexpressewithin thefirst hour of infec-
tion anddo not requireviral protein synthesisndarethusresistanto inhibition of protein
synthesidy cycloheximidg CHX). To identify novelMCMV immediateearlygenesour
dSLAM-seexperimentincludedasinglereplicateof 4 h of CHX treatmentwhichwasiniti-
atedatthetime of infection. Interestingly,CHX treatmentnot only confirmedthe two

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010992 May 12, 2023 7132



PLOS PATHOGENS Decoding MCMV

Fig 4. dSLAM-segrevealddistinct corepromoter motifs associatedvith viral geneexpresgon kineticsandanovelviral gene( ). A. Depictionof core
promotermotifs of viral TiSSclusteredaccordingto their maximaltranscrigion rates(newRNA derivedfrom the dSLAMsegdata)in threeequallysizedbins
(high, mid andlow). The TATA boxandinitiator elemen{(Inr) areshown.B. Ratioof newRNA levelsat4 hpi with andwithout cyclohexinide (CHX)
treatment(n = 1) areshownfor the 365MCMYV TiSS(greydots).ThisidentifiedthreeimmediateearlyTiSSnamely and (m166.5)highlighted
in coloreddots.C. Validationof them166.5RNA (  asasofar unknownMCMV immediateearlygeneby gRT-PCRgRT-PCRwasperformedon total
RNA isolatedrom MCMV-i nfectedNIH-3T3 cellsharvestedt4 hpi with andwithout CHX treatment GAPDH wasusedasa housekeepingeneandresults
wereplottedasfold changeelativeto MCMV infectionunderDMSOtreatmentfor threebiologicalreplicatesD. Graphicaldepictionof 4 clusterg CL1-4)of
viral TiSSobtainedby unsupevisedclusteringon newRNA derivedfrom the dSLAM-seqdata(relativeexpressiorevelsshown).Relatie levelsvere
calculatedor eachTiSSon the basisof newRNA levelsvhich werenormalized(readsper million) andscaledsuchthatthe maximum acrossanygiventime
pointis 1. E. Graphicdandsequencégodepictionof corepromotermotifsidentified for CL1-4clustershroughMEME motif analysisPleas@otethatthe
TATA-/TAT T-boxmotif in clusterCL3is shiftedby 2 nt to theleft comparedo clusterCL1. TBM: TATA-box like motif, Inr: Initiator element.

https://da.org/10.1371§urnal.ppa1010992.9g004

immediate-earlyTiS Sof and butrevealedanadditionalimmediateearlyTiSS,
namelythem166.5RNA encodingthe m166.50RFof 446aa(Figs4B and S4A).gRT-PCR
analysigonfirmedthesdindingsrevealinga~100-foldincreasedliSSusagaipon CHX treat-
mentby 4 hpi comparedo the untreatedcontrol (Fig 4C). We thustermedm166.5mmediate
earlygened ( ). Therespectivan166.50RFhasbeenshownto encodeanuclearprotein
[23], but lacksfunctionalcharacterizationln contrastto theotherMCMV  genes, does
not containanyintrons. Interestingly all threeimmediateearly TiSS( and
showidenticaltranscriptionkineticsthroughoutinfection (S4BFig). Thisincludedanearly
peakat 2 hpi andalow at 6 hpi followedby a continuous,PAA-sensitiveisein transcription
until latein infection (72 hpi).

To identify distincttemporalclassesf lytic MCMV geneexpressiomyweperformedan
unsupervisedalusteringof the 365uniqueviral TiSSaccordingto their temporalexpression
kineticsby "newRNA'. We found four distinct cluster§ CL1-4)to providethemostconvincing
clusteringresults Therespectivelusterdifferedboth in the onsetof viral geneexpressioras
wellassubsequentiseor drop thereof(Fig 4D). CL1expressiopeakedat 4 hpi followedby
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strongdownregulationin transcriptionalactivity despiteviral DNA replication.While expres-
sionof CL2genesvasreadilydetectabldy 4 hpi, therebymarkingthemasearlygenestheir
expressionncreasenly weaklyat latertimesof infection.In contrastto theviral IE andE
genesyiral L genesequireviral DNA replicationaswell asthe lateviral transcriptionfactor
complex(LTF) [41]. Thehighly conservedCMV LTFis comprisedof sixviral proteinsand
bindsto amodified TATA-box, i.e.,aTATT motif [10]. CanonicalTATA boxeswvereahall-
mark of CL1and CL2transcripts(Fig 4E).In contrastpromotersof CL3transcriptsharbored
TATT motifs. Interestingly similar to our observationgor HCMV [42], TATT motifswere
shiftedawayfrom the Inr by 2 bp comparedo the canonicalTATA boxesn CL1genesThe
CL3clustercompriseghe canonicaMCMV lategeneghat commonlyencodefor structural
virion componentsExpressiorof CL3TiSSgraduallyincreasedvertime, peakingat 24 hpi,
i.e.,slightlyaftertheinitiation of viral DNA replication,andcommonlyplateaueditlatetimes
of infection (>36 hpi). Interestingly,CL4 promotersdid not harbora TATT or TATA maotif
andexpressiorf CL4transcriptsboth rosesignificantlylaterthan of CL3andstill continued
to rise>36 hpi. However CL4transcriptswerealsoexpressedtlowerlevelghantranscripts
in CL3,possiblydueto theabsencef TATA or TATT motifs. Thisraisedthe questionwhether
CL4transcriptsareindeedregulateddifferentlythan CL3transcriptsor whethertheir distinct
kineticsareonly observediueto lowertranscriptionalactivity. To discernCL4 asanindepen-
dentcluster,wesegregatettanscriptsin the CL3and CL4 clusterdnto four quartilesaccord-
ing to levelsof TiSSexpressionusingour dSLAM-secdata.CL3and CL4transcriptsexhibited
distinctkineticsfor all quartiles(S5AFig). Furthermore eventhe leaststronglyexpressed
genesn CL3wereassociatewith adistinctly positionedTATT motif, while eventhe most
highly expresse@L4transcriptswerenot (S5BFig). ThisindicatedCL4to represenasofar
unknown classof viral transcriptsthat areexpressedith delayedatekineticsandwhose
expressions dependenbn viral DNA replicationbut not on theviral LTF. A list of all tran-
scriptswith their respectivelustersaand TBM arelistedin S4Table.

While our unsupervisedlusteringrevealednajor differencesn the overalltemporal
expressiomprofilesof viral TiSSjt did not considenwhenin infectiontherespectivéranscripts
werefirst transcribed Accordingly the threeimmediateearly TiSSwereplacednto cluster
CL3dueto their steadyincreaseén transcriptionafter6 hpi, whichresembledhe CL3 profile,
althoughtheir first peakof expressioralreadyoccursat 1+2hpi in contrastto 4 hpi for CL1
andCL2.Furthermore wenoticedthat TiSSin clusterCL2,while showingan overallsimilar
expressiomprofile alongthewholetime coursecould besubdividednto two distinct clusters
that significantlydifferedin the onsetof transcription(2+4hpi vs.6+12hpi). We thusintro-
ducedmanualcriteriathat specificallyincludedinformation aboutthefirst time point whena
TiSSshowedexpressiorfseeViethods). Thisresultedin 6 classesf viral transcriptionkinetics
(TRO-5)(Figs5A and S6).Thethreeimmediateearly TiSSwereplacedinto Tr0. While tran-
scriptionof TR1genegn = 34) peakedat4 hpi andthendroppedby atleas2-fold throughout
infection, transcriptionof TR2genegn = 55) beyond4 hpi did neitherdrop nor rise>2-fold
and>4-fold, respectivelyln contrasttranscriptionof TR3TiSS(h = 13)wasonly weaklyif at
all detectabldoy 6 hpi. However transcriptionthenrapidly increasedy 12 hpi but did not
increasamorethan 2-fold thereafterThisis in starkcontrastto the canonicaliral lategenes
of TR4(n = 97),which generallyonly startedto besufficientlytranscribedby 18+24hpi, i.e.,
well afterthe onsetof viral DNA replication.Finally, TR5TiSS(n = 131)wereexpressewith
delayedkineticsand showedncreasingranscriptionalactivity until verylatein infection (36x
72hpi). In total,9 and 23 TiSScould eithernot beunambiguouslhor not atall classifiednto
oneof the6 TiSSclusters.

Attribution to TR1wascharacteristidor the keyviralimmune evasinse.g. m04,m06,
m152m154andm155,whichneedto berapidly expressedponvirusentry.In contrast,TR2
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Fig 5. Transcription kinetics of viral TiSS.A. Graphicaldepictionof 6 cluster TRO-5)of viral TiSSobtainedby
manualclassificatin (for criteriaseeViethods)basedn newRNA derivedfrom the dSLAM-seqdata(relative
expressiotevelsshown)computedsimilarlyasin Fig4D. B. Graphicd and sequencégodepictionof corepromoter
motifsidentifiedfor TRO-5clusterghrough MEME motif analysicomputedasin Fig 4E.Pleas@otethatthe TATA-/
TATT-box motif in clusterTR4is shiftedby 2 nt to theleft comparedo clusterTR1.The TR3clusterdid not enrich
for aspecifiomotif, whichis atleastin partsdueto the smallnumberof TiSS(n = 13)in this cluster TBM: TATA-
boxlike motif, Inr: Initiator elementNS:Not significant.

https://abi.org/10.1371djurnal.ppal10109925005

kineticsweretypicallyobservedor viral proteinsinvolvedin viral DNA replication,e.g. M54,
M57,M70,M105andM114.While 2 of the 6 viral LTF component{M87 and M91) classified
into TR3,threeothercomponent{M49, M79 andM95) did not quite fulfill the criteriafor
TR3but showedextensivearanscriptionby 12 hpi similarto TR3kinetics.Only M92 wasallo-
catedinto TR5but neverthelesalreadyshowedwveakexpressioratthe onsetof viral DNA rep-
lication (12 hpi). The presencef aTATT-motif shiftedby 2 bp comparedo the canonical
TATA-motif of TR1genesvascharacteristidor TR4genegFig 5B). Here,our morestringent
cut-offsremovedmanyof the CL3TiSS(39of 75)that did not harboranupstreamTATT-
motif. Our TR classificatiorthussharpenedherespectiveliSSannotationsMany of the TR5
genesemainpoorly studied. However, TR5alsocomprisedconserveatytomegalovirugenes

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010992 May 12, 2023 10/32



PLOS PATHOGENS

Decoding MCMV

including M48,M50,M51,M75,M92,andM104.While further subclusteringf TR5TiSS
mayberequired,it isimportantto notethatthe 131TR5TiSSwerelargelydevoidof aTATT-
motif or TATA-motif in their respectiveorepromoters We thushypothesizehattranscrip-
tion initiation of TR5transcriptsdoesnot requiretheviral LTF but is merelydriven by the
excessivamountsof viral DNA atlatestage®f infection.

In summaryour datarevealsix classesf lytic MCMV transcriptionkinetics.We decided
toreferto TROas immediatesarly( )", TR1as early( 1)', TR2as maintainedearly( 2),
TR3as delayeckarly( 3)', TR4as canonicalate( 1)'andTR5as delayedate( 2)'
transcripts.

To assestheimpactof TATA and TATT motifs on the kineticsand extentof viral gene
expressionwe utilized adualcolor reportervirus (MCMV_ m152-EGFP_EP-IRES-
mCherry).Thisvirus expressesGFPinsteadof the codingsequencef the m152earlygene
(TR1)andmCherryexpresseftom aninternal-ribosomakentry site (IRES)downstreanof
thelategenem48.2CDSencodingfor SCP(TR4).We mutatedthe TATA boxof them152
promoterto createa TATT motif. Upon infection of NIH-3T3 cellswith thetwo virusesfor 6
to 72hours,weanalyzeceGFPandmCherryfluorescencéy microscopy(Fig 6A) andflow
cytometry(Fig 6B). Consistentvith our dSLAM-secdata,hardlyanymCherryexpressiorwas
observedvithin thefirst 12h of infectionand subsequentnCherryexpressiorwassensitiveo
inhibition of viral DNA replicationby PAA treatment.Interestingly the TATA>STATT single
point mutation wassufficientto renderthe m152promoter PAA-sensitiveand changehe
temporalexpressiomprofile towardslatekinetics.Howeverthe TATA>TATT mutationonly
alteredthe kineticsbut not the maximummeanfluorescencéntensity (MFI) of eGFPexpres-
sionthroughoutinfection. Furthermore introduction of the TATT-motif did not abrogate
m152promoteractivity earlyin infectionandonly reducedotal eGFPexpressiornevelsdur-
ing thefirst 12h of infectionby 2-fold indicating promiscuousbinding of thecellularTATA
binding proteinto the artificially generated ATT sequenceTlhus,whilethe TATT-motif
definessensitivityof apromoterto viral DNA replication,other promotermotifs or features
defineviral promoteractivity during the earlyphaseof infection.

Decodingthe MCMYV translatome

To decodghe MCMV translatomewe employedibosomeprofiling (Ribo-seqplongwith
translationstartsite(TaSSprofiling [43] acrossatime courseof MCMV-infectedNIH-3T3
cells(Fig 1). Weidentifiedandannotatedatotal of 454MCMV ORFsincluding 232small
ORFg(S5Table). SmallORFsincludedshortnovel ORFs(e.g. SORFs)somepreviouslystud-
ied ORFs(e.g. m41.10RF,whosenameswvereunalteredfor consistencyaswellassomeN-
terminaltruncations<100 aain length(annotatedas #1','#2',...). Usingthe annotation
describedby Rawlinson . [22] asreferenceweconfirmed1500ut of the 170predicted
CDS(Fig 7A). PutativeCDSwith no signsof translationareincludedin S6Table.Interest-
ingly, mostof the predictedCDSthat wewereunableto detectwerelow-scoringpredictionsas
per previouslydescribedriteriaandno correspondingliSScould beidentified. Theabsence
of correspondingranscriptsin MCMV infection of fibroblastsexplainghe absencef detect-
ablelevelsof translation.Asthe respectiveranscriptsmaybeexpresseth othercelltypesor
conditions,weneverthelesmaintainedtheseCDSin our newgenomeannotationbut labelled
themas orphan;not expressedAdditionally, wedetectedl 1 previouslyalidatedORFs,
annotatedasORFs(S7Table).Overall,weidentified 170previouslyannotatedORFS(CDS),
68 ORFscomprisingnovel ORFswhichincluded11ORFsvalidatedn severastudies(S7
Table),108shortORFs,73uORFs15u00ORFs19uORFsand 1 dORF(Fig 7B),accounting
for atotal of 232smallORFs(<100 aain length)and 222largeORFs(>100aain length).N-

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010992 May 12, 2023 11/32



PLOS PATHOGENS

Decoding MCMV

Fig 6. ConvertingaTATA boxto aTATT boxis sufficient to alter viral geneexpressiorkinetics. A. NIH-3T3 cellswereinfectedwith atwo-colorMCMV
reportervirus (MCMV_TATA- m152-eGFP_SCP-IRS-mChery) andthe TATA>T ATT mutantthereof(MCMV_TATT- m152-eGFP SCP-IRES
mCherry)atanMOI of 5 for theindicatedtime pointswith andwithout PAA treatmentmCherly andeGFPexpressiomwereanalyzedhroughfluorescace
microscopy Represetativeimagef threebiologicalreplicategn = 3) areshown.B. CellswerefixedandeGFPandmCherrylevelsvereanalyzed
quantitativéy throughflow cytometryand meanfluorescet intensity (MFI) valuesvereplottedfor threebiologicalreplicategn = 3) alongwith standard
deviation(S.D.)with andwithout PAA pre-treatmeat.

https://da.org/10.137 1§urnal.ppal010992.g006

terminaltruncatedor extendedoroductswereobservedor all of the abovementionedclasses
of viral openreadingframeslt isimportant to notethat someof the previouslyidentified
ORFg(S7Table),e.g.m41.1,are<100 aain sizeandthusrepresensORFsbut their names
wereunalteredfor consistencyvith previousstudies.

Specificviral transcriptsinitiating lessthan 500nt upstreamof the respectivéDRFs
explainedranslationof 3660f the 454MCMV ORFsOnly for 88viral ORFs(66 of 232small
ORFs)no TiSScouldbeidentified within the upstreanb00nt. Thesewerelabeledas orphan’
in our final annotation.Themajority (50 0f 57,88%)of novellargeviral ORFsinitiated at
canonicalAUG startcodons AlternativestartcodonsincludedACG (1 ORFs/9%SORFs)GUG
(1 ORFs/4sORFspnd CUG (5 ORFs/10smallORFs)with 12%of novellargeORFs(Fig 7C)
and12%of novelsmallORFs(Fig 7D) initiating atnon-canonicakcodons Most of the 27
NTTsand10NTEsidentified by our pipelineresultedfrom alternativeTiSSusageConsistent
with therulesappliedfor CDSidentificationby Rawlinson . [22], all NTTsinitiated from
AUG startcodonswhereadNTEspredominantlyinitiated at non-canonicaktartcodons as
thesehadpreviouslynot beenconsideredFig 7Eand 7F). As such weidentified an N-termi-
naltruncationin the  locus,i.e.,m128CDS#1RNA #1expresseftom anovel 1transcript
(m128RNA #1),which confirmspreviousobservation®f amodified IE2 protein of 41kDa
[44]. (STAand S7BFig)

Characterizationof a previouslyunknown N-terminally truncated ORFin
theml145locus

Weidentifiedapreviouslyunknown NTT of them145CDS ,whichwetermedm1450RF#1.
This ORFis expressefrom adistincttranscript(m145RNA #1) at 5-fold higherlevelghan
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Fig 7. TheMCMYV translatome.A. Venndiagramdepictingthe numberof MCMV ORFsin our revisedMCMV genomeannotatbn asdetectedy ribosome

profiling comparedo the Rawlinson

. referenceannotaton [13]. B. Totalnumberof viral ORFsannotatedby ribosomeprofiling groupedinto CDS

(Rawlinsorreferencexnnotation) largeORFs short ORFS(SORFs)upstreamORFS(UORFs) upstreamoverlaping ORFS(uoORFs)jORFs(internal ORFs)
anddownstreanDRFYdORFs) N-terminal extensiongNTEs)or truncatons (NTTs) mayspananyof thesedefinedgroupsof ORFsC-F. Startcodonusage
for annotatecdhovellargeORFssmallORFsNTEsandNTTs,respectivelyORFsin graydepictorphanORFsfor whichno TiSScouldbeidentified.Each
graphdepictsthe numberof ORFson they-axisandthe startcodonusageon the x-axis.

https://da.org/10.1371durnal.ppal010992.g007

the canonicam145CDS , andlacksthefirst 340aaof the 487aam145CDS(Fig 8A). Thegly-
coproteinencodedby the m145CDSinterfereswith NK-cell activationby downregulatinghe
stress-inducedK cell-activatindigand, MULT-I, predominantlyin endotheliakells[45].
Consideringtheimmunologicalsignificanceof this locus,we soughtto validatethe N-termi-
nallytruncatedORF,m1450RF#1andassesss rolein theregulationof MULT-I. After first
validatingthe m145proteinsthrough plasmidexpressiorsystemgS8AFig) usingV5-tagged
ORFswegenerated C-terminally V5-taggedn145CDSmutantvirus (m145-V5)andana-
lyzedexpressiornin NIH-3T3 and SVECA4+10endotheliakcellsby Westernblot (S8BFig). This
revealedxpressiorf 4 differentproteinisoformsat ca.70,35,20and 13kDa. While the 70
kDaisoformrepresentsn145CDS the 20kDaisoform constituteshe m1450RF#1 ascon-
firmed upon ectopicexpressiorfS8AFig). It isimportantto notethatthe canonicaim145
CDSencodestypel membraneprotein (55kDa), which containsa distinct signalpeptide
andis predictedto undergoN-linked glycosylatiorj45], therebyexplainingthe 70kDa gene
product.We createda panelof virus mutants(Fig 8B) to validatethe expressiorof the four
ml45geneproductsin SVEC4+10cellsand characterizéhe respectivésoforms.Mutation of
the TATA boxofthem145RNA #1promoter( m145TATA RNA#1)adverselympactedthe
expressiormf all threesmallm145isoforms(35kDa,20kDaand 13kDa), but not the 70kDa
isoform (Fig 8C).On the contrary,the 70kDaisoformwasselectivelgliminatedwhena
STOPcodonwasinsertedd0aadownstreanof its AUG ( m145CDS)to terminatem145
CDSwhileavoidingreinitiation atalternativeAUGs upstream(Fig 8C). Finally, mutatingthe
m1450RF#1AUG startcodonabrogatedoththe 35and20kDabut not the 13kDaisoform
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Fig 8. Characterization of N-terminally truncated ORFsin the m145locus.A. ORFsandtranscrigs expresseffom them145locus.Thisincludesthe sofar
unknownm1450RF#1and#2expressdfrom m145RNA#1.Coordinaesfor the TiSSand ORFstartcodonareshownfor eachtranscriptand ORF.dSLAM-
seqgdataareshownin linearscaleRibo-seqdatain logarithmic scaleAggregatedeadsacrosall time pointsmappingto the m145locusareshown.B.
Schematicepresentatin of the MCMV mutantsgeneratedo characteriz&ovelviral geneproduct encodedyy them145locus.Mutant viruseswere
generatedbasedn areporterviruswith aV5-taginsertedat the C-terminusof the canonicaim145CDS . Theviruseswveregeneratedy BAC
mutageneis asdescribedn methodson this backboneThe m145CDSharboreda STOPcodonatthe 40" codonto skip additional AUGsdownstrean of the
m145CDSsignalpeptidewhich mayhaveresultedn additional products hinderingaccurateanalyss of thelocus.The m145TATA RNA#1mutant
includedamutation in the TATA boxof therespectivéranscriptto abrogategeneexpressiomownstreamwhilethe m1450RF#1 mut mutantwascreated
by mutatingthe startcodonof m1450RF#1.The m145virusisapreviouslycreatedviruswherethe entirem145locus(i.e.m145CDS)wasreplacedy a
kanamyin cassetteC. SVECA4+10murine endothédial cellswereinfectedwith theindicatedvirusesatanMOI of 1 for 24and48h. V5-taggedn145gene
productswerecharacterizedby Westernblot. ParentaWT MCMV infection wasusedasnegativecontrol. D. SVECA4+10cellswereinfectedfor 48h with the
m145-V5virusatan MOI of 1. Cellswereharveste@ndtreatedwith or without EndoH (E) or O-glycogdase(O) to qualitativelyanalyzeglycosyldon patterns
of m145geneproductsviaWesternblot. Them145CDSgeneproductof 70kDashiftedto 55kDa upon EndoH treatmentjustifyingits actualpredicted
weight.E. SVEC4+10cellswereinfectedwith m145virus mutantsatan MOI of 1 for 18h andstainedwith rat anti-MULT-I andmouseanti-m04antibodies
following cellsurfaceMULT-I analysighroughflow cytometryby gatingon infectedcells(m04+).Anti-rat and anti-mous isotypeantibodieswereutilized as
negativecontrols.Westernblotsandflow cytometryhistogramsarearepresentatiefor two (n = 2) andthreebiologicalreplicategn = 3), respectively.

https://da.org/10.1371¢§urnal.ppal010992.g008

(S8CFig). We concludethatthe 35kDa and 20kDa represenpost-translationallynodified
isoformsof m1450RF#1,while the 13kDa geneproductresultsfrom inefficientribosome
scanningon them145RNA #1landtranslationinitiation atthe nextAUG startcodonlocated
84nt downstreamWe thusannotatedhe 13kDaisoformasanindependensmallORFand
namedit m1450RF#2RNA #1(= m1450RF#1translatedrom RNA#1).
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Next,weaskedvhetherthe differentisoformstranslatedrom m145RNA #1represented
glycosylatedsoformsof m145RNA #1or novelgeneproductsarisingfrom thetranscript.We
first analyzedjlycosylatiorpatternsof the respectiveproteinsthroughenzymatidreatment
with EndoH; and O-glycosidaseT his confirmedthe glycosylatednodification of the 20kDa
N- and35kDa O-linked isoforms.Theformer protein appearedt 16kDa upon EndoH treat-
ment,justifying the predictedmolecularweightof m1450RF#1while the latterbanddisap-
pearedupon O-glycosidas&reatment(Fig 8D). Interestingly,no O-linked glycosylatedorm
of thelargerprotein encodecdoy m145CDSwasobservedWe hypothesizehatits signalpep-
tide marksthe proteinto exclusivelyundergoN-linked glycosylationln contrastthe 13kDa
geneproductremainedunaffectedy glycosidas&reatment.Thesdindings confirm the exis-
tenceof anadditionaltruncatedviral protein (m1450RF#2) resultingfrom inefficienttransla-
tion initiation atthe m1450RF#1 AUGsupstreamlt isimportant to notethat the expression
of othertruncatedviral proteinsmaythushavebeenmissedby our Ribo-secdata.

To clarifywhich of the m1450RFsis responsibldor downregulationof MULT-I, weana-
lyzedcellsurfaceexpressiorf MULT-I throughflow cytometryuponinfectionwith the
respectivenutantvirusesThe m1450RF#1-V5mutantdownregulatedMULT-I similarto
WT MCMYV, indicatingthatboth m1450RF#1 (despitebeingexpressedt higherlevelghan
m145CDS)and m1450RF#2werenot responsibldor downregulatingcellsurfaceMULT-|
andthe phenotypewasfully attributedto the longerisoform,namelythe m145CDS(Fig 8E).
Our dataalsoconfirmedtheimportanceof alternativeTiSSusagen governingthe expression
of MCMV proteinisoforms[27].

Viral uUORFstune viral geneexpression

A substantiahumberof the novelviral ORFsthat weidentified represenuORFswhich are
locatedcompletelyupstreanof acanonicalORF,anduoORFswhich startupstreamand over-
lapwith the canonicalORF.Sincetranslationof u(o)ORFsmpactson translationof their
downstreanORFg46,47],weaimedto confirm this for selectedMCMV u(o)ORFausingdual
luciferaseaeporterassayaiVe clonedfour candidateu(o)ORFsnto the psiCheck-2rector[48]
upstreamof firefly luciferaseWe then mutatedtheir AUG startcodon(s)to abrogatdransla-
tional regulationon the downstreanout-of-framefirefly luciferaseThis fully relievedtransla-
tional repressioron thedownstreanfirefly ~ geneconfirming translationof the m169uORF
(MATp1) [28], m119.3uORFalongwith uoORFsn the M35 andM48 locus(Fig 9A-9D).
Interestingly for boththe m169andm119.3u0ORF disruption of the first AUG wasnot suffi-
cientto fully abrogateheir inhibitory potential. However,subsequentutation of down-
streamin- and out-of-frameAUG startcodonsconsistentlyincreasealownstreamniuciferase
expressionOnly whenall AUGs (up to 6 for m169uORF)hadbeenmutated the observedes-
cuein luciferaseactivity matchedthe expressiomifferencedetweerthe respectivel(0)ORFs
andtheir largerdownstreantounterpartobservedy ribosomeprofiling. We confirm trans-
lation of severaviral u(o)ORFswhichmayserveto regulatedownstreanORFsand/or express
functionalviral microproteins.Futurestudiesshouldbeperformedto assestheregulatory
andfunctionalrole of viral u(0)ORFs and

Reannotationof the MCMV genome

ThenovelMCMV transcriptsand ORFsidentified by our approachgeneratedhe needfor a
revisedannotationof the MCMV genomeWe usedthe MCMV annotationprovidedby Raw-
linson . [22]with its 170viral ORFsasour referenceannotationfor the BAC-derived
pSM3frMCMV genomesequenc@t9] curatedby our sequencinglata. The sequencgvascor-
rectedby eliminatingthe BAC sequencaswellascorrectionsfrom Table2 in [49] whichwere
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Fig9. MCMV uORF3uoORFstune viral geneexpressio. Ribo-secdata(aggregatreadsn logarithmic scalepf therespectiveviral genomicloci andtheir
validationby dualluciferaseassayareshownfor m169uORF(A), m119.3uORF(B), M35 uoORF(C) andM48 uoORF(D). Thenumberof AUG codonsfor
therespectiveviral u(o)ORFsareindicated.Coordinatesepresenthe startcodonsof the u(0)ORFsand ORFs Both ORFsand u(o)ORFswereannotate based
on translationaktartsiteprofiling data,including Harringtonine andLactimidomydn pre-treatedsamplesand PRICEanalysisManualcurationassessettie
presencef upstreanliSS startcodonusagendpresencef STOPcodonsto identify relevantORFs psiCheck-Zeporterplasmidsharboredtheindicated
MCMV u(0)ORFWT) andAUG startcodonmutantsthereof(Mut) upstreamof reportergene Luciferaseassaylataat48hposttransfecton are
shownasmeanRLU (Firefly/Renilaratio) of threebiologicalreplicategn = 3) plottedalongwith the standarderror (S.E.M.).

https://da.org/10.1371durnal.ppal010992.g009

not correctlyincorporatedpreviouslyin KY348373Thenewannotatedeferenceggb.)with
andwithout the BAC sequencareuploadedasS2and S3FilesrespectivelyAll referencéORF
nameswveremaintainedaccordinglyandnamedas’CDS'(codingsequenced) distinguish
thesdrom novelviral "ORFs'Any viral ORFsthat had previouslybeenrevisedwith minor
changesverelabelledas’corrected{S8Table). We employedhe samenomenclaturestrategy
asfor the HSV-1annotationto annotatenovel MCMV transcriptsand ORFswithout altering
the existingnomenclaturg17]. Briefly,transcriptioninitiating 500 nt distantfrom another
transcriptwasgivenanewidentifier, startingwith *.5'to provideroom for future additional
ORFsin caseany TiSSor ORFshadbeenmissedTranscriptsarisingfrom alternativeTiSS
locatedwithin <500 nt upstreamor downstreanof the main (canonical)transcriptin agiven
locuswerelabelledas™ 1';" 2',... and #1',#2',.. ., respectivelyAll largenovel ORFswere
annotatedas’ ORFs'SmallORFswereannotatedas uORF', uoORF';iORF', dORFor
"'sORFUdependingon their relativelocationto their respectiveacDSor ORFSNTEsandNTTs
of ORFswereannotatedwith ~ 'and ‘#'respectivelyAn RNA identifier wasusedto explain
ORFsthat couldbeattributedto alternativeTiSS For exampleM25 CDS#1RNA #1indicates
atruncatedORF(NTT) in the M25locustranslatedrom analternativeTiSS hamelyM25
RNA #1,whichinitiatesdownstreanof the canonicalM25 RNA (Fig 2A). Alternativespliced
productswerelabelledasORFisoforms('Isol',’1s02',. .). ORFsfor whichno TiSScouldbe
detectedverelabelledas orphan'.Similarly,transcriptsfor which no ORFwasidentified as
expressedithin thefirst 500nt werelabelledas orphan'.In total, our final referenceannota-
tion includes66weaklyexpressedorphan'viral RNAsand 88 orphan'viral ORFsReference
CDS,whichwereundetectedn our data(and usuallylackeda correspondingranscript),were
labelledas orphan;not expressediut wereneverthelesscludedinto the final annotation.
Thefully reannotatedMCMV genomewith andwithout the correspondingBAC weredepos-
ited to the NCBI GenBanKThird PartyAnnotation database.
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In summary promiscuougranscriptioninitiation within the MCMV genomenovelsplice
isoformsandtranslationof uUORFsand uoORFaupstreamof major viral CDS/ORF®xplained
thenovelviral geneproductsidentified by our integrativemulti-omics approach.

Discussion

Our studyprovidesa state-of-the-arannotationof the MCMV genomeby integrativeanalyses
of avarietyof high-throughputsequencingpproacheto revealthe hierarchicalorganization
of theentireMCMV transcriptomeandtranslatomeat single-nucleotideesolution.While
severabtudieshavedescribechovel ORFsandtranscriptsin previouslyunannotatedegions,
our integrativereannotationof the MCMV genomeprovidesaunifying nomenclaturefor all
MCMV geneproducts.As previouslyobservedor HSV-1,simplepeakcallingbasedn our
dSLAM-seand cRNA-seqdatawould haveresultedin theidentification of hundredsof addi-
tional putativeTiSS While our annotationclearlyrepresents conservativapproachwe
restrictedthefinal TiSSto 365reproducibleTiSShy integrativeanalysiof dSLAM-seqcRNA-
segand4sU-sedlata.Carefulmanualinspectionof all TiSScandidatesn relationto the avail-
ableRibo-sedatafurther increasedhereliability of thefinal TiSSthat wereincludedinto the
newreferenceannotation.Thevalidity of this approachwasconfirmedby the strongoverrep-
resentatiorof Inr elementsattheviral TiSSevenfor the mostweaklyutilized TiSS Thisis con-
sistentwith previousfindingsfor HSV-1andsupportsthe accuracyf our annotation
workflow [17]. Thevastmajority of TiSSwererequiredto explainthe expressiorof novel
UORFsuoORFsjORFsandspliceisoforms,andvalidatednovelNTEsandNTTsrevealedy
ribosomeprofiling. Accordingly,only 66 TiSS(of 380,17.37%)werelabelledasorphanwhile
880RFg(0of 454,19.38%Youldnot beattributedto aviral transcriptinitiating within 500nt
upstreamMost of theseTiSS(46 of 66;70%)represented R5( 2) TiSSindicatingthattrans-
lation of the correspondingORFsor sORFgheyencodemight only havebecomedetectablet
>48 hpi by Ribo-secandwasmissedby our Ribo-secanalysis.

We observedstriking number(n = 366)of putativesplicingeventsn the MCMV tran-
scriptome However the majority of theseonly occurredatlow frequencieswWethusdecided
to includeonly aconservativ@8splicingeventdnto our newreferenceinnotation.

Interestingly dSLAM-secqcombinedwith 4 h of cycloheximiddreatmentrevealedinovel
unspliced genenamelym166.5RNA( ), whichwesubsequentlgonfirmedby qRT-PCR.
Thefunction of ie4remainsunclearanddeservefurther studiesTheexpressiorof all three
TiSS(iel/ie3,ie2andm166.5wasenhanced>300-fold uponinhibition of protein synthesis
consistenwith alackof self-inhibition upon CHX treatment.After afirst peakof transcription
at1+2hpi, their expressioralreadystartedto riseagainat 6 hpi andthencontinuedto rise
until verylatein infection. Thisincreasevasabolishedipon PAA treatment.

Clusteringtranscriptsby 'newRNA'throughdSLAM-seqgevealedour distinct clusters
describingthe kineticsof viral geneexpressiofCL1-CL4).Inspectionof individual TiSS
assignedo all clusterdndicatedthat our unsupervisedalusteringwaspredominantlybasecn
the overalltemporalexpressiorprofileswhile thefirst onsetof expressioronly playedaminor
role for clustering.Thus,wedefinedmanualclassificatiorcriteriathat werebasedn the CL
clusteringbut moreaccuratelydefinedthe transcriptionkineticsof the viral TiSS alsotaking
into accountthe onsetandfirst peakof expressionThisresultedin 6 distincttranscription
kinetics(TRO-5),whichwereferto asimmediateearly( =TRO),early( 1=TR1),maintained
early( 2=TR2),delayeckarly( 3=TR3),canonicalate( 1=TR4)anddelayedate
( 2=TR5).Howeverwewould like to point out that manyviral genesomprise>1 viral
TiSS Theexpressiorkineticsof the respectivgroteinsthusreflectsthe compositeregulation
of the 6 TRkineticsasexemplifiedbythe  locus(S7Fig).
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In contrastto the TR2( 2) TiSSwhicharecharacteristidor manyviral genesnvolvedin
viral DNA replication,5 of the 6 LTF componentshowedexpressiorkineticseitherbelonging
to or consistenwith TR3( 3) kinetics. TR1( 1)andTR4( 1) promoterswereassociatevith
distinct TATA- and TATT-box elementstespectivelythusexplainingthe expressiorof early
andlategenesasshownfor variousherpesvirusesimilarto HCMV [42], the TATT-motif in
TR4( 1) promotersthatis recognizedy theviral LTF complextendedto belocatedby about
2 nt further upstreamof the TiSSin comparisornto the canonicalT ATA-box motif in the pro-
motersof TR1andcellulargenesBy mutatingthe TATA boxof anearly( 1) genemi152to a
TATT motif, wedemonstratehat viral latekineticsand PAA-dependencaremediatedby the
TATT motif andthustheviral LTF complex.However mutationof aTATA- to a TATT-motif
hadlittle impacton the absolutdranscriptionaloutput anddid not qualitativelyaffecttran-
scriptionalactivity of them152promoterearlyin infection. It isimportantto notethatwe
only introducedasingleA-to-T mutation but did not shiftthe TATT-box awayfrom the m152
Inr elementby 2 nt astypicallyobservedor TR4( 1) genesThis mayexplainresiduaim152
earlyexpressiorof the TATT mutant.However otherfactorswhichincludecellulartranscrip-
tion factorsactivatecdearlyin infection,mayalsocontributeto m152earlygeneexpression.

Thedelayedineticsof clusterTR5( 2) andthe absencef a TATT-box elementweresur-
prising. Therespectiveranscriptscameup significantlylaterin infectionthan clusterTR4
( 1)andcommonlycontinuedto riseuntil 72hpi. Their expressioris thusunlikely to be
dependenbn the TATT-specificviral LTF. We hypothesizéhat transcriptioninitiation of
TR5( 2)transcriptsis driven by weaktranscriptioninitiation mediatedsolelyby thelnr ele-
mentin the contextof extensiveamountsof viral DNA latein infection. While experimental
proof will requirestudiesusingLTF-deficientMCMV mutants,our findingsindicatethatthe
viral LTF becomesatelimiting latein infectionandthat TR5( 2) TiSSrepresent. TF-inde-
pendenttranscriptionatverylatestage®f infection.

Recentlythe Pricelabreportedon theidentificationof 7,500 transcriptionstartsite
regions(TSRs)n the HCMV genomeduring lytic infection of fibroblastswhich corresponds,
on averageto a TSRevery65nt, usingPRO-seq@nd PRO-cafd50]. Thesewerecorroborated
by additionalstudiesfrom the samdab attributing their expressiorkineticsatleastin partsto
theviral IE2 proteinand LTF [10,51].While our TiSSprofiling datado not excludethe pres-
enceof amuchlargersetof TSRfor MCMV, the TiSSweidentified () correspondo stable
RNAsand( ) aresufficientto explainthe (near)completeMCMYV translatomeadentified by
ribosomeprofiling. Importantly, the presencef thousandf additionalstableviral tran-
scriptsshouldhaveresultedin translationinitiation athundredsof additional AUGsandthus
viral (sS)ORFsbservabléy Ribo-seqWe concludethatthe numberof stableMCMV tran-
scriptsthat areactivelytranslateds unlikely to exceedur annotationby an order of magni-
tude.lmportantly, the PROseq/PROcagpproacmot only detectsstabletranscriptsbut also
transcriptionof highly unstableranscriptsincluding promoter-andenhancer-derive@RNAS.
Interestingly dSLAM-secand STRIPE-segnalysi©on HCMV-infectedfibroblastswhich
both only detectstabletranscripts,only confirmed 1,700 of the>7,000TSR&ut indicated
extensivenon-productive(pervasivejranscriptionof the HCMV genomd42]. Our datafor
MCMV areconsistentvith our findingsfor HCMV showingthatalargefraction of the
>7,000TSRgeportedfor HCMV presumablydo not correspondo stableviral transcriptst
will beinterestingto studywhethertranscriptioninitiation is aspromiscuousn lytic MCMV
infectionasobservedor HCMV.

Our TiSSprofiling dataprovidestrongadditionalevidencdor the newlyidentified ORFs
andsmallORFsdetectedy Ribo-seqln the vastmajority of casesherespectivenovel ORFs
initiate from thefirst AUG downstreanof therespectiveliSS An excellenexampleof thisis
m1450RF#1.1t istranslatedrom asofar unknownviral transcript(m145RNA #1) that
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initiatesin the middle of them145CDS.However aswedemonstratedor the 13kDam145
ORF#2,inefficientribosomalscanningof m145RNA #1alsoexplaingranslationinitiation at
thenextdownstreamAUG resultingin the expressiorof this truncatedproteinisoform.
Althoughthelessabundantlyexpressedh145CDSwasresponsibldor the publishedeffects
on MULT-I [45], our findings confirm expressiorf atleastwo additionalviral proteins
(m1450RF#1and#2)andimplicatedifferentiallyglycosylategdieneproductsexpressefrom
them145locus.While wewereabit surprisedto seethatthelesgprominently expressec145
CDSaccountedor thereportedregulationof MULT-I, high expressiornf m1450RF#1may
well haveconfoundedheinterpretationsof previous experimentg52]. Furtherstudies
arerequiredto functionallycharacterize¢he role of the additionalproteinsexpresseérom the
m145locus.

Similarto HCMV [16], 2270f 284novelMCMV ORFs(80%)were<100 aain size asub-
stantialfraction of whichrepresentediORFsor uoORFsTheir cellularcounterpartshave
beenimplicatedto control geneexpressiorof their downstreamORFsatthe translationalevel
[46,47].Byidentifying both the u(o)ORFsandtheir correspondingliSS our datawill now
enablefunctional studiespertainingto u(o)ORF-mediatedieneregulationin CMV infection.
HoweversmallMCMV ORFsmayneverthelesesncodegor abundantmicroproteinswith
important functions.Thepotentialof suchnovelsORF-encodediral microproteinsfor pro-
ductiveinfectionwasrecentlydemonstratedor the m169uORFencodinganNK cellimmune
evasin28] andthe m41.1geneproduct[53] that blocksmitochondrialapoptosisMassspec-
trometry andstructuralbiologydatashouldthusbereanalyzedo look for novel CMV micro-
proteinsin all 6 framesFor HCMV, sucha 6-frameanalysi®f wholeproteomemass
spectrometrydatahasalreadybeenperformed[20]. Finally,smallORFshavealsobeenimpli-
catedto generateantigenicpeptidesresemblingapidly generatedRiP-derivedpeptides
[54]. Suchpeptideggeneratedrom microproteinsmayform amajor componentof the anti-
genicrepertoire[43,54,55]playingarole in variousdiseasef21]. Our revisedannotationof
theMCMV genomenow enabledo assestheir rolein antigenpresentatiorandimmune eva-
sionin the MCMV model.

Materials and methods
Cell culture, virusesand infection

NIH-3T3 (ATCC CRL-1658Bwissnouseembryonicfibroblastsveregrownin DMEM (Dul-
becco'dModified Eagle'sviedium) supplementedvith 1001U/mL penicillin (pen),100 g/mL
streptomycin(strep)and 10%NCS(New-borncalfserum).M2-10B4(ATCC CRL-1972)
fibroblastsveregrownin RPMI-1640(RoswellParkMemorial Institute Medium) supple-
mentedwith 1001U/mL pen,100 g/mL strepand 10%FCS(Fetalcalfserum).293T(ATCC
CRL-3216humanembryonickidney (HEK) epithelialcellsand SVEC4+10mouseendothe-
lial cells(ATCC CRL-2181weregrownin DMEM supplementedvith 21001U/mL pen,

100 g/mL strepand 10%FCS All cellsweregrownin 5%CQO, at37ECAIl virusesveregener-
atedby infectingM2-10B4cellsaftervirusreconstitution.BAC-derivedVICMV Smithstrain
wasutilizedfor all sequencingxperimentg49]. Infectedcellsand supernatantsverehar-
vestedafter>90% infection for virus purification andtitration of virus stockswasconducted
by standardplagueassaysn NIH-3T3 cells[3]. The m145virus hasbeenpublishedprevi-
ously[52]. Infectionswereconductedusingcentrifugalenhancemenat 800gfor 30min in
6-wellplatesfollowedby incubationat 37EQn 5%CO, for 30min. Mediachangéollowing
incubationmarkedthe 0-hourtime point of infection. An MOI of 10wasusedfor all high-
throughputexperiments.
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Virus mutagenesisand reconstitution

TheMCMV Smithstrainbacterialartificial chromosomeBAC)in GS1783. [49] was
usedto constructMCMYV virus mutantsusing mutagenesif6], asdescribedrevi-
ously.Selectedloneswereverifiedby restrictionenzymedigestionand Sangesequencingf
therespectivéocus.BAC DNA waspurified usingthe NucleoBondBAC 100kit (Macherey-
Nagel#740579andweretransfectednto earlypassagdliH-3T3 cellsin 6 well platesusing
TransIT-X2dynamicdeliverytransfectionsystemMirus). Virusesfrom cellculture superna-
tantswerepassagedn M2-10B4cellsfollowedby virus purification andtitration [3]. All prim-
ersalongwith cloningstrategiesitilized aredescribedn S9Table.Briefly,m145virus
mutantsweregeneratedsfollows.PCRproductsharboringmutationsand homologiedo
adjacenMCMV sequencefor eachof the mutantsweregeneratedrom their respectivgrim-
erslistedin S9Tablefor BACcloning.The m145CDSmutant PCRproductharboreda
STOPcodonmutation (CAC>UGA) atthe 40" codonof m145CDS.The m145TATA RNA
#1mutantwasdevelopedy mutatingthe TATA box(TATATATAT>TATCTACAT ) of
m145RNA#landthe m145O0ORF#1mut wasdevelopedy mutatingthe startcodonof
M1450RF#1(AUG>AUA). TheMCMV_TATA- m152-eGFP_SCHPRES-mCherryirus
wasgeneratec@sdescribedn S9Tablewhichwasusedasabackbondor generatinghe
MCMV_TATT- m152-eGFP SCP-IRES-mCherryirus wherethe PCRproductfor BAC
mutagenesiBarboreda TATAAAAA>STAT TAAAA mutation.

RT-gPCRanalysis

Wild-type MCMV infectionswereperformedasdescribedor dSLAM-seqn 12-wellplates
usingcentrifugalenhancemenat 800g/30minutes.Cycloheximidg50 g/mL) treatmentwas
performedat Ohpi. DMSOwasusedasmocktreatment.Samplesvereharvestedt 4hpi, fol-
lowedby RNA extractionusingthe Zymo Quick Microprepkit including an additionalgDNA
digestionstepusingTURBODNAse(Life technologies)300+400hg RNA wasusedto prepare
cDNA utilizing the Bimake5X gRT All-in-one- cDNA synthesisnix. A 1:5dilution of the
obtainedcDNA wassubjecto 2-stepgPCRusingthe SYBRgreengPCRMasterMix(2X) by
MedChemExpresasdescribedy the manufacturergPCRwasperformedon the Roche
LightCyclerl 96.EachgPCRincludedtwo technicalreplicategpergene Theobtaineddata
wereanalyzedy ddCtanalysidor threebiologicalreplicatesMeanand SEMwereplotted
usingGraphpadPrism.Primersusedarelistedin S9Table.

Plasmidsand transfection

ThepsiCheck-2ectorwasutilized for validatinguORFs/uoORFby dualluciferaseassays
[48]. All UORF/uoORFconstructaverepurchasedisgeneblockfragmentsrom Integrated
DNA TechnologiegIDT) bearinghomologiego psiCheck-BstBland Apal sites Cloning
wasperformedusingthe In-fusion HD Cloning Pluskit (TakaraBio) asper manufacturer's
instructions,followedby transformationin Stellarcompetentells(TakaraBio). UORF/
uoORFstartcodonmutantsweregeneratedy double-fragmentnfusion cloningusingtwo
PCRproductsbearinghomologousndscontainingmutations. MCMV m1450RFswere
clonedinto pCREL-IRES-Neoexpressiomplasmidswith aC-terminal V5-tagbetweerSpe-|
andCla-Irestrictionsitesusinginfusion cloning. All plasmidsveresequencednd purified
usingthe PureYieldPromegaMidiprep systemFor luciferaseassayglasmidsweretrans-
fectedin NIH-3T3 cellsin a96-wellplateusingLipofectamine3000(Invitrogen). Luciferase
readingsveremeasuredt8 hours'post-transfectiorusingthe Dual-Glo Luciferasessagys-
tem (Promega)asper manufacturer'snstructionsusingthe CentroXS® LB960system(Bert-
hold Technologies)-or Westernblot, 6-wellplatesseededvith HEK293Tcellswere
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transfectedvith the m145-expressinglasmidsusing TransIT-X2dynamicdeliverytransfec-
tion systemMirus) andcellswereharvestedt48hours'posttransfection All primersand
syntheticconstructausedaredescribedn S9Table.All restrictionenzymesverepurchased
from NEB.LuciferasalatameanvalueqFirefly/Renillaratio) wereplottedalongwith standard
error (SEM)asrelativelight units (RLU) for threebiologicalreplicatesisingGraphpadPrism.

Westernblot

Cellswerelysedwith 2X Laemmlisamplebuffer (Cold SpringHarbor protocols)with 20% -
MercaptoethanolLysedsamplesveresonicatedand heatedat 95EC/10ninutes. Tris-Glycine
SDS-PAGHE12%)andwettransfer(Tris-Glycine-20%Methanol)on 0.2 m Nitrocellulose
membrang AmershamProtran)wereperformedusingthe Mini GelTank (Life technologies).
Membranesveresubsequentlgubjecto blockingin 5%(v/v) skimmedmilk in 1XPBST
(Phosphatdufferedsaline+0.1%Tween20)at room temperaturefor onehour. Samplesvere
probedwith rabbitanti-V5 antibody(Cell Signaling#13202Sata 1:1000ilution, overnightat
4ECandthenprobedwith a1:100dilution of anti-rabbitlgG-Horseradistperoxidase
(HRP)xSigmahldrich A0545 All antibodieswerediluted in 5%(v/v) milk in 1XPBSTPro-
teinswereanalyzedy visualizingthe blotson LI-COR OdysseyC ImagingSystemFor O-
glycosidaséNEB P0733S)reatment,samplesverelysedin 1X RIPAlysisbuffer containing
anti-proteaseocktail(cOmpleteMini Proteasénhibitor Cocktail,Roche)alongwith dena-
turing buffersuppliedby NEB.Treatmentwith O-Glycosidasand NeuraminidaséNEB
P0720S)vasconductedasper manufacturer'snstructionsfor onehour at37ECA similar pro-
tocolwasperformedfor EndoH (NEBP0703S)i-actin wasusedasahousekeepingontrol
andimmunoblotting wasperformedusingmouseanti- G-actin primary monoclonalantibody
(C4-sc-4777&antaCruz Biotechnologylnc.), andthefluorescentRDye 680RD goatanti-
mouselgG (Licor) wasusedasasecondarantibody.Both antibodieswerediluted 1:1000n
1XPBSTAIl westerrblotimagesvereprocessethroughimageStudid.ite.

Flow cytometry

Uninfectedand MCMV-infected SVECA4+10werewashedvith 1X PBSanddetachedising
TrypLE ExpresgGibco) 18 hpi followedby blockingin 10%FCS-PB$1X) for 30minutes.
Cellswerestainedwith rat anti-MULT-I and/or mouseanti-MCMV mO04atadilution of 1:100
including isotypecontrolsfor MULT-I (eBioscienc®atlgG2akappacontroleBR2aandm04
(eBioscienc#ouselgG2bkappacontrol eBMG2b)aswell asonly secondarantibodycon-
trols by incubatingfor 30minuteson ice.Bothanti-MULT-I andanti-m0O4antibodiesvere
providedby StipanJonjic.Followedby primary antibodystaining,cellswerestainedby Invi-
trogenGoatanti-RatlgG (H+L) AlexaFluor 647(MULT-1) and/or Abcamgoatpolyclonal
anti-MouseAlexaFluor 488(m04)atadilution of 1:1000for 30 minuteson ice.All antibodies
weredilutedin 10%FCS-PB%$1X). Cellswerefinally suspendeih FACSbuffer (1X PBSwith
0.5%BSA,0.02%s0diumazide) Flow cytometrywasperformedusingthe BD Biosciences
FACSCalibur CellQuestPro systemGatingandfurther analysisvasperformedusingFlowJo
10.Briefly, live SVECA4+10cellsweregatedfor anti-mouseAlexaFluor 488bound MCMV
infectedcellsviathe FL-1channel(488nm Argonion laserand 530/3(filter) followedby his-
togramvisualizationof cellsurfaceexpressiotevelsof MULT-I boundby anti-rat AlexaFluor
647usingthe FL-4channel(635nm Reddiodelaserand 661/16filter). Flow cytometryanaly-
siswassimilarly performedby analyzingGFP(FL-1) andmCherryexpressiorfFL-3), postfix-
ing in 4%formaldehydeand MFI valuesand SDfor eachtime point/condition wereplotted
usingGraphpadPrismfor threebiologicalreplicatesPrior to fixing, the samplesvereanalyzed
qualitativelyviamicroscopyat 10Xresolutionusingthe LeicaDMi8 system.
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Transcription start site (TiSS)profiling

Cycloheximidereatmentat50 g/mL wasconductedat thetime of infectionandphospho-
noaceticacid (PAA) treatmentwasconductedat 300 g/mL one-hourpostinfection.CRNA-
seganddSLAM-seqgvereperformedasdescribed17] with minor modifications.For all
dSLAM-secgamples4sUlabellingwasinitiated by adding400 M for 60minutesbeforehar-
vestusing TRI reagen{SigmaAldrich) asdescribedy manufacturerand purified by standard
phenol-chloroformextraction.Total RNA wasre-suspendeth 1X PBSbuffer.U-to-C conver-
sionwereinitiated by iodoacetamid€lAA) treatmentasdescribegreviously{32] andRNA
wasre-purified usingRNeaswinElute (Qiagen).Efficiencyof IAA conversionwaschecked
by convertinglmM 4sUandanalyzinghe changen absorption(lossof absorptionmaximum
at365nm) uponlAA treatment[32]. Followingthis, library preparationusingthe dRNA-seq
protocoland Xrn-I digestionwasperformedby the CoreUnit System#/edicine(W&zburg)
asdescribedoreviouslyfor HSV-1[17]. Sequencingvasperformedon NextSeg50Qilumina).
For cRNA-seqthe sameprotocolwasutilized asfor HSV-1[17]. 5' readenrichmentwas
obtainedusingchemicalRNA fragmentation(50+£80nt fragments)andlibrarieswereprepared
using3' adaptorligation andcircularization.Librariesweresequencedn aHiSeg2000at the
BeijingGenomicdnstitute in Hong Kong. Total RNA-segand4sU-segvasconductedas
described30]. Briefly,4sUlabellingwasconductedat 500 M for 60minutesfor thetime
pointsdescribedn Fig 1. Cellswerelysedin Trizol (Invitrogen) andtotal and4sU-labelled
(newlytranscribedRNA) wereisolatedasper previousprotocols.Librarieswereprepared
usingthe strandedTruSegRNA-Secprotocol (lllumina, SanDiego,USA)asdescribedand
librariesweresequencedly synthesisequencingt2 101nt on aHiSeq2000(lllumina).

Ribosomeprofiling

Ribosomeprofiling time-coursglysisin presencef cycloheximideexperimentsverecon-
ductedasdescribed16] for time-pointsasshownin Fig 1 for four biologicalreplicatesAddi-
tionally, translationstartsite (TaSSprofiling wasperformedby culturing cellsin medium
containingeitherHarringtonine (2 g/ml) or Lactimidomycin(50 M) for 30min prior to
harvestingTwo biologicalreplicatesveregeneratedor Harringtonine pre-treatmentandone
for Lactimidomycin.Librariesweregeneratedsdescribedor cRNA-sed17], whichintro-
ducesa2 + 3 nt uniqguemolecularidentifier (UMI), facilitatingthe removalof PCRduplicates
from sequencingdjbraries.All librariesweresequencedn a HiSeq2000at the BeijingGeno-
micslInstitute in Hong Kong.

Data analysisand statistics

Randomandsamplebarcodesn cRNA-secandribosomeprofiling datawereanalyzedy
trimming the sampleandUMI barcodesand 3' adaptergrom the readsusingour in-house
computationalgenomicsframeworkgedi(availableat https://github.com/erhad-lab/gedi).
Barcodedntroducedby thereversdranscriptionprimersincludedthreerandombasegUMI
part 1) followedby four base®f sample-specifibarcodefollowedby two randombasegUMI
part 2). Readsveremappedusingbowtie 1.2againsthe mousegenomegmm10),the mouse
transcriptome(EnsembB0),andMCMV (KY348373¢heckedandcorrectedaccordingto
mutationslistedin the previouspublication[49]). Readsvereassignedo their specificsam-
plesbasedn the samplebarcode Barcodesiot matchingany sample-specifisequencavere
removed PCRduplicatesof readsmappedo the samegenomiclocationandsharingthe same
UMI werecollapsedo asinglecopy.Two observedJMIs that differedby only asinglebase
arelikely dueto asequencingrror andwerethereforeconsideredo bethe sameJMI. If the
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readsatthis locationmappedto k locations(i.e.,multi-mappingreadsfor k > 1), afractional
UMI countof 1/k wasused.

dSLAM-seand4sU-seqglatawereprocessedimilarto cRNA-secandribosomeprofiling
datawith the exceptionof STAR(v.2.5.3apeingusedto mapthereadsand PCRduplicates
werenot collapsedisno UMIs wereused.

Our dSLAM-secand cRNA-seqTiSSprofiling datawereanalyzedvith our iTiSSanalysis
pipeline(availableat https://github.com/erhard-lafiTiSS)[34], whichidentifiespotential TiSS
atsingle-nucleotideesolution.The SPARSE _PEAKiodulewasusedfor dSLAM-seqFor
cRNA-seqlata,DENSE_PEAKDENSITY,andKINETIC moduleswvereused For eachrepli-
cate readswerepooledfrom all time points.Subsequentlfpr eachdatasetTiSSMerger2a
subprogramin iTiSS wasusedto mergeTiSSwith a+/- 10bp window. Correspondinglyall
TiSSfrom all datasetsveremergedusing TiSSMergeralsowith a+/- 10bpwindow.iTiSS
assigne@ scorerangedfrom 1to 4 for eachTiSShasedn severactriteria:

i. Significantaccumulationof the 5%end of readsin both replicatesf the dSLAM-secpataset
atthe TiISS(SPARSE_PEAKodule).

ii. Significantaccumulatiorof the 5%end of readsin both replicatesf the cRNA-secataset
atthe TISS(DENSE_PEAKnodule).

iii. Strongettranscriptionalactivity downstreanthan upstreanof the potential TiSSin both
cRNA-seqeplicateDENSITYmodule).

iv. Significanttemporalchangesn TiSSreadlevelsduring the courseof infectionin both
cRNA-seqgeplicategKINETIC module).
We alsoincluded3 additionalcriteriafor scoring.

v. Strongertranscriptionalactivity downstreanthan upstreanof the potential TiSSin both
4sU-seqeplicates.

vi. Significanttemporalchangesn TiSSreadlevelsduring the courseof infectionin both
4sU-seqeplicates.

vii. ThepresencefanORFatmost250bp downstreamwhichwasnot yetexplainedoy
anothertranscript.

Thus,in total, weassigned scorebetweerl to 7 for eachTiSS Wethenmanually
inspectedhefinal list of TiSSusingour MCMV genomebrowserandselected’iSSwith a
prominentsignalto beincludedin our annotation.A histogramwascreatedshowingthe
numberof criteriafulfilled by all annotatedTiSS In addition, wealsocreatedaheatmapanda
barplot to comparecRNA-secanddSLAM-sedpy calculatinghe enrichmentof readsat TiSS
comparedo +/- 100bpregionaroundthe TiISS(S1AFig). Bothfiguresindicatethat dSLAM-
segprovidesabettersignal-to-noiseatio comparedo cRNA-seq.

Thetotal RNA countfor eachannotatedT SSwvascalculatedy countingthe numberof
readsvhoses' endis within a+/- 5 bp window of agivenTiSS Subsequenthfor eachtran-
script,Uridine to cytosing(U-to-C) conversiorrates error ratesand new-to-totalRNA ratios
(NTRs)wereestimatedy analyzingdSLAM-secdatausingGRAND-SLAM[33]. Only reads
with 5' endsinside+/- 5 bp window of anannotatedTiSSwereconsideredNewly synthesized
RNA countof eachTiSSwasthen calculatedby multiplying NTR valuewith total RNA count
obtainedfrom dSLAM-secfata.

We groupedTiSSinto threegroupsbasedn their expressionevel(Fig 4A). Foreach
group,wegeneratecdequencéogosfrom the-34to +5 bp window aroundTiSSusing
WebLogq57].
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All n = 365TiSSwereclusteredusingthe k-meansclusteringalgorithm[58] into four tran-
scriptionclassefCL1-4)basedn newRNA expressiorfFig 4D). Clusteringwasrepeated
10,00aGimeswith differentrandominitializations.Clustercentroidsfrom eachclusteringrep-
lication werethenclusteredagainonemoretime to obtainaconsensusentroid. This consen-
suscentroidwasusedfor final clusteringof TiSS Classificatiorinto TRO-TR5(Fig 5A) was
performedvia manualcurationandapplicationof the following cut-offs.Immediate-early
geneswereclassifiecasTRObasedn enrichmentupon CHX treatment. TR1includedTiSS
with peakexpressiorat 4 hpi followedby downregulatiorby atleast2-fold, suchthat expres-
sionat4 hpi wasmorethantwicethe maximalexpressiotior 6+72hpi. TR2includedTiSS
thatdid not classifigsTR1but hadexpressiorat 4 hpi that wasat least25%o0f maximalexpres-
sionatlatertimesof infection (6x72hpi). TR3expressiomuniquelyinitiated betweerb and12
hpi. FortheseTiSS expressioruring thefirst 6 h of infection waslesshan 25%of the expres-
sionthereafter(12+72hpi), while expressiorat 12 hpi wasat least>50% of maximalexpres-
sionthereafter(18+72hpi). TR4expressiomlid not riseto relevantevelsuntil 18hpi, i.e.,
maximalexpressiorior 1+12hpi < 20%of maximalexpressiorior 18+72hpi. Moreover,
expressiotbetweerl8+24hpi wasalready>50% of the maximalexpressiorthereafte(36+72
hpi). TR5TiSSonly reachednaximalexpressiotatein infection (36x72hpi). Maximal
expressiorat 36+ 72hpi wasat least>50% of maximalexpressiorat 18+24hpi (i.e.,not TR4).

For eachTiSScluster promotermotifs andtheir locationweresearchedisingMEME [59]
with . , , and parametersWe searchedhe motifsinside
the-34to +5 bp window of agivenTiSSIn addition,we alsogenerategequencéogosfrom
eachclusterusingthe samewindow. CL3and CL4wereanalyzedurther by groupingeachof
theminto four groups(quantiles)basen the expressiovalueS5AFig). Sequencégos
weregeneratedisingthe sameprocedureasmentionedbefore.

We usedour in-housetool PRICEversion1.0.4[43] to predictMCMV ORFsA list of puta-
tive ORFswasthenmanuallyinspectediy usingthe MCMV genomeviewerto select

ORFswhichwerethenincludedin thefinal annotation.We groupedtheseORFsinto
CDS(ORFswhichareincludedin previousannotation),ORF(ORFswith length  100amino
acids(aa)whicharenot in previousannotation),SORHORFswith length< 100aa),uORF
(ORFslocatedupstreanof the canonicalORF,but insidethe transcriptregion),ucORF
(ORFdocatedupstreanof the canonicalORFandalsooverlapthe canonicalORFbut in adif-
ferentframe),iORF(ORFslocatedinsideacanonicalORFbut in adifferentframe),anddORF
(ORFdocateddownstreanof the canonicalORF,but insidethe transcriptregion).

Identification of poly(A) sitesand splicing events

4sU-seqgeadswerefirst filtered for rRNA readsby aligningreadsagainstrRNA sequences
usingBWA [60] with aseedsize(parameterk) of 25.If bothreadsin areadpair alignedto
rRNA without errors,theywereremovedfrom further analysisFiltered4sU-seqeadsandall
total RNA-segreadswerealignedagainsthe MCMV genomeusingContextMapversion2.7.9
[61] (usingBWA asshortreadalignerandallowingat most5 mismatchesandamaximum
indel sizeof 3). ContextMapalsoidentifiesreadscontainingpart of the poly(A) tail and pre-
dictspoly(A) sitesfrom thesereadsaspreviouslydescribed61]. Defaultparametersvereused
for poly(A) siteprediction. Candidatesplicejunctionswerepredictedif >10 readswereidenti-
fied by ContextMapin atleastonesamplethat overlappedatleastiOnt on both sidesof junc-
tion. All viral introns arelistedin S3Table.All viral poly(A) sitesarelistedin S10Table.
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Supporting information

S1File. Description of high-throughput sequencinglatasetsusedin this study.
(DOCX)

S2File. Fully annotatedgbfile of the BAC of the MCMV referencegenomeadaptedfrom
KY348373[49] and corrected.
(GB)

S3File. Fully annotatedgbfile of the MCMV referencegenomeadaptedfrom KY348373
[49] and corrected(without the BAC sequence).
(GB)

SlTable.List of all MCMV transcripts. List of all identified and annotatedviral transcripts.
TSS=transcriptionstartsite; TTS= transcriptiontermination site. Transcriptionstartsites
with no evidenceof downstreamORFswereannotatecas orphans'Alternativetranscription
startsitesof acanonicatranscript(RNA) wereannotatedwith a (TiSSupstreanthe canoni-
calTiSS)or # (TiSSdownstreanthe canonicalTiSS).Score®btainedfrom iTiSStranscription
startsitecallingareshownfor all 380transcripts All coordinatesareshownin the 0-basedys-
tem.

(XLSX)

S2Table.List of all splicing eventsannotatedand identified through 4sU-secanalysis.List
of all splicingeventghatwereincludedinto thenewMCMV referencegenomeannotation.
All coordinatesareshownin the 0-basedystem.

(XLSX)

S3Table.List of putative introns detectedby 4sU-seqList of all putativesplicingeventshat
werenot includedinto thenewMCMYV genomereferenceannotation.All coordinatesare
shownin the 0-basedystem.

(XLSX)

S4Table.Kinetic clustersof MCMV transcripts. Thetabledepictsall TSSannotationstheir
genomiclocationandtemporalkinetic classe§CL and TR). TATA-box motifs havebeenindi-
catedfor eachTiSS Scoreslerivedfrom iTiSSfor eachTiSSareshownin columnF.New
RNA (I-AG) andtotal RNA (AH-BC) readcountsaredisplayedor eachreplicatepertime
point of dSLAM-secdatasetsRatiosfor 4 hpi sampleg+/-CHX) computedusingnewRNA
aredisplayedn column AG andratiosfor 24hpi sampleg+/-PAA) computedusingtotal
RNA aredisplayedn columnBF.All coordinatesareshownin the 0-basedystem.

(XLSX)

S5Table.List of all MCMV ORFs.Listof all MCMV ORFsincluding their name ORFtype,
coordinatesstrandandlengthof predictedprotein products.ORFtypesincludedpreviously
annotatedORFsfrom Rawlinson  [22]. (CDS),novellargeORFs(>100aa)and ORFsvali-
datedfrom previouslystudie ORFs) ORFs<100 aaannotatedasshort ORFS(sORFs),
upstream/upstreamverlappingORFs(UORFs/uoORFs)nternal ORFs(iORFs),downstream
ORFs(dORFs)N-terminally truncatedor extendedORFswereannotatedwith a #1','#2',. .
or” 1 2',.. respectivelyAll coordinatesareshownin the 0-basedystem.

(XLSX)

S6Table.List of all unidentified CDSpredicted by Rawlinson [22]. Listof all CDSpre-
dictedby Rawlinson . thatwerenot observedn our data.Their respectiviCDSwerenev-
erthelesancludedin our revisedMICMV genomeannotationas notexpressed/orphar©DS.
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CDSthatareoverlappingotherMCMV genesy greaterthan 60%andarethuslesdikely to
beprotein codingandhaveno homologsin herpesvirusesr cellularproteinsasdescribedyy
Rawlinson . All coordinatesaareshownin the 0-basedystem.

(XLSX)

S7Table.List of previously unannotatedORFsconfirmed by usand validatedin several
studies.Tableof all MCMV ORFsthathavebeenidentified by otherstudiesandthatwere
confirmedby our data.All coordinatesareshownin the 0-basedystem.

(XLSX)

S8Table.DetectedORFswith minor correctionsi.e. CDS(corrected)' asverified by previ-
ousstudies.Tableof all previouslyreportedMCMV CDSthat requiredminor corrections
basedn our data. Initiation atadownstreamAUG. All coordinatesareshownin the
0-basedsystem.

(XLSX)

S9Table.List of primers and geneconstructsused.
(XLSX)

S10Table.List of MCMV poly(A) sites.Listof all MCMV poly(A) sitesthatwereannotated
baseddn untemplatedadeninen sequencingeadsAll coordinatesareshownin the 0-based
system.

(XLSX)

S1Fig. Characterizationof the MCMV transcriptome. A. Heatmapscomparingread
enrichmentattranscriptionstartsites(TiSS)in the cRNA-secanddSLAM-seqdata.The x axis
representslistancefrom TiSS(+/-100bp) for 222TiSSdisplayedalongthe y-axisdetectedy
both dSLAM-secand cRNA-seqColorsrepresenmaximalreadcountin log, scaleacrossll
samplesn cRNA-secanddSLAM-seqrespectivelyB. Histogramdepictionof the numberof
MCMV TiSSsatisfyingheindicatednumberof criteriaof the iTiSSalgorithm.A detailed
descriptionof theemployeccriteriais includedin methods Scoredor all TiSSassignedby
iTiSSareshownin S4Table.

(TIF)

S2Fig. Examplesof MCMV splicing events Eachschematiaepictsviral geneexpression
andsplicingin agivenlocus.Aggregatedeadsof Ribo-seqcRNA-secand dSLAM-seqdata
acrosslltime points of infectionareshown.Ribo-secdataareindicatedin logarithmicscale,
cRNA-secanddSLAM-secdatain linearscaleThe arrowsatthe top depictthe annotated
transcripts(black),poly(A) sites(PAS;in red) and ORFs(coloreddependingon thetranslated
frame(yellow,purpleandgreen)).Thebold dottedline representintrons detectedy 4sU-
segA. In them133locus,splicingof two introns leadso the expressiorof bothaknown
(Isol)andanovelsplicedORF(Iso2),thelatteris expressetly an alternativedonor site,as
predictedby Rawlinson . [22]. Them133RNA #1(orphan)transcriptdid not bearanyevi-
dencefor downstreamntranslationalstartsitesand wasannotatedasa splicedtranscriptwith
delayedatekinetics,splicedsimilarly to m133RNA Iso2asevidentfrom the overallreadaccu-
mulationin cRNA-secanddSLAM-se48hpi) B. In theM116locus,splicingexplaineda
truncatedM116 CDSIs02(M116.1p)revealedy ribosomeprofiling, whosetranscriptmay
terminateatan earlierpoly(A) site(PAS).A secondPASdownstreanservedor thetranscript
encodingthe unsplicedM116 CDS.Here,transcriptioncontinuespastthefirst PASresulting
in M116RNA Isolwhich overlapswith the M115andM114transcriptswhoseexpressiorev-
elscorrespondo their respectivé@DRFsandwerehenceannotatedHigh levelsof geneexpres-
sionacrosgshe M116locusresultedin anumberof putativeTiSSdepictedin thedSLAM-seq
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with no evidenceof downstreantranslation,uniform cRNA-segeaddistribution and overall
lowergeneexpressiorascomparedo the canonicallTiSS Hence theywereattributedto
experimentahoiseandnot annotatedC. In them147.9ocus,splicingleadso the expression
of apreviouslyvalidatedsplicedORF.D. In them2124locus,splicingnecessitatesorrectionof
the previouslyannotatedn1240RF.No TiSSwereidentified dueto verylow levelsof tran-
scriptionalactivity acrosghis locus.Coordinatesf the startcodonsand splicingacceptorand
donor sitesaredisplayed.

(TIF)

S3Fig. Splicing eventsin the m60-m73.5locus. GraphsrepresentliSSprofiling data(black)
from cRNA-secanddSLAM-secpswell asORFscalledby Ribo-Seddifferentcolorsrepresent
differentframesof translation).Aggregatedeadsof Ribo-seqcRNA-secanddSLAM-secdata
acrosalltime points of infectionareshown.Ribo-seqdataareindicatedin logarithmicscale,
cRNA-secanddSLAM-secdatain bothlinearandlogarithmicscaleA. SplicedORFsare
depictedby exonsconnectedvith adottedline representingntrons atthe bottom. Multiple
splicingeventswvereobservedn the m60-73.9ocus,of whichthem60RNA andM73-m73.5
splicedtranscriptshavealreadybeenvalidatedpreviously(seeS2Table). Of note, translation
occursin differentfamesupstreamof splicingtherebyexplainingtranslationin different
framesin thecommondownstreanexon.For agivenframeof translationatthe secondexon,
theexpressiorevelscorrelatedwvell with the respectivaipstreamexonsB. Shownis azoomed
schematioziewof the dSLAM-secdataportrayingeveryTiSSdepictedin panelA in linear
scaleCoordinatef the startcodons/exorstartsitesand TiSSfor all splicedeventsareindi-
cated.

(TIF)

S4Fig. The m166.5RNA constitutesanovel gene( ). A. Cycloheximidg CHX) treat-
mentcombinedwith dSLAM-seddentified asofar unknownviral immediateearlytranscript
in them166.90cus.Aggregatedeadsof Ribo-seqcRNA-secand dSLAM-seqdataacrossall
time pointsof infectionin them166-m1674ocusareshown.Ribo-seqlataaredepictedin log
scalecRNA-secanddSLAM-seqdata(-/+CHX; 4 hpi) in linearscaleThem166.5mmediate-
earlytranscript(termed ) andits correspondingn166.50RFoverlapwith them167CDS
(orphan)andpartially overlapwith the N-terminal part of them166CDS.Unlike them166
RNA, m166.5RNA is expressedespiteCHX pre-treatmentimplying immediate-earlygene
kinetics.B. Line graphsrepresentinggeneexpressiorfnewRNA levels)f thethree genes
(fourwhencounting and asseparatgeneslespitetheir useof the sameTiSS)overtime
for two replicateper gene New RNA expressionevelsof phosphonoacetiacid(PAA; 24
hpi)- or CHX (4 hpi)-treatedsamplegn = 1) areindicatedasastar/trianglerespectivelyor a
givengenelncreasén newRNA leveldor agivengeneunder CHX treatmentdefinesghemas
immediate-earhgenegTR0).Coordinatesf the startcodonsand TiSSof all indicatedgene
productsaredisplayed.

(TIF)

S5Fig. ClustersCL3and CL4representTiSSwith distinct expressiorkinetics. A. Quantile
groupssegregatedccordingto levelof expressiorior CL3and CL4transcriptson the basisof
newRNA for therespectiveviral TiSSobtainedfrom dSLAM-secdata.Thex-axisdisplays
hourspostinfection. Relativeexpressiornis shownon the y-axis.CL3and CL4transcriptsare
indicatedby greenandbluelines,respectivelyB. Motif analysigMEME) for all four quantiles
for CL3andCL4transcripts NS:Not significant.

(TIF)
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S6Fig. Kinetics of all TiSSin the clustersTRO-TR5.Line graphsrepresentingll TiSSwithin
thesix TR clusterg TR0-5).They-axisrepresentselativenewRNA levelsacrosgheinfection
time-coursgx-axis).

(TIF)

S7Fig. Geneexpressionin the MCMV  locus.A. Schematiofthe  locus.Thecanonical
TiSSisrepresentedby the dominantspliced transcript(m126-m128RNA) comprising2
intronsandonlyone  codingexoninitiating atthefirst AUG (186087showni.e.,m128
CDS( Exon3).A secondAUG representatruncatedisoform (m128CDS#1RNA#1).
Aggregatedeadsof Ribo-seqcRNA-secanddSLAM-seqdataacrossll time points of infec-
tion areshown.Ribo-secataareindicatedin log scalecRNA-secanddSLAM-secdatain lin-
earscaleB. GraphsrepreseniiSSprofiling data(black)from dSLAM-segncluding kinetics
for 6 and24hpi and ORFscalledby Ribo-seqColored)for the sametime pointsfor agiven
replicate Thearrowsabovedepictmanualannotationsof transcriptsand ORFs Alternative
transcriptioninitiation atthe  (m2128)locusledto the expressiorof an N-terminally trun-
catedORFexpresseffom anearlyTiSS(m128RNA #1)whoseexpressionwvasnot influenced
by PAA treatment.cRNA-secanddSLAM-seqataarerepresentedh linearscaleRibo-segn
logarithmicscaleCoordinatesf all TiSS startcodonsandsplicedjunctionsin the
m126-ml128ocusaredisplayed.

(TIF)

S8Fig. Validation of m1450RFs.Boththem145CDSandm1450RF#1wereclonedinto
expressiomplasmidgpCREL-IRES-Neonyith their expressiomrivenbya CMV promoter.
A. Expressiorof thetwo viral ORFswasvalidatedvia transfectionof the respectivgplasmids
into HEK293Tcells Westernblotswereperformedat 48 h posttransfectionBoththe 55kDa
(non-glycosylatedand 70kDaisoformsof m145CDSweredetectedvherea®nly asingle20
kDaisoformof m1450RF#1wasdetectedB. Them145-V5virusdescribedn Fig 7Bwas
usedto infectboth NIH-3T3 and SVEC4+10cellsatan MOI of 1 for therespectiveéime points
to validatethe m145geneproducts,whoseexpressiomwassimilarin both celllines.C. A start
codonmutantof m1450RF#1(4m145 ORF#1mut) wasutilizedto infect SVEC4+10cells
for 48h. Westernblot analysisevealedxpressiomf m1450RF#2to remainunaffectedWT
indicateswild-typeMCMV. -actinwasusedasahousekeepingontrol. Imagesareasingle
representativef 2 biologicalreplicategn = 2) for eachexperimentAdditional geneproducts
(35kDaand13kDa) of m145RNA #1werenot detectedn the expressiomplasmidsystemn
S7A.Absenceof the 13kDaisoform (m1450RF#2)is likely to bedueto the optimizedKozak
sequencef the employedexpressiomvector,which preventsibosomedrom bypassinghe
main AUG startcodon.Thereasorfor the absencef the 35kDaisoformremainsunclear We
hypothesiz¢hatthis maybedueto differencesn theemployedcell systernor requirements
for otherviral geneproducts.

(TIF)
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