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ABSTRACT
Cyclin D1 is an important molecular driver of human breast cancer but better 

understanding of its oncogenic mechanisms is needed, especially to enhance efforts 
in targeted therapeutics. Currently, pharmaceutical initiatives to inhibit cyclin D1 
are focused on the catalytic component since the transforming capacity is thought 
to reside in the cyclin D1/CDK activity. We initiated the following study to directly 
test the oncogenic potential of catalytically inactive cyclin D1 in an in vivo mouse 
model that is relevant to breast cancer. Herein, transduction of cyclin D1–/– mouse 
embryonic fibroblasts (MEFs) with the kinase dead KE mutant of cyclin D1 led to 
aneuploidy, abnormalities in mitotic spindle formation, autosome amplification, 
and chromosomal instability (CIN) by gene expression profiling. Acute transgenic 
expression of either cyclin D1WT or cyclin D1KE in the mammary gland was sufficient 
to induce a high CIN score within 7 days. Sustained expression of cyclin D1KE induced 
mammary adenocarcinoma with similar kinetics to that of the wild-type cyclin D1. 
ChIP-Seq studies demonstrated recruitment of cyclin D1WT and cyclin D1KE to the 
genes governing CIN. We conclude that the CDK-activating function of cyclin D1 is 
not necessary to induce either chromosomal instability or mammary tumorigenesis.

 INTRODUCTION

Activation of the cyclin D1 oncogene, often by 
amplification or rearrangement, is a major driver of
multiple types of human tumors including breast and
squamous cell cancers, B-cell lymphoma, myeloma,
nd parathyroid adenoma [1, 2]. The cyclin D1 gene is
amplifiedoroverexpressedinuptohalfofhumanbreast
cancersanditsmammary-targetedoverexpressioninduces

mammarytumorigenesis inmice[3].Cyclin D1encodes
the regulatory subunit of the cyclin-dependent kinase
(CDK4/6) holoenzyme. Tumors overexpressing cyclin
D1 tend to display normal levels of proliferation and
expressionofE2Ftargetgenes,whichcontrastswithtumors
overexpressingcyclinEoranactivatorforpRb[4,5].Breast
cancers overexpressing cyclinD1 that arewild type for
pRbhaverelativelynormalproliferationrates,incontrast
tothosecausedbygeneticinactivationofpRb,whichshow
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significantlyincreasedproliferationrates[4–6].Furthermore,
thealternatesplice formofcyclinD1, (cyclinD1b),has
potenttransformingability,whichdoesnotcorrelatewith
theabilitytophosphorylatethepRbprotein[7,8].

Muchof the earlyworkdefinedkinase-dependent
functionsofcyclinD1(reviewedin[9]).CyclinD1/CDK4/6
phosphorylatestheretinoblastomaprotein(pRb)toadvance
the G1SandphosphorylatesNRF-1toinhibitmitochondrial
biogenesistherebycoordinatingnuclearandmitochondrial
functions[10–13].CyclinD1regulatesapoolofmammary
progenitorcells(parity-identifiedmammarycells:PI-MEC)
iskinase-dependent.Theresistanceofcyclin D1-/-/MMTV-
ErbB2micetoErbB2drivenmammarytumorsisthoughtto
bedependentonacompleteabsenceofPImammarycells
incyclinD1-nullmice[14].Severalotherkinase-dependent
propertiesofcyclinD1havebeenidentifiedincludingthe
inductionofcellularmigration,enhancedangiogenesisand
mammarystemcellself-renewal[15–17].

InadditiontothefunctionofcyclinD1asaregulatory
subunitofaCDKholoenzyme, severalCDK independent
functionshavebeenidentified.CyclinD1alsofunctionsas
a transcriptionalregulator,usuallyinaCDK4-independent
manner [8].CyclinD1alsomediatesDNA-damagerepair
signalinginaCDK4-independentmanner[18].Chromatin
immunoprecipitation studies identified cyclin D1 in the
context of local chromatin, and the abundance of cyclin
D1determinedtherecruitmentoftranscriptionfactors(TF)
[19].TherecruitmentofcyclinD1tociselementsenriches
for histone acetylases (p300/CBP), histone deacetylases,
the methylase SUV39 and the heterochromatin protein
HP1α in ChIP [20]. ChIP-ChIP demonstrated cyclin D1
andp300togetheroccupiedgenesincloseproximitytothe
transcriptionalstartsite[21],andwholegenomeChIP-Seq
demonstratedenrichmentofcyclinD1atgenesthatregulate
mitosis and chromosomal stability [22]. InMEFs and in
transgenicmicecyclinD1inducedchromosomalinstability
(CIN)geneexpression.CINoccursfrequentlyintumors[23]
andischaracterizedbyalteredratesoflossorgainofwhole
chromosomes and/or structural chromosomal aberrations
[24]. However, the contribution of CIN to the molecular
mechanisms governing relatively early changes in tumor
progressionremainstobefullyunderstood[25,26],especially
in an in vivocontext.Inviewofrecentfindingsthatcyclin
D1iscapableofinducinganeuploidyandpriorfindingsthat
thecyclinD1kinasefunctionappearstobedispensablefor
severalactivities,andbecauseofthecrucialimplicationsof
thismechanismforcancertherapeutics,wedeterminedthe
importanceofcyclinD1kinasefunctionintheinductionof
CINandmammarytumorigenesisin vivo.

RESULTS

Cyclin D1 induction of mitotic abnormalities is 
kinase-independent

Recent studies using SKY analysis and gene
expressionprofilinghavedemonstratedthatre-expression

of cyclin D1WT in cyclin D1-deficient cells results in
CIN[22].Inordertotestthekinase-independentfunction
ofcyclinD1inaneuploidyandtumorigenesis,weutilized
a cyclin D1 point mutant, cyclin D1 K112E (cyclin
D1KE),whichcontainsalysinetoglutaminesubstitution
ataminoacidposition112(SupplementaryFigureS1A).
ThecyclinD1KEmutantwasunabletobindCDKsin vitro 
[27].CyclinD1KEimmunoprecipitatedCDK4andCDK6,
andcouldefficientlybindp27Kip1,howeverinanin vitro 
kinaseassaythecyclinD1KEcomplexshoweddramatically
reducedphosphorylationofpRb[28].CyclinD1KE in vivo 
bindsCDK4andp27Kip1howeverthephosphorylationof
pRbin vivowasreducedsimilartolevelsseenincyclin 
D1–/–mice[29].InMEFscyclinD1KEfailedtobindCDK4
or p27Kip1 [16]. Collectively these studies demonstrate
that thekinase functionof cyclinD1KE is abrogatedor
substantiallyblunted.

Prior to engaging in studies to questionwhether
the induction of aneuploidy by cyclin D1 is kinase-
independent we verified the relative abundance and
nuclearlocalizationofcyclinD1KE.Incyclin D1–/–cells
rescued with either cyclin D1WT or cyclin D1KE, the 
protein abundance was similar between the two cell
lines (Supplementary Figure S1B). In addition there
was nodifference in the abundancewithin the nuclear
compartment(SupplementaryFiguresS1CandS1D).Next
we,determinedthesubcellularcompartmentalizationof 
cyclin D1KE and cyclin D1WT.We compared 3T3wild
typecellsto3T3wildtypecellstransducedwithMSCV-
Cyclin D1KEandthelocalizationofexogenouscyclinD1KE 
and endogenous cyclinD1WTproteinmonitoredduring
aphidocolineblockinG1toreleaseintoSphase.Cyclin
D1KE,likeendogenouscyclinD1WT,wasexportedfrom
thenucleustothecytoplasm(SupplementaryFigureS2).
Next, to determine whether the alterations in mitotic
abnormalitieswereinducedbycyclinD1WTviaitsCDK-
activating function,weperformed immunofluorescence
followedbyhighresolutionconfocalimagingofcyclin 
D1–/–3T3cells,rescuedwitheithercyclin D1WTorcyclin 
D1KE(Figure1A).Thenumberofcellswithmulti-polar
spindleswasincreased28%inthecyclin D1–/–D1 Rescuecells
and31%inthecyclin D1–/–KE Rescuecellscomparedtocontrol 
(p = 0.0051 andp = 0.0004 respectively) (Figures 1A
and 1B). The generation of multi-polar spindle cells
arising from abnormalities in centrosome number and
distributionwerequantitativelyassessedusingα-tubulin
staininginconjunctionwithγ-tubulin.Thecyclin D1-/-D1 

Rescueandthecyclin D1–/–KE Rescueincreasedthepercentageof
prometaphase/metaphasecellswithmultiplecentrosomes
by20%(p=0.0021)and28%(p=0.0007)respectively
compared to control cells (Figures 1A and 1C). 
The alteration of spindle architecture associated with
metaphase plate disruptionwasmeasuredby assessing
metaphaseplatelengthandwidth(ChL,Chw)andspindle
length and width (SpL, SpW) (Figures 1D and 1E). 
Consistent with the increase in spindle/centrosome
abnormalities, the ChW and SpL were significantly
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increasedincyclin D1-/-D1 Rescueandcyclin D1-/-KE Rescuecells
comparedwithcyclin D1-/-Controlcells.

Cyclin D1KE induces aneuploidy

Spectralkaryotyping(SKY)wasconductedcomparing
cyclin D1-/-KE Rescue vs. cyclin D1-/-Control cells.Aneuploidy
referstothelossorgainofwholeorpartialchromosomes
resulting in a complement that differs from an exact
multipleofthehaploidnumber.Inordertoassesstherole
ofcyclinD1KEinaneuploidyweperformedSKYanalysis
at72hoursand120hoursafterrescueofcyclin D1-/-MEFs.
Representativemetaphasespreadsareshownfromanalysis

of all metaphases (Figures 2A–2C and Supplementary
FigureS3A–S3C).At72hourscyclin D1-/-KE Rescueinduced
aneuploidy in 42% of cells, compared to 7% in cyclin 
D1-/-Controlcells.At120hours,100%ofcyclin D1-/-KE Rescue 
cellsdemonstratedaneuploidycomparedto70%incyclin 
D1-/-ControlMEFs(Figure2D,and2F).Therefore,induction
of aneuploidy by cyclinD1 is kinase-independent. SKY
analysis assigns chromosomal rearrangements classified
as deletions, duplications and translocations. There was
nosignificantdifference inchromosomalrearrangements
betweencyclin D1-/-Controlandcyclin D1-/-KE RescueMEFs.

TofurtherassesstheroleofcyclinD1kinaseactivity
in aneuploidy inductionwe transducedMEFswith cyclin

Figure 1: Cyclin D1 induction of centrosome amplification and mitotic spindle disorganization is independent of 
cyclin D1 kinase activity. (A)RepresentativeconfocalmaximumZprojectionsofmitoticcellsfromcyclin D1-/-Control, cyclin D1-/-D1 

Rescueandcyclin D1-/-KE Rescue.Cellswereimmunostainedforα-tubulin(red),γ-tubulin(yellow),crest(green),andHoechst(blue).Scalebar
5 μm. (B) Frequencies ofmitotic cellswithmultiple polar spindles (**p = 0.0051, ***p = 0.0004; calculated byFisher contingency
test).(C)Frequencyofcellswithmultiplechromosomes(*p=0.021,***p=0.0007;calculatedbyFishercontingencytest).(D and E) 
SpindlemeasurementsonmaximumZprojectionsofmetaphasecyclin D1-/-, cyclin D1-/-D1 Rescueandcyclin D1-/-KE Rescuecells.Measurementof
metaphaseplatedimensions(DAPI):ChL,chromatinlength;ChW,chromatinwidth(**p=0.0087,***p<0.001).Measurementofspindle
dimensions(tubulin):SpW,spindlewidth;SpL,spindlelength(*p=0.0486;dataaremeanof±SEM).
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D1KEinthepresenceandabsenceofaCDK4/6antagonist,
PD0332991, and assessed the induction of aneuploidy.
Karyotypingwas conducted comparing cyclin D1-/-KE Rescue 
vs cyclin D1-/-Control cells.Western blot analysis confirmed
CDK4/6antagonistPD0332991diminishedphosphorylation
ofpRBatS780 incyclin D1-/-Control andcyclin D1-/-KE Rescue 
MEFs;cyclin D1-/-D1 Rescue3T3cellswereusedasapositive
control for induction of phosphorylation of pRB at S780
(Supplementary Figure S4A). Representative metaphase
spreads and numerical quantitation are shown from
analysis of all metaphases from PD0332991 and vehicle

treatedMEFs(SupplementaryFigureS4B).At72hoursin
presenceofvehiclecyclin D1-/-KE Rescueinducedaneuploidyin
67%(p=0.027)ofMEFcells,comparedto33%incyclin 
D1-/-Controlcells(SupplementaryFigureS4CandS4D).At72
hoursinpresenceofPD0332991,cyclin D1-/-KE Rescueinduced
aneuploidyin87%ofcells(p<0.001),comparedto20%in
cyclin D1-/-Controlcells(SupplementaryFigureS4CandS4E).

Inaddition tousingaCDK4/6antagonistwealso
investigatedtheinductionofaneuploidybycyclinD1in
cdk4/6-/-3T3cells.Cdk4/6-/-3T3cellsweretransducedwith
cyclinD1WTandcyclinD1KEandweassessedtheinduction

Figure 2: Cyclin D1 kinase-independent induction of aneuploidy. Representativemetaphasesfromspectralkaryotyping(SKY)
onMEFsofcyclin D1-/-Controlat72hours(P6)(A), cyclin D1-/-KE Rescueat72hours(P6)(B)andcyclin D1-/-KE Rescueat120hours(C).Eachpanel
containsthefollowingimages:inverted4’,6-diamidino-2-phenylindole(DAPI)imageofthemetaphase(topleftcorner),rawspectralimage
ofthemetaphase(topright)andclassifiedmetaphaseofthesamemetaphase(lowerpanel).(D)Scatterplotsofchromosomalnumberacross
metaphasespreadsfromcyclin D1-/-Controlandcyclin D1-/-KE Rescuecellsshowingthetotalnumberofchromosomesat72hoursand120hours
fromcellswiththenotedgenotype.Thegreyshadedbarrepresentsexpecteddeviationfromnormalat2Nand4N(+/–2chromosomes).
Applyingthechi-squaretestofassociationbycomparingcyclin D1-/-versusthecyclin D1-/-D1 RescueMEFs,andcyclin D1-/-KE Rescuecellsyields
p<0.001.(E and F)Bargraphsshowingthenumberofnormalandabnormalkaryotypescomparingcyclin D1-/-Controlandcyclin D1-/-KE Rescue 
at72hoursand120hoursposttransduction.(G)Anexpressionprofileforcyclin D1-/-D1 Rescue(redline)andcyclin D1-/-KE Rescue(greenline)
inducedgenes[16]enrichedforhighCINscore(p<0.0001).
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of aneuploidy.Western blot analysis of the cell lysates
confirmedthecellswerecdk4-/-andexpressedexogenous
cyclinD1WTandcyclinD1KE(SupplementaryFigureS5A).
At72hoursincdk4/6-/-3T3cellscyclinD1WTandcyclin
D1KEinducedaneuploidyin67%ofcells(p=0.045)and
83%ofcellsrespectively(p=0.002),comparedto44%in
cdk4/6-/-Controlcells(SupplementaryFigureS5B,S5C,and
S5D).ThereforeinductionofaneuploidybycyclinD1WT 
andcyclinD1KEisCDKindependent.

Analysisofmicroarraydataofcyclin D1-/-KE Rescueand
cyclin D1-/-D1 Rescuevs.cyclin D1-/-ControlMEFsdemonstrated
increasedexpressionofgenesassociatedwithahighCIN
score[30].TheCINscorewasderivedbyacomputational
approach to define a gene expression signature that
correlates with functional aneuploidy in tumors. The
signaturepredictedpooroutcomein12cancerdatasetsfrom
sixcancertypes.ThehigherCINscoregenesregulatethe
DNAdamagecheckpoint,spindlecheckpointandspindle
assembly.TheinductionofhighCINscoregenesbycyclin
D1wasindependentofitskinasefunction(Figure2G).

Acute induction of Cyclin D1KE leads to 
expression of high CIN score genes in vivo

TodirectlydeterminetheroleofcyclinD1-mediated
kinase activity in promoting mammary tumorigenesis,
transgenicmousemodelsweredeployedusingeitherthe
tetracycline-induciblecyclinD1 transgenicmice (rtTA/
CCND1),thePonasteroneinduciblemammaryepithelial
cell targeted cyclinD1-antisense or theMMTV-cyclin
D1 transgenic mouse model [12, 22] (Supplementary
Figures S6A and S6C). Mammary-targeted expression
of cyclin D1 was achieved by crossing transgenic
mice carrying amammary gland targeted recombinant
Tetracycline transcription factor (rtTA-Tet ON system)
totransgenicmicebearinganrtTA-responsivepromoter
drivingeithercyclin D1WTorcyclin D1KE(PTet-CCND1

WT 
and PTet-CCND1

KE). The resulting offspring double
positive for the transgenes were designated rtTA/
CCND1WT and rtTA/CCND1KE (Supplementary Figure
S6B).Pregnantfemales(14dayspostcoitus)weretreated
withtetracyclinefor7days,followedbysacrificeofthe
animalsandremovalofthethoracicmammaryglandsfor
furtherstudies.Westernblotanalysisverifiedtheinduction
of the cyclin D1 transgene (Figure 3A). Microarray
analysis for gene expression profiles of the mammary
glandsidentifiedgeneclustersregulatedbycyclinD1WT 
andcyclinD1KE(Figure3B,SupplementaryFigureS7A
andDatasetS1).Therewassignificantoverlapbetween
thegeneexpressionprofileregulatedbycyclinD1WTand
cyclinD1KE (p<1×10-10).Pathwayanalysisofthegenes
incommonbetweenrtTA/CCND1WTandrtTA/CCND1KE 
revealedmanyfunctionaltermspreviouslyidentifiedas
beingcyclinD1regulatedincludingcellcycleandmitosis
(SupplementaryFigureS7B).Notably,thertTA/CCND1WT 
geneprofilewasenrichedforhighCINscoregenestoa
similarlevelasthertTA/CCND1KEgeneprofile(Figure3C).

Therefore,acuteexpressionofcyclinD1KEwassufficientto
induceCINgeneexpressionprofileswithin7days.

Sustained mammary gland expression of cyclin 
D1KE induces tumors independent of kinase

NextweemployedmammaryglandtargetedcyclinD1
forasustainedexpressionstudy(SupplementaryFigureS6C).
MMTV-cyclin D1KE andMMTV-cyclin D1WT transgenic
miceweremonitoredtwiceweeklyforthedevelopmentof
mammarytumors.Allmiceinthetumorkineticsstudywere
nulliparous, thus eliminating anypotentially confounding
effectsofparityontumordevelopmentintheFVBstrain.
Micethatdevelopedpalpabletumorsweresacrificedwithin
a week of tumor detection. MMTV-cyclin D1KE tumor
incidence (43.8%;n = 32mice)was similar toMMTV-
cyclinD1WT(33.3%;n=48mice)(p=0.358)witha4-fold
(p = 0.0002) and 3-fold (p = 0.0002) greater incidence,
respectively,comparedtothewildtypemice(n=92mice)
(Figure 3D).AKaplan–Meier survival (Mammary gland
tumorfreesurvival)plotandanalyseswithalogranktest
forcurvecomparisonswereperformedamongallthreelines
andbetweenpaired lines.Theeventplottedwas thedate
ofsacrificeofthemicethatdevelopedtumors.Micewere
censoredonthedateatwhichtheywerenolongerfollowed.
Thisincluded,1)thosethatdiedunrelatedtotumorpriorto
760days(censoredonthedateofdeath)and2)thosealive
withouttumorattheendofthestudy(censoredonday760).
Kaplan–Meiersurvivalplotsdemonstratedkineticsthatwas
similarforbothMMTV-cyclinD1KEandMMTV-cyclinD1WT 
animals(logrankp=0.237)butsignificantlydifferentfrom
wildtypemice(p<0.0001andp=0.0037,respectively)
(Figure3E).Next,weperformedhistologicalanalysisofthe
tumorsfromMMTV-cyclinD1WTandMMTV-cyclinD1KE 
mice.Thespectrumofhistologicalsubtypesofthemammary
cancers was similar between MMTV-cyclin D1WT and
MMTV-cyclinD1KEmice(SupplementaryTableS1).Indeed,
it’sthesamespectrumthatisseeninthe‘background’of
mammarycancersdevelopingspontaneouslyinwildtype
mice.

Protein abundance from MMTV-cyclin D1KE 
transgeneinthemammarytumorswassimilartoMMTV-
cyclin D1WT in the mammary gland (Supplementary
FigureS8A).ThephosphorylationstatusofaCDK4/6
targetsiteinpRBwassubstantiallyreducedinmammary
gland tumors of MMTV-cyclin D1KE compared to
MMTV-cyclin D1WT tumors (Supplementary Figure
S8B).Geneexpressionprofilesofthemammarytumors
for MMTV-cyclin D1KE and MMTV-cyclin D1WT 
miceshowedhighlysignificantoverlap(p<1×10-10) 
(Supplementary Figure S9A–S9C and Dataset S2).
Furthermore,enrichmentforCINgeneexpressionwas
observedwith bothMMTV-cyclinD1WT andMMTV-
cyclin D1KE (Figure 3F). There were no significant
differencesintheCINscorebetweentheMMTV-cyclin
D1WT and MMTV-cyclin D1KE tumors. Conversely,
mammary epithelial cells from transgenic mice with
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targeted cyclinD1 anti-sense induced by ponasterone
[12]showedareciprocalchangeinCINgeneexpression
(Figure 3F), highlighting a role for endogenous
cyclinD1 inmaintaining basalCIN gene expression.
ReintroductionofeithercyclinD1WTorcyclinD1KE into 
cyclin D1-/-MEFs,transientexpressioninthemammary
glandintransgenicmice,orsustainedexpressionunder
controloftheMMTVpromoter,wassufficientforthe
induction of CIN gene expression; therefore these
functionsofcyclinD1arekinase-independent.

Recruitment of cyclin D1 to local chromatin is 
kinase-independent

Cyclin D1 regulates transcription factor (TF)
occupancy in chromatin and a cyclin D1-DNA bound
formoccupiespromoter-regulatoryregionsinthecontext
oflocalchromatin[21,23].Inordertodeterminewhether
DNAassociationinchromatinwaskinase-dependentwe
conductedgenomewideanalysis comparing the cyclin
D1WTandcyclinD1KEmutantusingChIP-Seqanalysis.

Figure 3: Cyclin D1 induces CIN genes in vivo and mouse mammary tumorigenesis independent of its kinase activity. (A) 
Westernblotusinganti-FLAGofmammaryglandproteinlysatesfromTet-CCND1WTandTet-CCND1KEmicetreatedwithdoxycycline
comparedtocontrol(Leftpanel).(B)VenndiagramrepresentinggenesdifferentiallyregulatedbyTet-CCND1WT (n=3)andTet-CCND1KE 
(n=3)(Rightpanel).1-wayANOVAwasusedtoevaluatethesignificanceofdifferentialexpressionbetweenbiologicalconditions.Data
representsp<0.05andfoldchangeingeneexpression>1.5.(C)Themosthighlydifferentiallyregulatedgenes(Fold>2,p<0.05)forTet-
CCND1WT(redline)andTet-CCND1KE(greenline)inducedgenes[16]areenrichedforhighCINscore(p<0.0001).(D)Tumorincidence
wasmarkedlyincreasedinMMTV-CCND1WTmiceandMMTV-CCND1KEmicecomparedtoWTmice.(E)Kaplan–Meiersurvivalcurves
frommammarytumorsofMMTV-CCND1WT(redline)andMMTV-CCND1KE(greenline).(F)Themosthighlydifferentiallyregulated
genes(Fold>2,B>3)forMMTV-CCND1WT(redline)andMMTV-CCND1KE(greenline)inducedgenesareenrichedforhighCINscore
(p<0.0001).mRNAfromthemammaryglandsofponasteroneAinduciblecyclinD1antisensemice[12]weresubjectedtomicroarray
analysisdemonstratedreducedCINgeneexpressionforcyclinD1inducedgenes(p<0.0001).
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ThedistributionofbindingsitesbyChIP-Seqinrelation
tothetranscriptionalstartsitesdemonstratedbindingof
activeregionswithinthepromoter-regionandbeyond10
kb,consistentwithamodelinwhichcyclinD1localizes
to both very distal elements and promoter proximal
regulatoryelements(Figure4Aand4B)(Supplementary
TableS2 andDataset S3).The tag density profiles for
cyclin D1WT and cyclin D1KE demonstrated a similar
distribution of genomic association when comparing
locationatthepromoter,withinageneordownstreamof
thetranscriptionalstartsite(Figure4B).Inaddition,as
incyclinD1WT, the tagdensityprofilesforcyclinD1KE 
were enriched at the transcriptional start sites (Figure
4C).Chip-Seqanalysisdemonstratedsignificantoverlap
between cyclinD1WT and cyclinD1KE gene occupancy 
(1068genesincommon,p=4.48×10-11).Comparisonto
apreviouslypublishedgenesetfromcyclinD1associated

genes byChIP-ChIP also showed a significant overlap
(1505 intervals incommon,p=0.0018,1144genes in
common, p=1.61×10-12[21]).

SelectCINassociatedgenesshowedsimilarChIP-
SeqtagdensityprofilesforcyclinD1WTandcyclinD1KE 
(Figure 4D). ChIP analysis of selected target genes
governingCINdemonstrated similar relativeoccupancy
for cyclinD1WT and cyclinD1KE (Figure 5A).We then
analyzedabroaderarrayofgenesgoverningCINbyQT-
PCR,demonstratingsimilarupregulationofthetranscript
level by cyclinD1WT and cyclinD1KE (Figure 5B).The
enrichment for transcription factor (TF) binding sites
identifiedTFmotifsandtheirstatisticalsignificanceforthe
cyclinD1WTandcyclinD1KE(SupplementaryFigure6A
andSupplementaryTableS3).Fortheexamplesshownthe
prevalenceoftheTFbindingsitewassimilarandsignificant
forbothcyclinD1WTandcyclinD1KE.RepresentativeTF

Figure 4: Chip-Seq demonstrates similar characteristics of genomic occupancy for cyclin D1KE and cyclin D1WT. (A)Venn
diagramshowingdistributionofthe4446intervalswithrespecttoneighboringgenes.Theintervalisdepictedinrelationtotranscriptional
startsite(TSS).UpstreamofTSSdefinedas–10kbto0kb.Downstreamdefinedas0kbto+10kbaftertranscriptionalstopsite.(B)The
cumulativefractionofintervalsfromcyclinD1WTandcyclinD1KEmutantthatarewithintheupstream,intergenicordownstreamregionsof
agene.(C)HistogramofcyclinD1boundregionsrelativetotranscriptionalstartpointat–10kbto+50kb(Upperpanel)and–1kbto+1
kb(Lowerpanel).(D)IntegratedgenomebrowservisualizationoftagdensityprofilesforChIP-SeqcyclinD1WTandChIP-SeqcyclinD1KE.
Selectedgenesare,MLF1interactingprotein(Mlf1ip-akinetochoreplatformprotein),aurorakinaseB(AurkB-memberofchromosomal
passengercomplex)andzestewhite10homolog(Zw10-mitoticcheckpointprotein).
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motifs most significantly enriched in the cyclin D1WT 
intervalsareshownforthecyclinD1KEintervals(Figure
6B). In addition to associating with the TF motifs, we
verifiedthatcyclinD1KEregulatedthereporteractivityof
selectedTF responsive elements in a similarmanner to
cyclinD1WT(Figure6C).

DISCUSSION

Thecurrentstudiesdemonstratethattransientcyclin
D1overexpressioninducesCINgeneexpressionbothin
fibroblastsandinthemammaryglandin vivo.Previous
studies had carefully characterized a mutant of cyclin
D1(cyclinD1KE)demonstratingthatithassubstantially
decreased cyclin-dependent kinase activity using pRb
asasubstrate[28,29].Inthecurrentstudies,thecyclin
D1KEmutantwasusedtoeitherrescuecyclin D1-/-MEFor
wasexpressedinthemammaryglandoftransgenicmice.
EitherreintroductionofcyclinD1KE into cyclin D1-/-MEF,
transientexpressioninthemammaryglandintransgenic
mice,orsustainedexpressionundercontroloftheMMTV
promoter,wassufficient for the inductionofCINgene
expression. The induction of CIN gene expression by
cyclinD1KEwasindistinguishablefromtheinductionof
CINgeneexpressionbycyclinD1WT.

D-type cyclins have been shown to physically
bind and to either activate or repress activity of
transcriptionfactors[32–34].Inreportergeneassays
thisfunctionwas independentof theCDKactivating

function [34]. In vivo using cyclin D1-/- mice, the 
abundanceofcyclinD1wasshown tobe limiting in
therecruitmentoftranscriptionfactorsinthecontext
of local chromatin using ChIP assays [19]. ChIP
identifiedcyclinD1attranscriptionfactorbindingsites
of endogenous gene promoters, associated with the
recruitmentofSUV39,HP1α,HDAC1,2,andp300
[20, 31].CyclinD1determined the local acetylation
andbothdi-andtri-methylationofhistones[31].Using
serialChIPanalysisofnon-codingmiRNAregulatory
regions, cyclin D1 was identified at the regulatory
region of miR17/20 [35]. The current studies are
consistentwitharoleforaDNAboundformofcyclin
D1governinggeneexpressionindependentofitskinase
function. Furthermore these studies show through
quantitativeChIP-Seqstudiessimilarbindingpatterns
for cyclin D1 independent of its kinase function to
similar regions of the genome, and similar levels of
bindingtoindividualgenesgoverningCIN.

Inthecurrentstudiessustainedexpressionofeither
cyclin D1WT or cyclin D1KE induced mammary tumors
in transgenicmicewith similar kinetics. Consistentwith
thisexperimentalevidenceforcdkindependenceofcyclin
D1’s role as a driver oncogene, human breast cancers
overexpressingcyclinD1donot showhigh levelsof the
canonicalE2FtargetgenecyclinE[4,5]andexhibitrelatively
normalproliferationratescomparedtotumorswithgenetic
deletionofpRb [4–6,36].Furthermore, cyclinD1 levels
intumorsdonotcorrelatewiththemarkerofproliferating

Figure 5: Cyclin D1WT and cyclin D1KE associate with and promotes expression of genes involved in mitosis.  
(A)Chromatin immunoprecipitation (ChIP) assay performed to assess the association of cyclinD1WT and cyclinD1KE mutant on the 
promoterregionsofselectedgenes.(B)QuantitativePCRontargetmRNAsselectedbasedoncyclinD1KEassociatedgenes.Normalized
expressionratioofcyclin D1-/-cellswithMSCV-FLAG/CCND1comparedtoMSCV-control.
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cells,Ki67[36,37].Thecurrentstudiesdemonstrate that
forced expression of either cyclin D1WT or cyclin D1KE 
giveverysimilarexpressionpatternsofdownstreamgene
expression,and raise the intriguingpossibility thatcyclin
D1primarilycontributestooncogenesisthroughregulating
atranscriptionalprogramimplicatedinCIN.

In contrast, in certain model systems cyclin D1
servesasamediatorofmammarytumorigenesisinduced
by other oncogenes such as ErbB2, the role of cyclin
D1isCDK-dependent.Forexample,CDK4-/-miceand
cyclinD1KEknock-inmiceareresistanttoErbB2-induced
mammary tumorigenesis [14, 29, 38]. Together, these

Figure 6: Identification of transcription factor motifs found in cyclin D1WT and cyclin D1KE interval sequences.  
(A)SelectionoftranscriptionfactormotifhitscommonbetweenCyclinD1WTandcyclinD1KEintervalsequences(B)RepresentativeTF
motifsfoundintheintervalregionsassociatedwithcyclinD1WTandcyclinD1KE (C)Luciferasereportergeneassayswereconductedusing
thePeroxisomeProliferator-ActivatedReceptorγ(AOX-LUC)(leftpanel)andHypoxiaResponsiveElement(HRE-LUC)(rightpanel)
luciferasereporterconstructs.Thenumberofresponsiveelementsforeachconstructisdepictedinthereporterschematic.HEK293Tcells
wereco-transfectedwithcyclinD1(50ng).Dataareofn=2separateexperiments,mean±SEM.
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studies may illustrate two distinct scenarios reflecting
twodistinctclinical-pathologicalsettings.CyclinD1is
overexpressed in themajorityofhumanbreast tumors,
manyoftheserepresentingdownstreameffectsthrough
inductionofcyclinD1byoncogenicsignals(Ras,MAPK
[39]),Src[40],ErbB2[41],STATs[42],Notch[43],NFκB
[44].SuchtumorsrelyonkinaseactivityofcyclinD1,and
tumorgrowthcouldbeabrogatednotonlybyinactivation
of cyclin D1 but also by CDK4/6 inhibition. CDK4/6
inhibitors(Palbociclib,LEE011,LY2835219),currently
in various stages of phase clinical trial, are showing
promise as potential therapies in a range of human
malignancies[45].

Incontrast,cyclinD1isoftenoverexpressedasa
functionofgenomicrearrangementoramplification.In
thissettingcyclinD1isaprimarydriveroncogeneand
is experimentally recapitulated by targeted cyclin D1
transgeneoverexpression.Thus,thepresentevidencefor
aCDK-independentroleofcyclinD1indrivingmammary
tumorigenesismaybeespeciallyrelevanttohumanbreast
cancer,particularlythelargesubsetwithclonallyselected
cyclin D1geneamplificationandpotentiallythemultiple
othertypesofhumantumorssimilarlydrivenbycyclinD1
amplificationorrearrangement[1].Accordingly,forthese
tumors,directtherapeutictargetingofcyclinD1wouldbe
predictedtohavemoreefficacythanCDKinhibitors.

MATERIALS AND METHODS

Cell culture and cell lines

TheMSCV-IRES-GFPretroviralvectorandcyclin
D1wild-typeconstructswerepreviouslydescribed[46].
Cyclin D1+/+andcyclin D1−/−primaryMEFcultureswere
preparedasdescribedpreviously.Cellsweremaintainedin
DMEMsupplementedwith10%fetalbovineserum,100
μg/mleachofpenicillinandstreptomycin.Cdk4/6-/-3T3
cellswereagiftfromDr.M.Barbacid.

Generation of transgenic mice

Two 8 amino acid FLAG tagged constructs were
prepared using either human cyclin D1 cDNA (pPL-8)
[2]oranotherwiseidenticalcyclinD1cDNAbearingthe
“KE”mutation-anAAGtoGAGthatchangesK(lysine)
toE(glutamicacid)ataminoacid112,blockingcyclinD1
associatedkinaseactivity.Theseconstructswereinserted
intothepreviouslydescribedMMTV-Sv40-BSSkvector[3]
(seeSupplementaryFigure1Aand5C)anditsSalI—SpeI
linearizedfragmentwhichincludedMMTV-LTR,theFLAG
tagged construct, plus SV40 intron and polyadenylation
signals, wasmicroinjected into fertilized FVB/Nmouse
oocytes and implanted intopseudopregnantFVB fosters
usingstandardmethods.Pupswereexaminedforsuccessful
insertionof the respective transgenesusing tailgenomic
DNA and PCR primers for the SV40 cassette with

confirmationbySouthernblottingasdescribed[3].From
thesefoundersandprogeny,twoindependentlines,called
MFD1andMFD1-KE,withrobustandcomparablelevels
oftransgeneexpressioninmammarytissueasdetermined
byNorthernblottingwithahumancyclinD1cDNAprobe
[1,3],wereselectedforexpansionandlong-termanalyses
oftumorkinetics.ThepreviouslydescribedMMTV-cyclin
D1(noFLAGtag)lineMP1[3]andFVBwildtype(WT)
micewereusedascontrolsasindicatedbelow.

ThecDNAofhumancyclinD1including3xFLAG
sequencewasamplifiedbyPCRusingp3xFLAGCMV
10-cyclinD1astemplate.Therestrictionsites(XhoI/Not
I)wereintroducedtotheprimers.ThePCRfragmentwas
clonedintopF43vector.TopreparetheDNAfragmentfor
making transgenic mice, the pF43–3xFLAG-cyclin D1
vectorwasdigestedwithXhoI/NotI/PvuI.A2.4-kbDNA
fragmentwasrecoveredfromagarosegelandpurifiedfor
injection.Transgenicfounderlineswerebackcrossedwith
wildtypeFVBmouseforthreegenerationstoobtainthe
stablyinheritedtransgeneline,followedbycrossmating
withMMTV-rtTAline(fromDr.LewisChodosh’slab)to
obtaincyclinD1+/+rtTA+/+mice(SupplementaryFigure
6Aand6B).6–8weeks-oldfemaledoubletransgenicmouse
wasusedforfurtherexperiments.8-week-oldtetracycline-
inducible cyclinD1/rtTAbi-transgenic pregnant female
mice(12dayspostcoitus)wereadministereddoxycycline
inthedrinkingwatertoafinalconcentrationof2mg/ml.
Following7daysofdoxycyclinetreatment,themicewere
sacrificedandmammaryglandsextractedfortissuefixation
andRNA/proteinisolation.

Retrovirus production and infection

Retroviral production and infection of cyclin 
D1−/−MEFscellsweredescribedindetailpreviously[46].

ChIP-Seq analysis and transcription factor 
enrichment

Detailedmethodsofchromatinpreparation,labeling
and construction of libraries have been documented
previously[22].ForChIP-Seqanalysis,the35-ntsequence
reads(“tags”)identifiedbyIllumina’sGenomeAnalyzer2
aremappedtothegenomeusingtheELANDalgorithm.
Only tags that map uniquely, have no more than 2
mismatches,andthatpassqualitycontrolfilteringareused
inthesubsequentanalysis.Sincethe5’-endsofthesequence
tagsrepresenttheendofChIP/IP-fragments,thetagsare
extendedinsilico(Genpathwaysoftware)attheir3’-endsto
alengthof110bp,whichistheaveragefragmentlengthin
thesizeselectedlibrary.Toidentifythedensityoffragments
(extendedtags)alongthegenome,thegenomeisdivided
into32-ntbinsandthenumberoffragmentsineachbinis
determined.TheChIP-Seqpeakintervalsweredetermined
usingtheMACsversion1.4algorithm.Weusedthedefault
valuesandprovidedtheFLAGexperimentwithIgGasa
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backgrounddataset.Weusedap-valueof1.0E-5as the
cutoffforpeakdetection,whichidentified4296intervals.
SupplementaryDataset1providesafurthersummaryof
thenumberofintervalsfoundandtheirpositionrelativeto
mousegenes.WeusedtheDAVIDFunctionalAnnotation
Tooltoannotatefunctionalenrichment.Transcriptionfactor
bindingsiteswerecomputedaspreviouslydescribed[22].

Inordertofindthetranscriptionfactorbindingsites
we downloaded the latest version of themouse genome,
mm9,whichwasreleasedinJuly2007fromtheUSCSMain
GenomeBrowser[47].UsingtheGalaxyToolbox[48]we
extractedthesequence10kbupstreamanddownstreamof
eachgeneandsubmittedthemtotheJasperserver[49]with
the default parameters to find all vertabrate transcription
factorbindingsites.Wethenassessedtheoverlapbetween
these transcription factor binding sites and the cyclin
D1KE peak intervals.Weused a permutation test initially
proposedbyTutejaet al, [50]. Inbrief, this test involves
creating psuedo-random in silico ChIP-Seq experiments
thataccuratelyreflectsanullmodelofrandombinding.We
shuffledthelocationsofthewindowsobtainedfromthecyclin
D1KEChIP-Seqexperimentandthencountedtheobserved
numberoftranscriptionfactorbindingsites.Wecalculatethe 
p-valueasthefractionoftimesinwhichtherandomcount
is largerthentheobservedcount.Forthisexperimentwe
performed1.0E+9randompermutations.

To determining overlap between cyclin D1WT and
cyclinD1KEcyclinD1binding-sitesweusedbothagene-
basedmethodandanintervalbasedmethod.Fortheinterval
based method we used the same permutation method as
describedforthetranscriptionfactorenrichmenttodetermine
theoverlapbetween thecyclinD1WTand thecyclinD1KE 
mutant binding sites. We used the intervals published
previouslyforthecyclinD1WTintervals[22].Significance
of overlap between cyclin D1KE set and ChIP-ChIP data
set[21]calculatedusingthesameapproach.Forthegene-
basedmethodweusedahypergeometrictesttodetermine
theprobabilitythatcyclinD1WTandcyclinD1KEintervalsare
locatedinthepromoterregionor2kbupstreamofthesame
genes.

In order to further examine the similarity of the
enrichedtranscriptionfactorsweexaminedthenumber
oftranscriptionfactorbindingsiteswithinthepromoter
regionofeachgeneandinthecyclinD1WTorcyclinD1KE 
intervals.Wethenfitthedifferenceinthecountsbetween
thecorrespondingtranscriptionfactors toadistribution
usingaGaussiankerneldensityestimator [51].Due to
the discrete nature of the distribution we truncated to
themaximum difference, 855 counts in this case, and
re-normalizedthedistribution.Wethencalculatedthep-
valueforeachtranscriptionfactoras1-cdf(delta).

Chromatin immuno-precipitation assay (ChIP)

ChIP material was prepared in accordance with
theMagnaChIP(Millipore)manufacturer’sguidelines.

Briefly,3×10cmplatesofactivelygrowinglatepassage
MEFscyclinD1-/-MSCV-IRES-cyclinD1werefixedfor
10minwithparaformaldehyde37%(finalconcentration
1%).Unreactedformaldehydewasquenchedwith1ml
of10×glycine.The3plateswerewashedtwicewithice
coldPBSandthepelletsharvestedin1mlofPBSwith
proteaseinhibitorcocktailandpooledtogetherina15ml
tubeinordertoobtain1.5×106cells.DNAfragmentation
of thepelletswasachievedbysonication,35cyclesof
20secondseachatmaximumspeedusingOMNI-Ruptor
4000(OMNIInternational,Inc,Kennesaw,GA).Immuno-
precipitation(IP)wasperformedwith10μgofM2FLAG
antibody(Sigma-Aldrich,St.Louis,MO)andequivalent
amountofmouse IgGasnegativecontrol.Washesand
elutionoftheIP-DNAwereperformedaccordingtothe
protocol.PCRprimersweredesignedbasedonthepeak
intervalsequenceassociatedwithcyclinD1andthePCR
productswerevisualizedbyagarosegelelectrophoresis.

ChIP-DNAquantitationwasconductedinanAgilent
2100bioanalyzer(AgilentTechnologies,PaloAlto,CA),
using Power SYBR Green (AB biosciences, Allston,
MA)accordingtothemanufacturer’sguidelines.Equal
quantitiesofChIP-DNAwereusedforthereal-timePCR
quantitation.Ctvalueswereusedtocalculatetherelative
fold enrichment (2-ΔCt,ΔCt =Ctinput–CtIgG).A one
wayANOVAfollowedbyStudent’st-testcomparisonwas
performedtocomparetherelativefoldenrichment(n=3).

Karyotype analysis

For SKY analysis, fluorescence color images of
chromosomes stainedbyRhodamine,TexasRed,Cy5,
FITCandCy5.5werecapturedunderaNikonmicroscope
equippedwithaspectralcubeandInterferometermodule.
SKYViewsoftware(version1.62),wasusedtoanalyze
chromosomal number and structural alterations of
chromosomes,includingsimplebalancedtranslocations,
unbalanced (or nonreciprocal) translocations, deletions
andduplications.Atleast10metaphaseswereanalyzed
persample.Statisticalsignificancecalculatedusingchi-
squaretestofassociation(Pearson).

Real-time PCR

RNA quantitation was conducted in an Agilent
2100bioanalyzer(AgilentTechnologies,PaloAlto,CA),
usingPowerSYBRGreen(ABbiosciences,Allston,MA)
accordingtothemanufacturer’sguidelines.Equalquantities
ofRNAwereusedforthereversetranscriptionreactions.
PrimersforallthegenesweredesignedusingGenScript’s
bioinformaticstools(GenScript,Piscataway,NJ).

Microarray analysis

Geneswithdifferentialexpressionp-value≤0.01
andabsolutefoldchange≥1.25).MouseMG_U74Av2
microarrayswereusedforMSCV-rescuedMEFs,Mouse
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430A_2microarrayswere used forMMTV-CyclinD1
model (GEO accession number—GSE43216). Arrays
wereprocessedaspreviouslydescribed[22].CINscore
enrichmentwasconductedasdescribed,thecomparison
toCINcurvesfromTet-CCND1WTandMMTV-CCND1WT 
hasbeenpublishedpreviously.

Western blotting and luciferase assays

The following antibodies were used forWestern
blotting: Guanine Nucleotide Dissociation Inhibitor
(GDI)[40],CyclinD1(NeoMarkers,MS-210-P),FLAG
M2antibody(SigmaAldrich,#F1804),β-Tubulin(Sigma
Aldrich, T4026), phosphorylated RB (S780) (Cell
Signaling),cdk4(H-22)(SantaCruzBiotechnologyInc.).
Luciferaseassayswereconductedasdescribedpreviously
described [52].Assayswere conductedusing50ngof
plasmidDNAand100ngreporterplasmid.

Immunofluorescence and confocal analysis

Immunofluorescencewasperformedasdescribed
previously[22].Cyclin D1-/-Control, cyclin D1-/-D1 Rescueand
cyclin D1-/-KE Rescuesubcellularlocalizationwasdetermined
using the M2 anti-FLAG antibody (Sigma-Aldrich,
#F1804). The whole cell fluorescence intensity per
pixel2wasnormalizedtoWTsignalintensity.Aone-way
ANOVA followed by Student’s t-test comparison was
performedtocomparepercentageoffluorescenceintensity
forcyclinD1abundancebetweencyclin D1-/-D1 Rescueand
cyclin D1-/-KE Rescuecells(n=20).

Study approval

Animal studieswere approved by the appropriate
institutionalanimalcareandoversightcommitteesofthe
UniversityofConnecticutandThomasJeffersonUniversity.

Statistical analyses

MACs algorithm was employed to determine
number of ChIP-Seq peaks (FDR = 4.35%).Analysis
of transcription factor enrichment within the interval
sequencesproducedbytheChIP-Seqdatawascomputed
using a permutation test. Enrichment for high CIN
scoring genes [30] between two sets compared using
Wilcoxonmatchedpairedtest.Kaplan–Meierplotswere
compared by log-rank test. For comparison between
two independent groups, the Student’s t-test was used 
(p<0.05).Significanceofkaryotypeanalysisconducted
usingChi-squaredtestofassociation.
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