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High-Resolution Analysis of
Parent-of-Origin Allelic Expression

in the Mouse Brain

Christopher Gregg,***1 Jlangwen Zhang,’* Brandon Weissbowrd,™* Shujun Luo,*
Gary P. Schroth,” David Maig,* Catherine Dulac™*t

Geromic imprieting results in preferential expression of the paternal or maternal allele of
certain genes. We have performed a gerome-wide characterization of imprinting in the mouse
embryonic and adult beain. This approach uncovered parent-of-origin allelic effects of meee than
1300 loci. We idertified parental bias in the expression of individual geres and of specific
transcript iscfoems, with differences between brain reglons. Many impeinted geres are expressed
in neural systems associated with feeding and mothiated behaviors, and parental Bases
preferentially target genstic pathways goveming metabalism and cell adhesion, We observed a
preferential matermal contriduticn to geme expression in the ceveleging brain and 2 major patemal
contribution in the acult brain. Ths, parental exgression bias emerges 2s 2 major moce of

epigenetic regulation in the brain.

went-of-ongin offects influcnoe pene ex-

pression @ il mheritance in offipreng.

Genoic fmpenting s a form of epigenes-
ic regulation that results :n e preforential ex-
pression of e patemally or matemally inherited
alkcle of aortain gemes (7). Currently, fower than
100 imgrinted genes have been idemtified, and
the evohtionary pressures St underlic Trpemt-
ing are debatod (2, 7). Climical sd experimental
daa suggest roles for impeinting i regulating
brain developmen: and fancton (4). In bumens,
Prader-Willi syndrome (PWS) 2nd Argelman sy
drome (AS) result from a deletion of the peter-
nal or mater=al copy of 15q11-q13, repactively,
PWS is associsted with npaphaga, stubbor-
ness, and compuleve wits (5), whereas AS is
assocated with absent speech, happy affect, and
mnappropriate laughter (&), Further, studies of

of imprimted oG expressed in the brain is very
refers w f

MLAR

LA

impristed pene oprossion indend anenped a8 hot-
spots, such as the modal preoptsc arcs (MPOA),
which regalstes muating, matermal behanvior, and
thermocegulation (/). From our data, aminergic
sysiems and neural systems assocaned with feed-
ing and motivined behaviars constiuted the lagest
source of imprinting botspots, These ncluded e
woune nocks, donal mphe, substetia mgns
pars coerpects, vestral degroental ancs, donsal Ty
area, Jocus cerdeus, and nucles ac-
cumbens (14, /7). These findings exticed us 10
pa{omammdmdlqcxnlend
ysis W ch ol compare p
effcts poveming gene capression dmm.
brsm negons.
A high-resolution appeoach to analyze im-
inting. We used llumiza RNA-sequencing
(RNA-Seq) techmology to chamcterize the tran.
scriplome of bramn tesucs fom Fy hybeds rosling
fom seciprocal cxsses of CAST/ES] (CAST) and
CSTBLE) (CS7) mikx: [F, irtial cxoms (F, i) CAST
mather * CS7 feher, F, seciprocd cross (Fr): C57
motter x CAST fivher]. Simgle-nuckonde poly-
momphisms (SNPs) were iderexfied by scpansely
sequencing the CAST and €57 tramscripones
of the orginsl parmts (or percetal srains for G
E15 brains), s the subsoquent e calls were

between the maternal and patemal chrommosomes
or allekes (9) and s also wsed more sncdy © de-
foe compiete allclo-spocific siencimg (77} Known
mgrited pones have bem shoun o display all-
or-none and bassed allelic exprossion scconding
w the gene s tissee comsadered (11, 77). We
report here a gemome-wide analysis of parestal
allelic effects imvolving complese sikencing or pe-
rercal biases I geme expression in the murne
cmbeyonic day 15 (E1S) brain, and in the adult
e and foamalke conex [modil prefontal cortex:
(PFO)) and hypothalarms [prooptic ancs (POA)]
Together with a compenion stody (1), our dam
sugpest $ha substantial matemal and paterzal
bizses in gene expression ceigimae from the X
wod

h i (PG) and and ic (AG)
chimneras in the mouse have suggestod prefor-
ential matemal butin 1o the develop

iy These
resuls muy shod Bt on pene nogubory procises

fying brain function, cvokition, s discese

of the coctex, but preferential paternal comeri. Imprinted gene expression in the adult CNS.
bution to the hypothalames (7, &) Such bizsed 1ogr.nnmxynmonmruxymmm:cmby
roles have yet o be clearly Maore- we p o silico study of

over, despite tantalizing reports, our seder-
standing of the neural systems governad by
srprinted genes wnd of the scope and festures
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“These suthon contebused aqualy % s sticy

T whem conmeipondmce shiadd be addeund. Emal

ddaclas hanvardads KD, cgregeech harvand ods
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lhc:mnmpula-u(krmnmmrmdm
n the adult beain (/4). The expression patiern
of 45 known Trpemtod gones was investigsed
across 118 disunct adult bren regicas in Se
Allen, Brun Adas (Fig. | and fig S1). A heat map
besed om e relative mumber of known impeinted
genes expressod 0 oa given teain rogon et
fied 26 cut of 118 teain sogions as Botspots foe
the expression of imgrinted geses, whereas B
expressicn hospots of 20 rndomly scocied con-
ol genes with known bialleic expresson were
located mainly i corical and clfactory regions
wd spperad extirely distinet from that of -
pened genes (Fig 1 aed fig S1) Beain regions
profcied Fom carlier studies W be erched for

and pacemal alleles i Fii and ¥r [able S1 and
figs. S2 and S3 and online macenal
(SOM) (J4)). We characienzed parent.ofarign
cffects goveming gene expression @ the E1S
b, a8 well a8 the adult male snd forale mPFC
ol POA, For the curment study, make and fomale
samples were treated 25 biological replicates. This
approach s appropriate for the detection of pa-
remal effects o are independent of the sex of
the ofipring.

Impenting wis ssesod by chi-square s
in both nitsl and moprocal crossos a8 desaribod
in the SOM. The tomal number of SNP sites ex.
hibiting 2 significam: perent-oforign effect was
determined for a rege of chesquare Pyalue ot
offs (0001 w 0.2) and compurad with the mam-
ber expocted by chance (Fig. 2A) We schoctad &
cutoff of P < 005 for each cross [E1S false-
discovery mate (FDR) = (.06, POA FDR = 0.1,
mPFC FDR = 0.1). Our appecach yields highly
socurale and reprocuctble resuls, 2s demonsated
by mukipk cootrols desilod i e SOM (/4)
Scamer plots of the kg (P) for e Fii and Fir
data for cach SNP site clearly indicated exclusne
selection of paemally and matemally expressed
loci relative 10 the total data se¢ (Fig. 2B 20d fig.
S4y ()vem_. SMX iderfed by cur appecach

Fisl wed Xe-ch
SNP ms] extibilad & robust parental expres-
sion biss with 2 mean of 87 + 15% (mean + SD)
Paoentspocific bisses cmempod s 3 cootimuumn
from the data set, which suggested har mprining
may maifest 2s relatve allele-specific expres-
sion beas, rather than strict monoallcic ranscrp-
tion, or tat allclic bis s col-type specific and
is partally maskad by cellular Beterogencity =

lumina
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Number of Reads

F1iand F1r Sample Transcriptome Sequencing
(POA, mPFC, Male, Female, and E15 embryo)

Y
Firecrest Image Processing

\

Bustard Basecalling

| OO—— Chastity Filter >0.6

A4
A\

NovoAlign

(alignment to C57BL6J UCSC Transcriptome and Genome)

Basecall indicates

Count number

! !

CASTEiJ C57BL6)

of reads of reads

Basecall indicates

Count number

Compare proportion of CASTEiJ reads
to C57BL6J reads at each

Basecalls determined from
Parent Sequence

Biallelic

SNP Site
l Y l
SubSpecies Difference Imprinted
MEG PEG
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High-Resolution Analysis of
Parent-of-Origin Allelic Expression

in the Mouse Brain

Cheistopher Gregg,*?*t Jiangwen Zhang,’* Brandon Weissbowrd,™* Shujun Luo,*
Gary P. Schroth,” David Maig,” Catherine Dulac™*t

Geromic imprieting results in preferential expression of the patermal or maternal allele of
certain genes. We have performed 2 gerome-wide characterization of imprinting i the mouse
embryonic and adult beain. This approach uncoveres parent-of-origin allelic effects of meee than
1300 lozi. We idertified parental bias in the expression of individual geres and of specific
transcript iscloems, with differences between brain reglons. Many impeinted genes are expressed
in neural systems associated with feeding and motivated behaviors, and parental biases
p«l«enlhlh target genetic pathways goveming metabalism and (dl adhesion, We observed &

materral to gene

in the

g brain ard a major patemal

contribution in the acult brain. Yh..s. parental eapression bias eme'qsu 2 major mode cf

epigenetic regulation in the brain.

wrent-of-ongin offects nfucnoe gene ex-

pression snd it mheritance in ofpring.

Genomic Trpenting s a fomn of epigenes-
ic regulation that results n e preferential ex-
peession of 2e patemally or matemally inherited
alkcke of cortain gones (7). Currontly, fower than
100 imgrimed genes have been identified, and
the evohtionary pressures Bt undeslic Trpeist-
ing are debatod (2, 7). Clinical s experimental
daa suggest roles for imprinting = regulating
beain developmen: and fanction (4). In humans,
Prader-Willi syndrome (PWS) 2nd Angelman syn-
drome (AS) result from 3 debetion of the guter-
nal or matermal copy of 151113, rospactively,
PWS is associsted with hyporphags, stubboes-
ness, and compuleve wits (5), whereas AS is
assocated with absent speech, happy affect, and
:lnmmpnu: laughter (4). Further, studies of

of impristed 1o expressed in the brain is very
Emited
refes w

impristed pene oprsion indoal aroped w8 ho-
spons, such as the modisl preoptic ancs (MPOA),
which regalstes mating, malermal behanvior, and
thermocegulation (/5). From our data, aminergic
sysiems and neural systems assocaned with feed-
ing and motivined behaviors constiuted the larges:
sourse of imprinting hotspots, These nciuded e
woute nuckeus, donal maphe, substetia g
pars coerpects, vestrs) depmental ancs, donss) -
pothalonic area, Jocus cerdeus, and mucleus ac-
cumbens (16, /7). These findings ezticed us %0
pdmnnmdﬂnkdmdlugsxnlenﬂ
ysis W ch s compuare

offcts poverning pene expression dm
braim rogoas.

A high-resolution appeoach to analyze im-
printing. We used Ilumizma RNA-sequencing
(RNA-Seq) techmology to chamcterize the tran.
scriphome of beain tissues fom F, hybeds resléng
from secprocal exsses of CAST/ES) (CAST) and
(“"BU&(CS")m[F. irstial cxonss (F iy CAST
mather * C57 fgher, F, seciprocad cross (Fyr): C57
motter x CAST idm-} Sizgle-nuckeozde poly-
morphisms (SNPs) were séereified by sepanely
soquencing the CAST and CS7 trescripiomes
of the orginal parcats (or percetal srains for G
EISM)EdQ:mtualbm
used ¥ iption from mstermal

between the maternal and patemal chromosomes
or alkeles (9) and s also wsed more sncdy © de-
foe compiete allclo-spocific sencing (/0) Known
mprintad penes have beon shoun %o display all-
or-none and bassed allelic exprossion scconding
w the gene md tissee comsadered (71, 77). We
report here a gemome-wide analysis of parestal
allehic effects imvolvizg complese silencing or pe-
rercal biases . geme expression in the murne
embeyoaic dry 15 (E1S) train, and in the adult
s and fiamake contex [modil prefontal cortex
(PFC)) and hypotulemus [proopte anss (ROA)]
Together with a compenion stody (1), our dam
sugpes: Pt sobstantial maternal and paterzal
bwammapunmmsnmﬁunwx

ey These

(PG) and andk ic (AG)
chimneras in the mouse have suggestod prefior-
ential el e 10 the devlope

mmwiﬁmmm

of the cortex, but preferential oontri-
bution to the hypothalamyes (7, &) Sech biased

eain function, ovokition, s discse.
Imprinted gene expression in the adult CNS.
To gan insight ino neural systems affected by

roles have yet o be clearly Mare-
over, despite tantalizing reports, our seder-
standing of the neural systems governad by
srprinted genes snd of the scope and festures

*Depirtrsest of Mebcol and Celol Bikegy, Harnd
Uriversity, Cambeddye, MA 02133, USA. “Honard Hughes
Wadcal irastute, Horaws Unfvessty Cambeidge. MA 02138,
LUSA. "FAS Rsearch Computing, Harvasd Uriversity, Carstridie,
A 2134 USA ‘Deparimert of Organisrvc and Evoks-
Begy, Farwrd Lriwrsty, Canbeidge, NA (2136,
USA Varmra, nc. Hapwars, CA 94545, USA
“These auhons contebaed aqualy o #vs stuty
1Te whem cemespondonce shodd be addresind. Bl
Sdacgias hanadads KD, cyreseamh harvast.ods
ey

g g, We P o silico study of
the expresson patiers of known imprimed genes
in the adult beain (/4). The expression pattern
of 45 known erpemtod gones was investigaed
across 118 disunct adult brin regioas in fe
Allen, Brain Adlas (Fig. | and fig. S1). A heat map
Mm&vdn\rn:nbsofhmuw

cxpressod in 8 given teain rogion desti-
fnd}bwldllshnwuu.\xmﬁx
the expression of imprimed genes, whereas e
expressicn hospots of 20 radomly seleced con-
ol genes with known biallefc expression were
located mainly i corsical and clfactory regions
wd spperad extirely distingt from that of -
pented genes (Fig. 1 aed fig. S1) Beain regons
prodfcied om elicr studics o be erched for

and pacemal alleles i Fii and Fyr [sable S1 and
figs. S2 and S3 and suppocting online manenal
(SOM) (/4)]. We characterzed parent.ofcrigin
effects govemning gene exprossion o the E1S
braen, a8 well as the adult male sd foraic mPFC
wd POA, For the cumment study, malke and fomale
samples were treated 25 biological replicates. This
approach s appropriate for e detection of pa-
remal effects @ ave independent of the sex of
the offipring.

Impenting wis msossod by chi-square tosts
in both nitsl and rocpocal crosses a8 describod
n the SOM. The 102l number of SNP sites ex.
hibitizg 2 significam perent-of-crign effect was
determined foc a rmge of chosquare Povalue cut-
offs (0001 % 02) and comparad with the mam-
ber oxpocted by chance (Fig. 2A) We schocted &
cutoff of P < 005 for cach cross [EIS false-
discovery rate (FDR) = 006, POA FDR = 0.1,
mPFC FDR = 0.1). Our appecach yields highly
socurate and reprocucible resuks, 2s demonsrated
by mukiplke cootrols detsilod i the SOM (/4)
Scmer plots of he —hog (P) for e Fii and Fir
data for cach SNP sie clearly indicatad exclusne
selection of paemally and matemally
loci relative 10 the total data se¢ (Fig- 2B and fig.
S4y Ownl SN.PL idereified by cur zppocach

Fisl amd X-chy
SNP sites) exibital 3 robust parental exgres-
sion biss with 2 mean of 87 + 15% (mean + SD)
Paocntspocific bises emompod & 8 contimuum
from the data set, which suggested hat impriraing
may marifest 2s relacve allelespecific expres-
siom beas, rather than strict monoallcic transcrp-
tion, or at allclic Bis s cell-type specific and
is partally maskad by cellular Beterogencity
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Fig. 4. (A) Cumulative probability of regiomal
extiection of linthe brown myotis for Five scesar-
ios of time-dependent amelioration of disease
morality from WNS, Based oo matria model
smulation results. Each scenaric represents pre-
dxted time-deperdent declines for a spacified
mumber of years alter infection asd then holds
the decline rate costart at either 45, 20, 20, 5,
o 2% % demorstrate the impact of ameliors-
tion on the peobability of estinction ower the
next 100 years, (B) Pogulation sive in each year
averaged across 1000 simulations for each of
the fve scenarics of B amelioea-
tien of meetality from WNS,

swocture and function (27, 28). The npid geo-
sraphec speead of WNS snce 2006, coupled
luhhandﬂpmdpomn&-
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Sex-Specific Parent-of-Origin Allelic
Expression in the Mouse Brain

Christepher Gregg, ™ Jiangwen Zhang,” James E. Sutler, " David Haig, Catherine Dulac™**

Genorric irmp:

g resslls in p

trom paternally versus matemally

inherited chromosemes, We used a3 genome-wide appeoach to uncover sex-specific parent-cf-oeigin

alelic effects in the adult mrouse brain, Our study demtilied p

selection of e iy

inherited X chromesome in glutamatergic rewons of Bhe female cortes, Morecver, analysis of the
comes and hypothalames dentilied 347 autosomal geres with sex-specilic imprinting features. In
the hypothalames, sexspecific imprinmed genes were mastly found in females, which suggests
parental figence over the hypothalami function of davghters. We show that inferfeukin-18, a
gene linkad to diseases with sex-specific prevalence, is subject 1o complex, regional, and
sex-spedilic paremal effects in the brain, Parent-ol-crigin eflects thus provide new averues for

clines, seppoet the hyp
ammmammmmm
castrte he seriowsness of pathogen polkation as
2 conservasion issee (/) Our analysis focused
< litthe beown myotis @ the noctheastem United
States, bue several other bat species ane expenenc-
g simiky meetality from WNS and may also
be o sigraficant risk of population colbgee o
extmction. This rpad docline of & commen Tt
spocies from WNS drws amertion % the noed
for increased rescarch, mondtoring, and manage-
mert %o beter enderstand and comitet this imar
sive wildlife discase ().

of sexual

emomic impenting is an epegenstic mode
of gene regelascn imvolvisg preferential
expression of the pasemally or mater.
nally imherned allele (£). Sexual dorphism is 2
centmal characsenistic of mammaton bran fuunc-
tion and behavior that influences major neuro-
Togial discases in humees (7). Here we address
the potential exiswmoe of differential penomic
|mmmrgmtchm-mdruwt‘tmv(

in brain function and disease,

mosomes (3) and is also used moce strictly 1o
define complese alkele-specific silencing (4 Our
analysis encompasses sex differences in parent.

*Dapartrent of Moleada and Celliar Bology. Manand
Urfwersty, Canbeidge, MA G133, USA. “Howard Fughes

sy,

USA. RIS Reseanch Compusing. WLW Carondge,
MAOZL3, USA “Departewet of Orgusirse and Exchssorury
Bickogy, Harvrd Unsersity, Cavbridge, B 02153 LS8

refors o pene
differences between matemmal and patersal chro-

*To whee shoukd e addwiied. Eeail:
dia@tesarard eds
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Allele-specific expression assays using Solexa. BMC Genomics 2009, 10:422

|ldentification of transcriptome SNPs between Xiphophorus lines and species for

assessing allele specific gene expression within F(1) interspecies hybrids. Comp
Biochem Physiol C Toxicol Pharmacol. 2011 Apr 3.

Genome-wide identification of allele-specific expression (ASE) in response to
Mareks disease virus infection using next generation sequencing. BMC Proc.
2011; 5(Suppl 4): S14.
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Chimeric transcript discovery by
paired-end transcriptome
sequencing

Proc Natl Acad Sci U S A. 2009
Jul 28;106(30):12353-8.
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50bp x2 & 100bp x1 D ELER
700-53004")—Fk

Y OYAGAY ¢B
hg18, RefSeqlz<vE>S
(ELAND)
EEEY. SFaVRY 7 rRNA. O
ohO—)LIZey T LIz —FIXHERR
FASIRE, TV T TELGWNV) —R%E
fEHT

L vs. R7EBLM

NG

7

Chimeric transcript discovery by paired-end

transcriptome sequencing

Christopher A. Maher**, Nallasivam Palanisamy**, John C. Brenner*", Xuhong Cao*, Shanker Kalyana-Sundaram*®,
Shujun Luo®, Irina Khrebtukova®, Terrence R. Barrette™®, Catherine Grasso™®, Jindan Yu*®, Robert J. Lonigro®®,
Gary Schrothd, Chandan Kumar-Sinha®®, and Arul M, Chinnalyan*=<st!

“Michigan Center for Tramlaticnal Pathology, Asn Arbor, MI &310%; Depertments of “Pathalegy and "Urclogy, University of Michigan, Ann Arbor, MI
S510%, ‘Howerd Hughes Medical Intute and ‘Comprebeniive Cancer Center, University of Michigen Medical Schoel, Ann Arber, NI &310%; and lusing

Inc, 25861 Industrial Boulevard, Hayward, CA 94545

Communicated by David Gimburg, University of Michigan Medical Schodl, Ann Acboe, ML May &, 2029 (received for review March 16, 2009)

fusk of from
m[wnmzmmwnsmmmmw
functional transcripts that could serve as valuable therapeutic targets.

(M(J!-anx sequencing (13), and next-genceation DNA sequenc-
ing (14). Despite umveiling many novel genomic rc.'mnngcmenu
solid tumors rul mltiple

in cancer, Therefore, we aim to establish & sensitive, high-
methodology to (unmm’y utd:; furctional gene luuom in
cancer

Not onry did a paired-end approach provide a greater O/naml( r.mqe
in comparison with single read based approaches, but it diearly
distinguished the high-leved “driving™ gene fusions, such as BCR-ABLY
and TMPRSS2-ERG, from potential lower level “passenger” gene
{fusions. Also, the comprehensiveness of a paired-end approach en-
abled the discovery of 12 previcusly undescribed gene fusices in 4

o8 Tumor s thes, masking causal and driver nhcvmlxms
mhslmp_nhnhlc froe sccondary and insignificant mutations,

The ::tcp unbéased view a( a cancer cell enabled by m;mly
paralicl P 1 % has greatly faci d gene fo-
sion disoovery, As shown in our prc-mus work, mkpalmg loeg snd
short read sequencing technol was an effective

pproach for enriching fusion ipts (15). How
ever, despite the success of this methodology, it required substantial

commanly used cell fines that duded prev Using the
pairec-end transcriptome ing approach, we observed mad-
through mANA chimeras, lmue—tm restricted chimeras, cem«qmg

Last, we usod pdmd-cnd Io
detect previously undescribed ETS gene fusions in prostate tumors.
Tegether, this study establishes a Moh?y spedfic and ummn ap

10 keversge 2 seqp platforms. Therefore, in this
study, we adopied & sngle platform paired-cod strategy 10 com-
prehensively elucidate novel chimeric events in cancer transcrip
tomes. Not only was esing this single platform more ecenoeical, bet
it aliowed us 10 more comprehensively map chimere mRNA, hone
in oa driver gene fusion peoducts due 10 its guantitstive nature, and
observe rare classes of transcripes that were oveslapping, diverging,
or

proach for o chimeras
within a sample using pairec-end transcriptome sequencing,

bicinfermatics | gene fusions | prentate cancer | Breast cancer | INASeq

ne of the most comenon classes of genetic alterations is gene
fussons, resultiog from chromosomal rear

BIng-
Results

Chimera Discovery via Paired-End Transcriptome Sequencing, Here,
we employ transcriptome kquing to restrict chimera nomina.
tions to “expressed sequences,” thus, enriching for potentially
functicnal mutations. To evaluate massively parallel paired-end

(1)
Intriguingly, >80% of all known gene fusions are attributed to
leukemias, lymphomas, and bone and soft tissue sarcomas that
account for anly 10% of 21l human cancers. [n contrast, common
epithelizl cancers, which account for 80% of cancer-related deaths,
can ooly be attrbuted 10 105 of known recurrent gene fusions
(2-4). However, the recent disoovery of & recurrent gene fusion,
TMPRSS2-ERG, in & muority of prostste cancess (5, 6), and
EMLA-ALK in son-sosall-cell lung canoer (NSCLC) (‘J has ex-

P sequencing 10 identify novel gene fusions, we gen-
crated CDNA libranics from the prostate camcer <ell line VCsP,
CML cell line KS62, universal human reference total RNA (UHR;
Stratagene), 2nd human brain reference (HBR) total RNA (A
beon). Using the Mumina Genome Amalyzer 11, we gencrated 169
million VCaP, 207 million K562, 25.5 millice UHR, and 23.6
million HBR transcriptome mate pairs (2 X 50 nt). The mate pairs
were mapped agzinst the transcriptome and categorized as (1)
lr.lpnm;, m same gene, (i) mapging 1o different genes (chimera

panded the realm of gene fusicns & an in
comman solid cancers. Also, the restricted expression of gene
fusions to cancer cells makes them desimble therapeutic targets.
One successful example is imatinib mesylste, or Gleeves, that
targets BCR-ABLI! n chronic mychoid leukemsa (CML) (8-10),
Thesefore, the wheatification of noved gene fusions in a broad range
of cancers is of enormous therapestic significance,

The lack of known gene fusions in epethelial cancers has been
attributed to their clonal heterogeneity and to the technical lims.
tations of cytogenetic analyss, spectmal karyotyping, FISH, and

base ive genomic bybridizat (2CGH). Not
surprisingly, TMPRSS2-ERG was disoovered by circumventing
these limitations through bioinformatics analysis of gene cxpression
data 10 nominste peocs with marked oveseapression, o outhers, a
signature of a fusion event (6). Buslding on this success, more reoeat
strategics have adopted unbiased hlsh thmsghpu lpp‘l“-:hls.‘llh

Irisd, (v) quality coe-

(37) (&)
trol, ('((w) rﬂnm-nul (T.Nc S1) Overall, the chimera candidates
represent a minoe fraction of the mate pairs, comprising ~< 1% of
the reads for cach sample,

We believe that & paired-end strategy offers multiple advantages
owver single read based approaches such as alleviating the reliance
oa sequencing the reads traversing the fusion juncticn, increased
coverage provided by sequencing resds from the ends of 4 tran-

yoed i ardCAM, N, XC,CKA, and ANC wicte the

The sushon decate ro corfict of remee:
Frncly v labbe rhne atnes The PUES cpn ancem g

d resolution, for gei
':arr.mgen-.:nn in cancer involving BAC end s:quncmg (1),

Towseen id 2o adcreued. [-mad: ansOurmch ds
Hlhwy ASearaEn eakne M mw (s SN TE

45 (12), serisl analy

www, 125 00/ 031 /004 10,5673 [peds (90420105

PNAS | uy 7R 2008 | w0l 106 | no 30 1 135312356
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AFBEEDEILSA 2 (BISLERTEE. CML, -
UHRR. Brain) [ZT 50bp x2, 100bp [
x1 Z TV RS EEFOKEE .

J—R 5

Mate pairs
encompassing
fusion junction

VCaP 16905 7004

GAGCGCGGCAGG | AAGCCTTATCAGTTGTGAGTGAGGACCAGTCGTTGTTTGAGTGTGCCTACGGAACGCCACACCTGGCTAAGACAGAGATGACCGCGTCCTCCTCCAG
CCTGGAGCGLGGOAGG | AAGCCTTATCAGTTGTGAGTGAGGACCAGTCGTTGTTTGAGTGTGCCTACGGAATGCCTCACCTGCACAAGACAGAGCAGACCTCGTCOCCCT
COGOCTGGAGCGCGGLAGG | AAGCCTTATCAGT TGTGAGTGAGGACCAGTCGTTGT TTGAGTGTGCCTACGGAACGCCACACCTGGCTAAGACGATCGGAAGAACTCGGA

COGCCTGGAGCGCGGCAGG | AAGCCTTATCAGT CAGTCGTTGTTTGAGTGTGCCAAGATCGGAAGAGCTCGGATGGCGTTTTICTGTTTGAAAAAAAA
AGCGOCGOCTGGAGCGOGGLAGG | AAGCCTTATCAGT TGTGAGTGAGGACCAGTCGTTGTT CTACGGAACGCCACACCTGGCTAAGACAGGGATGACCGCA
K 5 6 2 2 O 7 O E ACCCOGCGCOGOCTGGAGCGCGGLAGG | AAGCCTTATCAGTTGTGAGTGAGGACCAGTCGTTGTTTGAGTGTGCCTACGGAACGCCACACCTGGCTAAGACAGAGATGAC

ATACGAGCTCTTCCGATCTGAGCCCCGOCTGGAGCGOGGCAGG | AAGCCTTATCAGTTGTGAGTGAGGACCAGTCGTTGT TTGAGTGTGCCTACGGAACGCCACACCTGG
GEGGGLGAGGGGIGGEGAGCGOCGOCTGGAGIGLGGCAGG | AAGCCTTATCIGTTGTGCGTGAGGGCCAGTCGTTGT TTGAGTGTGCCTCGGGAACGCACACCTGGCTAC
GGAGGGLGAGGLGLGGERAGCGLOGICTGGLGOGOGGCAGG | AAGCCTTATCAGT CCAGTCGTTGTT TTACGGAACGCCAACACTTGCT
CCGLOCGGAGTTGAAAGCGGGTGTGAGGAGCGLGGCGOGGCAGG | AAGCCTTATCAGT CAGTCGTTGTT CTTCGGAAAGCCAACCCCG

GAGGOGGAGGGGAGGGGLGEGEAGCGICGOCTGGAGCGOGGCAGG | AAGCCTTATCAGTT CCGTCGTTGTT CTACH AACCC
m GAGGCGGAGGGCGAGGGGLGEGGAGCGICGOCTGGAGCGOGGCAGG | AAGCCTTATCAGTT CCGTCGTTGTT CTACH AACCC
u a n e GGAGGOGGAGGGIGAGGGGLGGGEGAGLGLCGCCTGGAGCGIGGCAGE | AAGCCTTATCAGT TGTGAGTGAGGACCAGAGATCGGAAGAGC TCGGATGCCGGCTTCTGCTT

GGAGGCGGAGGGLGAGGGGLGGGGAGCGLCGOCTGGAGCGOGGCAGE | AAGCCTTATCAGT TGTGAGTGAGGACCAGTCGTTGTTTGGGTGGGLCTCCCGGACGCCACCC
CGGAGGLGGAGGEUGAGGGGOGGEGAGLGLCGLCTGGAGIGCGGIAGE | AAGCCTTATCAGT TGTGAGTGAGGACCAGTCGT TGTTTGGGGTGGGCTACGGAACGCCACA
CGATGTGGOGGAGGGLTGGGGGCGAAGGCOGCCGCCTAGAGCGCGGCAGG | AAGCCTTATCAGTTGTGAGTGAGGACCAGTCGTTGTTTIGCGTTTGCCTACG

Brain 23605 53004 Trmmmm——

TMPRSS2

Chr 21q22.2-21q22.3

llumina
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- mm———C 2 _mm———> Paired-end sequencing

@Oty T o= TR

Category 1: Category 2: Category 3:
Mate pairs align to same gene Mate pairs align to different genes Non-mapping mate pairs

_____ . N\
‘ /[ / NN\ E H: \ | Singlt% g‘(_a;teenae“gns Neithter mate aligns
2 fo 3 e 4 | 2 3 e 4 0agene

Gene X Gene X

I—’ F\ Gene X
-| 1 HEH 3 H 2 | Scan for mate pair

GeneY spanning fusion junction
Apply filters (min. mate pairs, 1 I-EH 3 I—
best unique mappings, etc.) Gene X I_’
M 3]
GeneY
Mate pairs encompass fusion junction Mate pair spans fusion junction
D23 ]3] a] hl2]3 ]3] 4]
Gene X GeneY Gene X GeneY

N/

Gene fusion candidates

4/\

Inter~chromosomal chimera Intra-chromosomal chimera

Categories 4-7

— Mitochondrial

— Quality Control

L3 Ribosomal

Chimera between distant genes Chimera between adjacent genes
o
= Gene x —|Gomy— Gene z — Gene X Geney Gene z

28

Gene fusion candidate Gene fusion candidate Read-through candidate
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Single Read Approach

Class L Mate pairs spanning fusion boundary

Gene X GeneY

Fusion junction

TMPRSS2-ERG
35 3.0

Gene X

Fusion junction

Paired-end Approach

Class L Mate pairs spanning fusion boundary  Class I, Mate pairs encompassing fusion boundary

Fusion junction

- Paired-end

- Single Read

BCR-ABL1

28

2.0

1.5

1.0

0.5

29

K562

75

BCAS4-BCAS3 ARFGEF2-SULF2
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Cancer

MHC class Il transactivator CIITA is a recurrent gene fusion partner in lymphoid cancers.
Nature. 2011 Mar 17;471(7338):377-81.

Deep RNA sequencing analysis of readthrough gene fusions in human prostate
adenocarcinoma and reference samples. BMC Med Genomics. 2011 Jan 24;4:11.

N-myc downstream regulated gene 1 (NDRG1) is fused to ERG in prostate cancer.
Neoplasia. 2009 Aug;11(8):804-11.

Transcriptome sequencing to detect gene fusions in cancer. Nature. 2009 Mar 5;458
(7234):97-101.

Use of whole-genome sequencing to diagnose a cryptic fusion oncogene. JAMA. 2011 Apr
20;305(15):1577-84.

Data Analysis

30

Sensitive gene fusion detection using ambiguously mapping RNA-Seq read pairs.
Bioinformatics. 2011 Apr 15;27(8):1068-75.
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assembly

Next-generation transcriptome

Jeffrey A. Martin and Zhong Wang

intranscrip bl

Abstract | Transcriptomics studies often rely on partial reference transcriptomes that fail to
capture the full catalogue of transcripts and their variations. Recent advances in sequencing
technologies and assembly algerithms have facilitated the reconstruction of the entire
transcriptome by deep RNA sequencing (RNA-seq), even without a reference genome.
However, transcriptome assembly from billions of RNA-seq reads, which are often very short,
poses asignificant informatics challenge. This Review summarizes the recent developments
P hes — reference-based, de novo and combined strategies
— along with some perspectives on transcriptome assembly in the near future.

g the full set of tx: p ducing las
arxd small RNAs, novel transcripts from unannotated
genes, splicing isofoers and gene-fusion transcripts —
serves as the Soundation for 2 comprehensive stady of
the transcriptome. For a long time, our knowledge
of the transcriptome was largely derived from gene
predictions and limited EST evidence and has there
fore been partial and biased. Recently, however, whole-
transcriptome sequencing using next-generation
sequencing (NGS) technologies, or RNA sequencing
(RNA-seq), has started 1o reveal lhr comples landscape
ané dynamics of the from yeast to h

at an unprecedented level ofs sensitivity and accuracy”
Compared with traditional low-throughput EST
sequencing by Sanger technology, which only detects
the mare absndant transcripts, the enoemons sequencng
h (100-1,000 reads per base pair of a transcript) of
a typical RNA-seq experiment offers a near.complete
snapshot of 2 transcriptome, including the rare tran-
scripts that have regulatory roles. In contrast to alterna.
tive high-throughpet technologies, such as microarrays,
RNA-seq achieves base-pair-level resolution and a
much higher dynamic range of expression levels, and
it is also capable of de movo annotation™, Despite these
advantages, sequence reads obtained from the common
NGS platforms, induding [lumina, SOLID and 454, are
often very short {35-500bp)’. As a result, # is neces-
sary to reconstract the fall-length transcripts by tran
scriptome assembly, except In the case of small dasses
of RNA — such as microRNAs, PIWI-interacting RNAs
{pIRNAs), small nuclealar (snoRNAs) and small inter.
fering (siRNAs) — which are shorter than the sequencing
Jength an do not require assembly:

52 comp ptocse rom
short reads bas many informatics challenges. Similar
0 shoet-read genome sssembly, transcriptome assernbly
imwolves plecing sogether short, Jow quality reads. Typécal
NGS data sets are very large (several gigabases to tera-
bases), which requires computing systems to have large
memories and/or mary cores to ren paralie] algorithms,
Several short-read assemblers have been developed 10
tacike these challenges**, including Velvet*, ABYSS and
ALLPATHS". Althosggh these tools bave achieved reason-
able sucoess in the assembly of genomes™ ™, they cannot
directly be applied to transcriptome assembly, mainly
because of three considerations, First, whereas DNA
sequencing depth is expected to be the same across a
genome, the sequencing depth of transcripts can vary by
several ordtn of mgn,.mk \hr1 shoet-read genome
titve
regions of lhe genecx a feature that would mark abun.
dant transcripls as repetitive. Sequencing depth is also
used by assemblers to cakculate an optimal set of parame-
ters for geroene assembly, which woukl probably roult in
oely a small set of transcripts. btinglmum! in the tran-
scripeome assembly. Secand, unkike genomic sequencing,
in which both strands are seguenced, RNA-seq experi-
ments can be strand specific. Transcriptome assemblers
will need to take advantage of strand information to
resalve overlapping sense and antisense transcripts™
Finally, transcriptome assembly is challerging, becawse
transcript variants from the same gene can share exons
and are difficult to resolve unambiguoasly, Given the
complexity of most transcriptomes and the above chal
lenges, exclasively reconstructing all of the transcripts
and their variants from short reads has been difficult
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Alternative isoform regulation in human
tissue transcriptomes
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Alternative isoform regulation in human
tissue transcriptomes

Eric T. Wang'~*, Rickard Sandberg’**, Shujun Luo*, Irina
Stephen F. Kingsmore°. Gary P. Schroth® & Christopher B.

Khrebtukova®, Lu Zhang', Christine Mayr”,
Burge’

Through al of pr RNAs, indivi

genes often produce multiple mRNA and

protein isoforms that may have related, distinct or even opposing hmdxons Here we report an in-depth analysis of 15 diverse

human tissue and cell line transcriptomnes on the basis of deep

of y DNA yielding a

digital inventory of gene and mRNA isoform exp Analy

in which reads are mapped to exon-exon

junctions indicated that 92-94% of human genes undergo lltervulhre splmng. ~B6% with a minor isoform lrequency of15%
and

or more. Differences in isoform-specific read d

| U/ events vary tissues, whereas variation
less common. Extreme or ‘switch-like” lation of splicing b

splicing and
be«veen mdlv-dutls was appmximately tmfnld to threefold
tissues was i

mnsenmlon in regmtory regiens and with generation of full-length opm reading frames. Pa!lsns ol allnmme spl'mlng

and and were strongly dated across tissues,

these p and ion of a subset of known regulatory motifs in both al ive introns and 3°
regions d i of specific factors in tissue-level regulation of both splicing and

polyadenylation.

The mRNA and protein isoforms produced by alternative processing
of primary RNA transcripts may differ in structure, function, local-
ization or other properties'”. Alternative splicing in particular is
known to affect more than ¥ aL of all human genes, and has been
proposed asa primary driver of the evalution u‘pllmlvru comple-
xityin mammals'’. However, ofthe extent of d in
mRNA isoform expression between tissues has presented 3

ar breast cancer cell lines, generating over 400 million: reads in toeal
(Supplementary Fig. la). Tisase smgles were derived from single
anceymous unrelated individuals of both sexes; for ore tissoe, cerebd
lar cortex, samples from six unrelated men were Amhsed 0 assess

varation between individwals (Supplementary Table 1), In «r:l.
-60% cﬂ’ reads mapped uniguely to the genome, allowing up o 2
and an additi mmppe:um.uel 10 splice junctions.

technical challenges”. Studies using expressed sequence tags bave
yiekled relatively low extimates of tissue specificity, but bave limited
statistical power to detect Gifferences in isoform levels” *. Microarray
analyses have achieved more consistent coverage of tissues”, but are
corstrained in their ability to distingish casely related mRNA iso-
forms. High-throughput sequencing technologies have the potential
10 ciroumvent these limitations by generating high average coverage of
mANAs across tissues while using diroct soquencing rather than
hybridization to distinguish and quantify mRNA isoforms™"
Tissue-specific altermative spicing is vsaally regulated by & com-
hination of tissue-specific and uhiquitously expressed RNA binding
factors that interact with as-acting RNA dements to influence spli
covsome assembly at pearby splice sites'”, Many factors can both
activate and repress splicing in different contexts, with activity often
sammarizable by an "RNA map’ descriding dependence on the loca
tion of binding refative to that of core spiceosomal components

A digital inventory of mRNA isoforms.

To assess gene and aliernative mRNA isoform expeession, the mRNA
Seq protocal (Supplementary Methods) was usod ampsfy and
soquence between 12 million and 29 million 32-bese-puir (bp) cDNA
fragmens from ten diverse human tissues and five mammary epithelial

Thass, about two-thirds of reads could be assigred unambiguous)
individual geoes the froguency of mpping to incoeredt genomic k-
tiors imated to be ~0.1% (S Table 2).

Read density (coverage) was aver CC—{uld lmdm‘ in exons than in
introns or intergenic regions Lppklm:llurv Fig. 1c),and only ~3%
A genes, indicating that most reads
sarison of relative mRNA-Seq
ve palymerase chain reaction
for 787 genes in
_ukml a nearly Enear relationship
ppl Fig. 1d), ind:
that mRNA-Seq read counts ngc accurate relative  gene expression
measurements acrass 3 very broad dynamic range’”

Alternative splicing is nearly universal

The mRNA-Seq data were used 10 assess the expression of aliernative
transcripn isoforms in human genes, as illastrated for the mitochon-
drial phosphate transporter gene SLC2543 1a. Exoms 3A and
3B of this gene are ‘mutually exchasive exors’ (MXEs), meaning that
transcripts from this gene contain ane or the other of thes exons, but
not both, Much greater read coverage of exon 3A was soen in heart
and skeletal muscle, with almost exchusive coverage of exon 35 in

©z000 Nacmillan Publishars Li

mited. All rights reserved
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Whole transcriptome sequencing reveals gene expression and splicing differences in brain
regions affected by Alzheimers disease. PLoS One. 2011 Jan 21;6(1):e16266.

Alternative isoform regulation in human tissue transcriptomes. Nature 456, 470-476 (27
November 2008)

Deep surveying of alternative splicing complexity in the human transcriptome by high-
throughput sequencing. Nat Genet. 2008 Dec,;40(12):1413-5.

Next-generation tag sequencing for cancer gene expression profiling. Genome Res. 2009
Oct;19(10):1825-35.

Dynamic transcriptomes during neural differentiation of human embryonic stem cells
revealed by short, long, and paired-end sequencing. Proc Natl Acad Sci U S A. 2010 Mar
16,107(11):5254-9.

Characterization of transcriptional complexity during berry development in Vitis vinifera
using RNA-Seq. Plant Physiol. 2010 Apr;152(4):1787-95.

Nuclear-localized tiny RNAs are associated with transcription initiation and splice sites in
metazoans. Nat Struct Mol Biol. 2010 Aug;17(8):1030-4.
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Intron retention facilitates splice variant diversity in calcium-activated big potassium
channel populations. Proc Natl Acad Sci U S A. 2010 Dec 7;107(49):21152-7.

RNA-Seq analysis in mutant zebrafish reveals role of U1C protein in alternative splicing
regulation. EMBO J. 2011 May 18;30(10):1965-76.

Transcriptome of embryonic and neonatal mouse cortex by high-throughput RNA
sequencing. Proc Natl Acad Sci U S A. 2009 Aug 4;106(31):12741-6.

Reaching the depth of the Chinese hamster ovary cell transcriptome. Biotechnol Bioeng.
2010 Apr 1;105(5):1002-9.

Data Analysis

TopHat: discovering splice junctions with RNA-Seq. Bioinformatics. 2009 May 1;25(9):
1105-11.

Towards reliable isoform quantification using RNA-SEQ data. BMC Bioinformatics. 2010
Apr 29;11
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Full length transcriptome assembly from
RNA-Seq data without a reference
genome

Nature Biotechnology 29, 644—652
(2011)

EKERTHAY
BRELUTIR
75bp x2
- $91EBU—F

T—REMDEIAN
3DDATYIIhITTER

@ ® 2011 Nature America, Inc. All rights reserved.

ARTICLES

Full-length transcriptome assembly from RNA-Seq data
without a reference genome

Manfred G Grabherr'#, Brian | Haas"*, Moran Yassour' *#, Joshua Z Levin', Dawn A Thompson',

Ido Amit', Xian Adiconis', Lin Fan', Raktima Raychowdhury', Qiandong Zeng', Zehua Chen’, Evan Mauceli',
Nir Hacohen', Andreas Gnirke', Nicholas Rhind*, Federica di Palma’, Bruce W Birren', Chad Nusbaum',
Kerstin Lindblad-Toh'*, Nir Friedman™® & Aviv Regev'*

Massively parallel sequencing of cONA has enabled deep and efficient probing of transcriptomes. Current approaches for
transcript reconstruction from such data often rely on aligning reads to a reference genome, and are thus unsuitable for samples
with 2 partial or missing reference genome. Here we present the Trinity methed for de novo of full-length

and evaluate it on samples from fission yeast, mouse and whitefly, whose reference genome is not yet available. By efficiently
constructing and analyzing sets of de Bruijn graphs, Trinity fully reconstructs a large fraction of transcripts, including altematively
spliced isoforms and transcripts from recently duplicated genes. Compared with other de nowo transcriptome assemblers, Trinity
recovers more full-length transcripts across a broad range of expression levels, with a sensitivity similar to methods that rely on
genome alignments. Our approach provides a unified solution for transcriptome reconstruction in any sample, especially in the
absence of a reference genome.

Recent acvances in massively parallel cDNA sequencing (RNA-Seq)
provide a cost-effective way to o:u.n h:g: mmum oc transcriptome
cata from many iple, such data can

and then merge sequences with overlapping alignment, spanning spice
junctions with reads and paired-ends. Assembly. first (de novo) meth
ods, such 2s ABySS!, SOAPdenovos or Oases (E. Birney, European
Bioinformatics Institute, personal communication), use the reads to

assemble ipts directly, which can be mapped subsequently to 2
reference genome, if available. Mapping first approaches promise, in

allow us to :mtIy all expressed l'amm;tb 2s complete and conngu.

ous mRNA sequence frum start site ip

end, for p hy splced i However,

ofall full length s wi i quenc:

ing error rates poses : (3) some

imum senstivity, but d:ptnd oncorrect mn: to- -dm-:
2 task thati

transcripts have low coverage, wht‘!ns others are highly

(i) read coverage may be uneven across the transcript’s length, owing
to sequencing biases; (3ii) reads with sequencing errors derived from 2
highly expressed transcript may be mare abundant than correct reads
from 2 transcript that is not kighly expressed; (iv) transcripts encoded
by adjacent loci can overtap and this can be erroneocly fosed to form

the lack or of many reference genomes. Coaversely,
assembly-first approaches do not require any reac-reference alignments,
important when the genomic sequence is not available, is gapped, highly
fragmented ar substantially altered, as in cancer cells.

Successful mapping-first methods were developed in the past year®,
but substantially less progress was made to date in developing effective

a chimeric transcript; (v) data structy d b iple
transcripts per locus, owing to alternative splicing; and (vi) xqu:ncu
that are repeated in different genes introduce ambiguity. A successéul
method should address each challenge, be applicable to both complex
mammalian genames and gene-dense microbil genomes, and be able
ines of variabh s0n levels 2nd protein

assembly-first app As the number of reads graws, it is increas
ingly éifficult to determine which reads should be joined into contigu
ous sequence contigs. An elegant computational solution is provided
by the de Bruijn graph’, the basis for several whole-genome assembly
programs® 1. In this graph, 2 node is defined by a sequence of a fixed

coding capacity.

There are two al

length of k nucleotides ('k mer! with k considerably sharter than the read
length), and nodes are connected by edges, if they perfectly averlap by

gies for
%, Mapping first 2p  such as Scripture’ and

k-1 Jeoti and the sequence data. this connection. This
compact representation allows for enumerating all possible solutions

Cufftinks’, first alignall the readstoareference

) genome

by which linear seqs be sivenaverlaps af k- 1.

.4A 2. (2 w.o r0ad,
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NATURE BIOTICHNOLOGY  AUVANCE ONUINE PUBLICATION

of Lite Sciences, Hedrew Unnersity, Jenisales
Wassacrusetss, USA. *These a.tnors contrizuted o3.ally to th

crespeadence

15 Way 2011; 60i:10.103805¢ 1883

llumina




T—RBMDEHIN

45

ATv71 Inchoworm
— K-mer ZRWTY—F&#7t2T )L
— K-mer C&IZay T4 &R
ATw72 Chrysalis
— ATYT1TCTEavT4T%T—IL
= (k-1)-mer ZHEF. HAHWEarT4T
@9&9793)(:')-?75‘?7‘:75“6%

— £T—ILHS de Bruijn T SOEEE

AT 73 Butterfly
— RATYT2TTET= de Bruiin 7y 5 7%{#
HALrNLE D ENRER/IMNERIE
— J—FR#F->TIZ7%BERL. &R

TS5ARITA—LMSUDEDDEFIEH
|

Read set

Extend in k-mer
space and
break ties

/

j,,/"’\,,_,_,_m,_m...<_
0
i

S a0\

y>—]
R

H\Q/

T\
WA

>al21:len = 5,845

Overlap linear
sequences by
overlaps of k-1
to build graph

components
k-1

>al22:len = 2,560
>a123:len = 4,443
>al24:len = 48
—

>a126:len = 66

Linear sequences

De Bruijn
graph (k =5)

Compacting

Compact
@ © graph

l Finding paths

Compact graph
with reads

i Extracting sequences

« . .CTTCGCAM. . .TGATCGGAT. .

. - JATTCGCAA. . . TCATCGGA

- Transcripts

llumina



RTFARN)TURELEA, TvELTEFIALEY I ERF
DFRHTHER

‘»»>»>»>>—>»>>—>»>>—>»>»>»»»»»—»'»»»»»»»»»'>>->»»bl»»p»»»»»»r»»»»‘-h»v-»»»»-»»»».»»»»»»—»»»»>»o+>>—>»>v—>»>v—. |SOf0|'m 1

46

a b
w
8 5,000 B Full-length genes 4 10,000 -
g B Full-length merged ®
® &
S 40001 o, 8,000 A
g a
8 3,000- 3 6,000 -
(7)) £
2,000 S 4,000 -
5 5
£ 1,000+ £ 2,000 -
> z
< o W 2w o > o 9 0
» SU <« = = 5
= O = = e
§ - § n — 3— 5
w
De novo ADb initio
methods methods

Isoform 2

B Full-length genes
M Full-length isoforms

3 88 ¥ & £ ¢
o = C =
a = @ (@] = E B
w = =

De novo ADb initio
methods methods

Grabherr MG, Haas BJ,Yassour M et al. (2011) Full-length transcriptome assembly from RNA-Seq data without a reference genome.
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Scripture Cufflinks ABySS Trans- SOAP- || Trinity

(blat) (blat) ABySS denovo
FL genes 2585 3913 3248 4015 1049 4338
% falsely fused genes 30 45 36 27 26 5
Total contigs 14909 4605 6343 39178 12392 27841
Contigs mapped 11714 3258 4601 31974 5456 7057
Genes captured 3838 4182 4533 4871 3400 4874
Average contig 4.37 1.07 1.06 5.08 1.01 1.37
coverage/ gene

Scripture Cufflinks ABySS Trans- SOAP- || Trinity

(tophat) (tophat) ABySS denovo
FL transcripts 9086 9010 5561 7025 761 8185
FL genes 8293 8536 5500 6598 760 7749
Total contigs 300148 31121 46783 | 203085 | 145518} 179340
Contigs mapped 119515 19342 17427 | 111309 34816 31706
Genes captured 10432 10806 9879 10685 10035 11334
Average contig 12.0 | 1.65 1.25 5.93 1.12 2.05

coverage / gene
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De novo transcriptome assembly with ABySS. Bioinformatics. 2009 Nov 1,25
(21):2872-7.

Optimization of de novo transcriptome assembly from next-generation
sequencing data. Genome Res. 2010 Oct;20(10):1432-40.

De novo assembly and analysis of RNA-seq data. Naf Methods. 2010 Nov;7(11):
909-12.

De novo assembled expressed gene catalog of a fast-growing Eucalyptus tree
produced by lllumina mRNA-Seq. BMC Genomics. 2010 Dec 1;11:6817.

Full-length transcriptome assembly from RNA-Seq data without a reference
genome. Nat Biotechnol. 2011 May 15;,29(7):644-52.

Next-generation transcriptome assembly. Nat Rev Genet. 2011 Sep 7;12(10):
671-82.

Benchmarking next-generation transcriptome sequencing for functional and
evolutionary genomics. Mol Biol Evol (2009) 26 (12): 2731-2744.
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Transcript assembly and quantification by RNA-Seq reveals unannotated
transcripts and isoform switching during cell differentiation. Nature Biotechnology
28, 511-515 (2010)

Advancing RNA-Seq analysis. Nat Biotechnol. 2070 May,;28(5):421-3.

PEACE: Parallel Environment for Assembly and Clustering of Gene Expression.
Nucleic Acids Res. 2010 Jul;38

Using deep RNA sequencing for the structural annotation of the Laccaria bicolor
mycorrhizal transcriptome. PLoS One. 2010 Jul 6;5(7):€9780,

Scaffolding a Caenorhabditis nematode genome with RNA-seq. Genome Res.
2010 Dec;20(12):1740-7.

De novo sequence assembly and characterization of the floral transcriptome in
cross- and self-fertilizing plants. BMC Genomics 2011, 12:298

The genomic sequence of the Chinese hamster ovary (CHO)-K1 cell line. Nature
Biotechnology 29, 735-741 (2011)
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