Thousands of nonsense-mediated mRNA decay targets revealed by transcriptome analysis
offer clues to the mechanism of degradation

Courtney E. French, Gang Wei?, Angela N. Brooks', and Steven E. Brenner'2>
'Department of Molecular and Cell Biology, 2Department of Plant and Microbial Biology, University of California, Berkeley, CA, 94720-3102, USA.

*These authors contributed equally to this work *brenner@compbio.berkeley.edu

° o (] (] (] (] [ ] (]
INTRODUCTION: Alternative splicing plays a major role in the RESULTS: Previously inferred splicing events resulting in NMD targets
eneration of proteomic diversity. However, * ' H
o€ noorp . Y Almost 2,800 robustly expressed transcripts, from a fifth of expressed genes, were confirmed...
boison cassette exon e mistakes in this process can introduce a premature . .o . - - :
vy n termination Codon (PTC) and result in were Identlfled as putatlve NMD ta rgets SRS F3 650:01’6: 365630001 365640001 365650001 365660001 36567000l 365680;(” L(J3|6t5r6a39c0002|Ser(\3/6e5(;0e(')|0e0r|ne:\:571000| 36572000
pre-mRNA . ] I non-functional proteins that are harmful to the cell. A No bias in directi £ abund H : : : Control ‘ h
sroductive splicing unproductive splicing Such transcripts are wusually degraded by O blasin flrec 'on ? abun .ance changes B Transcrlpt§ with a P.Tcsom are more likely to o 4 - | s
- nonsense-mediated MRNA decay (NMD). The or normal transcripts increase in abundance NMD inhibited ‘ I
premature termination coupling of alternative splicing and NMD has also o 4 h | -
codon (PTC)* . AAAAAA € Normal termination codon
mRNA AAAA AAAA been reported as an important regulatory AAAAAA
/ \ meChan|Sm fOr Certain SetS Of genes [1]. ThOugh 1500- 300 - >50nts \Poison cassette exon with PTC_
l many NMD targets have been identified in various — all normal transcripts all transcripts with a PTC, SRSF3 (SRp20), a SR protein, has been identified to have an NMD-targeted isoform [6,7]. This
%ﬂf produces species, we still lack a comprehensive view of the 2 _?::Srfrf‘s;”y expressed 2 _S'ﬁerer,‘t'ta”y expressed unproductive transcript is caused by cassette exon inclusion. Concurrent decrease of the productive
. ' : ' _ 2 I ks! ranscripts . . :
$3 Pprotein landscape of those transcripts degraded by NMD. S 1000- 5 500 - isoform implies regulation.
[ l Here, we characterize the transcripts normally § § A shift in splicing away from the productive isoform implies regulation
i degraded by NMD in human Hela cells by inhibiting IS kS
M NMD through knockdown of the essential NMD g 2007 g 1001 genome - - - -, ]
RNA degradation RNA accumulation . . c = — - —— Active NMD /—\— NMD inhibited o
factor UPF1 and performing RNA-seq analysis. 3 \ I 3 \ . — S~ — e — — e —
GOALS: 0 0 (J-\/— No regulation: see only increase in degraded isoform (red) - 595 genes
How many genes produce isoforms that are targets for NMD in human cells? <10 8 -6 4 -2 0 2 4 6 8 >10 <10 8 -6 4 =2 0 2 4 6 8 >10 y | . : |
How highly transcribed are NMD targets before degradation? Difference in expression: log, (NM[(?;RRB“FGPO'KKAPKM) Difference in expression: Iogz(NMggg?rgitFedeKAPKM) | ) .>5‘Ontdl " Active NMD - - - NMD inhibited .—.-
What is the functional role of NMD-related regulation? Q ‘o by — ) — — ) —
How does NMD recognize early termination codons? Altogether, 23,888 normal transcripts and 6,429 PTC C Many transcripts degraded by NMD are pleng Facter unproductive splicing - Splicing regulation: decrease in generation of productive isoform (blue)
g p 50nt . . . . hf d d . d . . f d
transcripts were expressed at FPKM>1 in at least one transcribed at high levels indicates shift towards producing unproductive isoform (red) - 355 genes)
@ ! NMD inhibition th N knockd £ UPF1 >50nts downstream of the termination codon. The i : | °ee ! ’
/RNAi on UPF1) ' NNIDIION TATOUGR KhOCKAOWN © ' abundance fold change distribution was symmetric for i : | MRRF T esosocol 125,020 4801 500,000 20700 ™™ 125000001
. . . . . . I I 8 I 665 raconserved elemen
2. Directional, paired-end RNA-seq library preparation. + normal transcripts (A), but PTC,,  transcripts showed a 15— ; i o ' Ul d element
3. High throughput sequencing using Illumina HiSeq 2000. — '; - strong bias toward increased abundance when NMD was | e | t i | ; L
. e e inhibited (B). = | NMD inhibited
X l
Control 4. Map reads to genome with TopHat [3]. o 10- o | L | _ |
, , , , , Premature termination codon (PTC_, ) . o , == @M& .
@ 5. Transcript assembly and quantification with Cufflinks [4].  stop codon > 50 bases upstream of last 2,793 PTC_, _ transcripts were significantly increased and = Normal termination codon
N - : exon-exon junction [5] defined as putative NMD targets (9% of expressed . .y . rotson cassee EXEm i s .
k J 6. Premature termination codon (PTC__ ) prediction using , H derived f % of 5 e MRRF, a mitochondrial ribosome recycling factor, was found to have a NMD-targeted isoform caused by the
canonical 50nt rule of transcripts targeted by NMD in transcripts). T edy' WﬁreL erll\lle rom 2,116 genes, 19% o | | inclusion of two cassette exons.
enes expressed in Hela cells. | ; | |
ﬂ mammals [5]. ﬂ g 0 E ! e — — KHDRBS1 ;c:r;]?e: I 32,490,0002IO <ol 32,500,000 | 32,510,000 | ' 32,520,000 |
@ o | Before degradation, NMD-targeted transcripts can be Control '”R‘&‘Eed Control '”:Ii'aiéed Control | (| 00 W
g o produced at as high a level as normal transcripts (C). - - S
@ === == Normal transcripts ~ NMD-targeted transcripts NMD inhibited I L
DDDDD o i ll i | ik
ragmentation - i I
AN = — A PTC_  is a strong predictor of degradation through NMD while -
Ve = = == n y R KHDRBST1, a signal transduction associated protein, was found to have a NMD-targeted isoform caused by
RNA-seq library Mapping to genome d |0|'I9 3 UTR has Ilttle effet alternative last exons.
5 : : _ . - — 1.0
5: 3: Figure From [2] _qg:
# 3 ol N W ol 25 03 conne i
1.0 Distance Distance EE 0.6
We define NMD targets as those transcripts that have a premature termination codon and iz Human & & © I TN CONCLUSIONS:
are significantly up-regulated when NMD is inhibited (in two biological replicates). 25 A 5% T vee .
= 2 08 . S £ 02 e TS Over 2,700 robustl d isof f 2,100
< = . o g = O S AR . o VVEr /, robust y eXpressed Isororms rrom over £,
1N O O ® = °
= * 0 19% of expressed genes) are degraded by NMD
° ° ° ° ° < o % .“ -10000-1000 -100 -10 0 10 100 1000 10000 geneS ( 0 p 9 9 y g
Genes WIth an NMD'tarQEtEd ISOform fall |“to dlverse fUHCtlonal groups g E 0.6 ’ ® e © Distance between tc?tr).mi‘natzi(())on. ccf)don)and last intron (nts) 1 548 Of NMD targeted transcnpts are nove| |Soform5
w In size Isoforms ° -
° ) A= e— @ /
and are enriched for spllcmg factors S % ¢ The 50nt rule is a powerful predictor of transcript (55%)
Soicing factor — mitochondrian® 2 = 0.4 ® ee stabllgatlon and thus NMD dggradatlon in human cells. o o .
category Genes with isoforms targeted by NMD g c * . There is a clear phase change in the fraction of isoforms » Splicing requlators are significantly enriched for NMD
SR proteins SRSF1, SRSF2, SRSF3, SRSF4, SRSF5, SRSF6, RNA blndlng*' o é 0.2 >0nts that increase when NMD is inhibited between those with ta rgetS.
SRSF7, SRSF8, SRSF10, SRSF11 methyltransferase activity* [® and without a PTC, . Not all transcripts follow this rule, , ,
HNRNPH3, HNRNPK, PTBP1, PTBP2, RBM3 metabolic process® | OL, : : : : : : : f fthe UPF1 k kd Anal Ivsi ith d NMD t .
<nRNP PPIH, PRPF3, SART1, SNRNP40, SNRNP4S, NA <olicirar -10000-1000 -100 -10 0 10 100 1000 10000 ?I ;CNtZO t 3 [ r:jOECNCCO)V[\)/IrELFI ”_T_ Ogousana ySIél wit ] proauce argets.
splicing* : : : . -seq data [mo ranscriptome Grou : L :
DEAD e T e PICng Distance between termination codon and last intron (nts) .. 5 4 P P » Transcripts targeted by NMD are significantly enriched for
: : : : : : . L : indicates the 50nt rule may not play as strong a role
Sm SNRPA1, SNRPB, SNRPN MRNA 3"-end processing- @15 (bin size 200 isoforms) outside mammals exonic ultraconserved elements
CIR1, CLASRP, CLK1, CPSF1, CRNKL1, CSTFT, . J = 1.0 P » Coupling of alternative splicing and NMD appears to
DGCR14, DNAJCS, EIF252, FUBP3, FUS, GCFCT, DNA-directed DNA o1 = o (i Lf‘—AAAA Human & & g 10 . e ¢
GTF2F2, IVNSTABP, LUC7L3, MAGOHB, MOV10, RPNOAl\ymerase activity 25 ool AND Surean AN 5o Fly regulate the expression of hundreds of genes.
NCBP2, POLR2E, PRPF4, PRPF4B, PRPF18, t aminoacylation | O 0.8/ transcript ‘_AL_ e %5 . :
Other PRPFI0E RBM2S. SCAFS. SF3B1. SFPQ, SFSWAP for protein trarslation 017 55 R s L @ 2 £ o6 - There is strong support for the 50nt rule in NMD
SMNDC1, SRPK1, SREK1, SRRM1, SRRM2, SUGP1, translation | — c 3'UTR length 5 A PR
SUGP2, TCERG1, THOC2, THOC4, TIA1, TIALT, f = = 0.6 22 04) . degradation in human cells.
TOP1MT, TRA2A, TRA2B, TXNL4B, U2SURP, protein folding | = .2 ° 5 ee s 7 2 i , - ST
USP39, YTHDCT, ZCCHCS, ZFR, 2NF207, 2R5R2 5 = Ce® 000 %00 ° o o e © o ELoaNa . : Support for a role for 3'UTR length in NMD is limited.
Splicing factors have been described as producing isoforms oxidation-reduction process | == 0.4 ff%.O.u(i ®eo C: e°® o o ) o ’ = o o T, T, =
targeted by NMD .[6,7,8]. We found 20 previously r.eported (red) proteolysis o q;:) '@@ O O v Length of UTR (nts)
and many more (list of factors from [9]). RNA splicing genes were bohvdrat taboli CC) é 0.2 (bin size 800 isoforms) ACKNOWLEDGEMENTS
significantly enriched for NMD targets (FDR corrected p<0.05). caroonydrate metabolic| = ‘ : : : : :
prOtCeS.S § z\:\rglleikvl\i/ﬁosgcej 2 fS :Ir?ck:’;;ger;elei%?gsl:gc r\:vaegr;i EJR length The fly UPF1 knockdown RNA-seq data were generated by the modENCODE Fly
: apoptosis | : .
number of genes in category that are NMD targets Pop L 0 | | | | ranscriots (Green). this effect largely disappears when Transcriptome Group (Sue CeI.nlker, Brenton Graveley, Stgven Brenner,(?emma May,
signal transduction’ 0 1000 2000 3000 4000+ ptsigreeny, gely PP Li Yang, Angela Brooks). Read alignments were done by Mike Duff, Sandrine Dudoit,
O O O Q Q L th of 3'UTR (nts) PTC, . transcripts are excluded (gray). Kasper Hansen.
€ngth o nts We thank Adam Roberts and Lior Pachter of UC Berkeley for help with th
0-20 21-50 51-100 101-200 201-300 ; | . 0% 20% 40% 60% 30% (bin size 800 isoforms) o&:m?;atio:aor?cffﬂ?r:kssan lor Pachter o erkeley for help wi e
* significantly enriched at H H '
raw p-value: @ <0.0001  ® 0.0001-0.01 9 EDR <Yo 05 percent genes in category that are . NMD'tarQEted transcrlpts are validated by qPCR This work was funded by an NIH Grant R01-GM071655 to S.E.B, G.W is also supported
0.01-005 @ >0.05 ) Gene expre55|on Of mal'ly NMD faCtorS by a Tang Distinguished Scholarship from QB3 at UC Berkeley, and C.E.F. was
' ' NMD targets increased upon UPF1 knockdown 7 supported by an NIH GGD training grant.
(]
Ultraconserved elements are over-represented in NMD-targeted genes | . @ ND-targeted transcripts REFERENCES:
5 § _ 1. Lewis BP, Green RE, Brenner SE. Evidence for the widespread coupling of alternative splicing and nonsense-mediated decay
. o . &= 15 g . @ Nochange inRNA-seq data in humans. PNAS. 2003. 100:189-192
Functional Category Genes with isoforms targeted by NMD overlapping ultraconserved element o é 2 . @ 5iaritcanty down-requisted in RNA-seq data 2. Trapnell C and Salzberg SL. Nature Biotechnology. 2009. 7:457
:‘5 = 1 E € 3. Trapnell C, Pachter L, Sa.lzberg SL. Bioinformatics. 2009. 25:1105-11
<c|s Y 4, Trapnell, et al. Nature Biotechnology. 2010.28:511-5
RNA . 16 DDXS DHX1 5 HNRN PH1 HNRNPK HNRPDL PRPF38B PTBP2 = g O 5 g—: ¢ 5. NagyEand Maquat LE. A rule for termination-codon pOSitiOﬂ within intron—containing genes: when nonsense affects RNA
processing ’ ’ ! ! ’ ! ’ % ~ ’ 5 All 48 NMD-targeted transcripts abundance. Trends in Biochemical Science. 1998. 23:198-9
SRSF1. SRSF3. SRSF6. SRSF7. SRSF11. TIAL1T. TRA2A. TRA2B. ZFR Zl 0 & ° tested (across varying expression 6. Lareau LF, Inada M, Green RE, Wengrod JC, Brenner SE. Unproductive splicing of SR genes associated with highly conserved
o . ! ! ! ! ! ! ! ! o) = . levels) increased when NMD was and gltraconserved DNA elements. Nature. 2007. 446:926.—9 . N | N
Transcnp’uonal regulatmn 4 CCAR1, MED1, MGA, NFAT5 9 o o , 7. NiJZ, et al. Ultraconserved elements are associated with homeostatic control of splicing regulators by alternative splicing
Oth -0.5 UPF2 UPF3a UPE3b SMG1 SMG5 SMG6 SMG7 i inhibited accc?rdlr)g to gPCR - and non.sense—mediated decay. GenesandD.evelopmem.‘. 2007.21:708-18
er 6 HIRA, RC3H2, FAM98A, MRRF, STRN3, DLG2 performed using isoform-specific 8. McGlincy N J, Tan LY, Paul N, Zavolan M, Lilley KS, Smith CW. BMC Genomics. 2010. 11:565
As previously reported [11],the NMD factors UPF2,SMG1, SMGS5, <. primers. 9. Barbosa-Morais NL, Carmo-Fonseca M, Aparicio, S. Genome Research. 2006. 16:66-77
26 of 73 genes that overlap an exonic ultraconserved element are NMD targets (significantly enriched by Fisher’s exact test, SMG6, and SMG7 had increased gene expression levels when NMD 5 0 5 10 12+ 10. Bejerano G, et al. Ultraconserved elements in the human genome. Science. 2004. 304:1321°5

11. Yepiskoposyan H, Aeschimann F, Nilsson D, Okoniewski M, Miihlemann O. Autoregulation of the nonsense-mediated
mRNA decay pathway in human cells. RNA. 2011. 17:2108-18.

p<6.8e-4). Ultraconserved elements are defined as >200 bp of 100% sequence identity between human, mouse, and rat [10]. is inhibited, while UPF3a and UPF3b do not. RNA-seq;: Log (NMDinPilii'lcEeldeKKAPKM)
* 2 contro



