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Upstream ORFs (wDRFs) are mANA elements defined by a start codon
Im the 5° UTR that Is out-of-frame with the maln coding sequence.

Although wORFs are present in approximately half of human and
mouse transcrpts, no study has Investigated thelr global Impact on
protedn expression. Here, we report that uDRFs comrelate with signif-
lcantly reduced protein expression of the downstream ORF, based on
analysis of 11,649 matched mANA and protein measurements from 4
published mammallan studies. Using reporter constructs to test 25
selected wORFs, we estimate that wORFs typically reduce protein
expression by 20-80%:, with a modest impact on mAMA levels. We
addtionally identify polymorphisms that alter uDRF presence In 509
human genes. Anally, we report that 5 uORF-altering miutathons,
detected within genes previously linked to human diseases, dramat-
lcally sikence expression of the downstream protein. Together, our
resulis suggest that uORFs Influence the protein expression of thou-
sands of mammallan genes and that variation In these elements can
Influence human phenotype and diseasa.
polymorphism | post-transoriptional control | proteomics
translation | wORF

he regulation of gence expression is controlked al many levels,

including transcription, mBNA processing, prodein ranslation,
and prolcin urnover. Postranscriptional regulation is oficn con-
trolled by short sequence clements in the UTHEs of mENA. One
apch 5" LUFNTR clement i the upstream ORF (uQRF) depicted in Fig.
L4. Because cokaryolic ribosomes vsually load on the 5' cap ol
mRNA transcripis and scan for the presenoe of the lirst AUG starl
coddon, wORFs can disrupt the efficicnt translation of the down-
siream coding sequence (1, 2). Previous reporls have shown Lhial
ribosomes encountering a wRF can (i) translate the wORF and
stall, trigeering mEMA decay, (i) translate the w(dRF and then,
wilh some probability, reinitiale Lo translale the downsiream OORF,
or (i) simply scan through the wORF (2). wCYRFs have been shown
o reduce prodcin levels im o~ 1K) cokaryolic genes [supporling
information (51) Table 51| Additionally, mulations thal introduce
or disrupl 4 uORF have [ound o canse 3 human discases (3-3). In
scveral inleresting cases, Lhe vYRF-derived protcin is [unctional;
however, in most cases, Lhe mere presenoe of the vYRF is sullicient
o reduce expression of the downstream ORF (1, 2, 6—8). Previous
genomic analyscs supeest that vORFs may be widely lunctional for
several reasons: They correlate wilth kwer mRMNA cxpression kevels
(9), they are less common in 3° UTTRs than would be expecied by
chance {6, 10}, they are more conserved than expected when
present (6), and several hundred have evidence of ranslaton in
yeasi (11). However, no study has demonstraled thal these clemenis
have a wikdespread impact on cellular prodein levels. Morcover, no
sludy has investigaled whether wORF prescnce varies in Lthe human
population. Here, we lake advantage of recently available dalascis
of prolein sbundance (12-17) and genclic variation (18, 19) o
gesess Lhe impact and natural variation of mammalian nORFs
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Fig. 1. uORF definition and prevalence. (4} Schematic representation of

mENA transcript with 2 uORFs {red arroses], 1 fully upstream and 1 overlapping
the main coding sequence (black armow]). uORFs are defined by a start codon
(AUG) in the 5° UITH, an in-frame stop codon (arrowhead) preceding the end
of the main coding s=quence, and length =9 mt. {8} Number and length of
uORFs in human and mouse Refieq transcripts.

Results

uRF Prevalence Within Mammalian Transcripts. We deline a wRF as
formed by a stanl codon within a 53" UTK, an in-[rame stop codon
preceding the end of the main coding sequence (C125), and length
al least 9 nl including the stop codon. As shown in Fig. 14, ths
definition includes wORFs both fully upstream and overlapping the
C105, because hoth types are predicted 1o be lunctional (20 We
searched [or wORFs within all human and mouse Belbeq tran-
scripls with annolaled 3* U'TRs =10 oL Consistent wilth previous
estimales {9, 100, we [ind that 49% of human and 449 of moase

transcripds conlain 4l least | wORF (Fig. 18). Interestingly, human
and mouse uORF start codons {(uALUGE) are the most conscrved

3" UTR tmnucleotide across vericbrale specics (Fig. 51), consistent
wilh a wikdespread [unclional rode.

ulRF impact on Cellular Protein Levels. Il wC)BEFs canse widespread
reduction in prodein cxpression, &s predicled by ribosome scanning
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midelks, we would expect v YRF-containing transcripls o correlale
with lower protcin levels when compared with wORF-dess tran-
scripts. To wesl this hypolhesis, we anabrred a wial of 11,649
malched mRNA and prolcin abundance measurements from 4
published siudics across a vanicely of mouse socs and develop-
miental slages. These induded: 2484 penes expressed in liver (12),
T2 penes expressed in & stages of lung development (13), 487
mileschondria-localed pene products cxpressed in 14 Gssues (14),
and 925 gencs cxpressced in O Lssucs (15) (scc ST Text for delails).
Protcins were delecled via landem mass spectrometry (MS/MS),
and abundance was cslimated by standard mcthods using the
normalized number (12, 13, 15) or ital peak area (14) of malching
M5 spocira. mRNA abundance in these condilkons was measurcd
by microarrays (21, 22). Although neither lechnology provides
ghenlole gquantitation, these large-scale dalascls can reveal rends
geross Lhousands of genes. Because MSMS lechnobogy cannol
rchiably distinguish splice varianis, we analyoed cxpression al Lthe
gene level and considered only those penes whose collective splice
variants cither all contain, or all lack, wORFs Consistent with
previous reports (23), we observed that the 10% most highly
cxpressed transcripls based on microarray lissue allases (21) end 1o
lack wYRFs (Fig. 52 and ST Texd), and therelfore, we conscrvatively
cxcluded these genes o avosd overestimating w(dRF ellecis.

hespile differences in cxperimental methodology, all 4 indepen-
dent datasets showed a reduced distribution of prolein levels [or
gencs conlaining versus lacking wOREFs (Fig. 2 A1), Median
protein levels were reduced, respectively, by 39% (P = lc—3), 29%
(F = 0.007), M% (P = 0.008), and 13% (P = 0306), whore
significance was dewermined by empirical permutation lesting.
mRNA levek were reduced 1w a lesser extent with only the liver
dalasel (12) showing a stalistically significant median reduction
(Fig. 2K and Fig. 53). Imporianily, the ralio of prodein o mENA
was signilicanily reduced [or nORF-conlaining genes in 3 of 4
datasets (Fig. 2E and Fig. 53), suggesting Lthal u(RF presence likely
inhibits translation of the main coding sequence. We observed Lhe
same trends when we modificed the definition of a wCRF by allering
length and overlap crlerns, and when we included the 1095 maost
highly expressed genes (Fig. 54). Analysis of 2 addilional MS/MS
studics of mouse adipocyte cells (16) and dilferentiating ecmbryonic
stem cells (17) akbo showed reduced proicin leveks for nORF-
conlaining genes, allthough matched mEMNA data were nol available
(Fig. 53). Collectively, these analyses across 3,297 mouse genes
demonsirated the limst larpe-scake correlation of wORF presence
wilth reduced protein kevels.

To determine whelher w()RFs play a caosal role in reducng
protein kevels, and 1o more accuralely quantily their eTect s, we
performed a serics of experimenis on 15 wORF-conlaining genes
using dual-luciferase reporier constructs (soc Maetenals and Mech-
ods). Five gencs were chosen randomly [rom the set of all mouse
transcripls conlaining single wORFs and whoere, for technical case,
3" UTR length exceeded 100 ot (Fig. 3 B and F). An additgonal 10
were seleced from our mitochondrial study { 14) where M5MS and
conscrvation data suggestod funcionality (Fig. 3 C and (7). We
cloned the 5° UTR ol cach scleded gene upstream of a luciferase
reporier (Fig. 34). HEK 293A cells were then transfecled with
u IR F-conLaining lucilerase constructs or conlrod constrocts where
the u()RFs starl codon (AT(r) was mutated o TTC. Alier 48 b,
cells were assayed [or luclerase transcripl levels by quantilative
PCR and (or luclferase activity by luminometry. These experimenis
showed that, on average, nORFs canse a 538% decrease in protcin
leveks (Fig. 3 B and C) and a 3% decrease in transcripl kevels (Fig
3 F and 7). All individual prodecin differences and 4 mBEMNA
dilfercnces were stalistically significant (Fig. 3), and all protein/
mRNA ratio dilferences were siatistically significant excepl for
gene fsdl? (Table 52). The constructs with randomly schecled
nl IR Fs showed higher prodein levels compared with the wO)RFs
sckecled with evidenoe of lunctionality (F = le—3 based on f LesL).
Similar resulis were oblained using HEK 29371 cells. Together, the
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Fig. 2. Protein expression of uOffFcontaining genes. (A-0] Cumulative
distribution of protein expresion for mouse genes containing wORFs (red
curve] or lacking uORFs {gray ourve) in =ach of 4 independent MSMS studies
(12-151 N indicates the number of unigque genes in =ach set. (E) Median
reduction of protein and mANA expression for genes containing wORFs com-
pared with genes lacking wDARFs, with Fvalues {in parentheses) computed by
empirical permutation testing.

large-scale correlations and wvalidaltion cxpenments demonstrale
that w}RFs causc blunicd prolcin cxpression of downsiream
coding sequences.

influemce of wDRF Context, Position, and Comservation. We next inves-
tigalcd whelher specific u(ORF properiics were assocaled with
stronger translational inhibiton. We anabeed wORF kength, num-
bor, conservation, position relative o Lhe cap, position relative o
the CID5, and uAUG conlext (also called “Kovak scquence™) (see
Materials and Methods). We guantilicd vORF clfects using the
Kolmogorov—Smirnov (KS) 2 siatistic within the largest dalasct
{liver), which ollered statistical power [or these analyses. All lested
subscls of n(YRFz showed redoced protein levels compared with
wYRF-kess genes (P < 0L05), although cortain propertics modificd

Cahva at all
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Rg 3. Luiferase assays of uORF effects on prot=in and mRENA levek. (4) Experimental design of reporter constructs with and without wORFs i shown for
example MrplT 1. (B-) Normalized luciferase activity (§-£) and mAMNA expression () are shown for reporter constructs that contain a wORF {red) or lack 2 uORF
(gray) due to a mutation that disrupts the uORF start codon. The constructs contain 5" UTRs from: 5 mouse genes chosen randomily (8 and Fl, 10 mouse genes
with proteomic and conssrvation signatures of functional wORFs (C and G, 5 human genes with polymonphic wORFs (D and H), and 5 human disease genes with
uORF-altering mutations detected in patients (£ and /). Ermor bars represent +5E of =& biclogical replicates (B—£) and =4 technical replicates (). Asterisks

indicate significant diffference (P < 0U01).

Lhi effect siee (Fig. 55 ) As predicied by Korak's dlassic experimenis
(1, 20, 24-26), increascd inhibilon correlaled with strong versus
weak uAUG context (P = (UM), long versus shorl cap-lo-uQRF
distance: (F = (UNFE 1o 4c—4), presence of mulliple uORFsin the 5°
UTR (F = 8c—0), and increased conscrvalion (P = le—6) (Fig
53 Surprisingly, we observed no significant difference bebtween
uORFs [ully upsiream versus overlapping the CIS (P = (19),
between wORFs of dilfcrent proximity Lo the CIXS (F = 0.6 0 0.5)
or between wORFs of different lengths (F = (13) These compar-
isons over hundreds of hiver genes indicale thal although all types
of wORFs can reduce protein expression, 4 uQRF propertics arc
gssocialed with greater inhibition: strong wALUC context, evolu-
Licvmary conservation, increascd distance [rom the cap, and multiple
uldRFs inm the 5° UTR.

Polymorphic wORFs in Hamans. Given thal oORFs reduce protein
cxpression, polymorphisms thal creale or delele uwORFs could
influcnce human phenotypes. Therelore, we scarched for nORF-
glicring varianis wilhin the 12 million SNPs in the human dbSNP
dalabase [ 18). We coin Lhe lerm polymorphic uORF (puORF) o
inddicale a uw(IRF Lhal s created or deleted by a pohymorphism. We
identificd puldRFs in 509 onigque gences { Pable 53), of which 366
gones had multipde wCYREs, and 143 gencs had single wOREFs { Table
I). Using the cellular reporter constructs described above, we Lested
the unctionality of 5 puC)EFs. In all cascs, the constructs with
ul IR Fs produced 30— 060% less prodein than those wilh the o0REF-
less SN P variant, with an average 3% deorcasce in mENA bevels (Fig.
3 I and HY). Al individual prodein and prodein/'mBENA reductions
were stalistically significant { Fable 52} The impact of the pudRFs
was comparable with all other nORFzs that were tested cxperimen-
Lally (Fig. 3). Thus, natarally occurring uORF-alicring pobymor-
phisms are likely o alier cellular expression of the downstream
protein.

Caheo et al

pulRF-Mediated Differences im Factor XIl Protein Lewels. COnc of the
human wOYRF-allering SNPs (ms 1800 has previously been as-
socialed wilth differenoes in circulating plasma kevels of clolling
[acior XII (FXIT) in 5 indcpendent studics (27-31) (Fig. 4). This
SMNP represents a common 1TC polymorphism with prevalence of
the T alkede catimaled at 209% in Caocasian and W% in Asian
populations {27-31). Kanaji and collcagues demonsiraled that the
T alkele reduces prodein bevels, and proposed thal the mechansm
could be due o disrupdion of the Koenk consensus scquence or Lo
the introduction of & w(YEF, although these hypolheses were nod
lested (3)). To expernmentally tesl the uRF hypothoesis, we
crealed 8 reponier constrocts that included all 4 possible nockeotide
varianis al the SMNP sie, 3 artilicial wORF-generating mutations,
and | mulation creating an allernale in-frame starl sile (Fig. 44).
Aldl 4 u[}IH'F-cmLummg UTR constructs showed ~=50% reduction
in prolein levek (P < 2e—6), whereas the 4 constructs lacking
w}RFs did nol show strong dilferences in protein kevels (Fig. 48).
mENA kevels were allered by <309 (Table 52). These resulis
strongly supacst that the presence of a paORF is responsible for the
obscrved variation in human [actor X1 protein levels

uDRF-Altering Mutations Related to Hueman Disease. In addition o
common puldEFs, rare mulations thal alicr wORFs may casse
discase, as has beon shown [or 3 genes (Table 2) To systematically
ientily additional cases, we scarched the Human Gene Mutation
Daltabase (19) for mutations that introduce or climinate nORFs.
We lound 11 additional mutations (Table 2) that were detccted by
rescquencing in known discase-relaled genes in allfeaed patienis
{32—42). These wdRF-allcning mulalions were nol presenl in
population controks (32-42), and were cither the sole mulation
detecied in the sequenced exons, or were compound heleroeygous
wilh a misscnse/nonsense muiaiion (Table 2) The paticnl prescn-
Lation was constslenl with a recessive phenolype in 3 of the 4
compound heterosyaous cascs (37, 38, 42, 43), and was ambigoous
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