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The impact of RNA structures in coding sequences (CDS) within mRNAs is poorly understood. Here, we identify a novel
and highly conserved mechanism of translational control involving RNA structures within coding sequences and the DEAD-
box helicase Dhhl. Using yeast genetics and genome-wide ribosome profiling analyses, we show that this mechanism, initially
derived from studies of the Brome Mosaic virus RNA genome, extends to yeast and human mRNAs highly enriched in mem-
brane and secreted proteins. All Dhhl-dependent mRNAs, viral and cellular, share key common features. First, they contain
long and highly structured CDSs, including a region located around nucleotide 70 after the translation initiation site; sec-
ond, they are directly bound by Dhhl with a specific binding distribution; and third, complementary experimental ap-
proaches suggest that they are activated by Dhhl at the translation initiation step. Our results show that ribosome
translocation is not the only unwinding force of CDS and uncover a novel layer of translational control that involves
RNA helicases and RNA folding within CDS providing novel opportunities for regulation of membrane and secretome

proteins.
[Supplemental material is available for this article.]

Structural features in messenger RNA (mRNA) regulate its localiza-
tion, translation, and degradation. The dynamic folding of mRNA
into secondary and tertiary structures guides the interaction with
proteins and RNAs that ultimately directs mRNA fates. Yet, the
elucidation of such structures and their functional implications
remain elusive. Recent advances in next-generation sequencing
(NGS) in combination with nuclease treatments or chemical prob-
ing allowed, for the first time, experimental genome-wide mea-
surements of RNA secondary structures. These seminal studies
have uncovered novel evolutionary conserved structural patterns
and their nexus to translational control (Mortimer et al. 2014).
A surprising discovery was that the CDSs of Saccharomyces cerevisiae
mRNAs present a higher degree of secondary structures than
untranslated regions (UTRs) in vitro (Kertesz et al. 2010). Subse-
quent studies demonstrated that CDSs are significantly less struc-
tured or, alternatively, more structurally dynamic in vivo than in
vitro (Rouskin et al. 2014). This remodeling is energy-dependent,
as depletion of ATP results in recovery of the structure, mimicking
the in vitro results. How this in vivo remodeling is achieved and
what functional implications it represents are pootrly understood.
Ribosome translocation during translation elongation has been
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traditionally considered to drive CDS unwinding since strand sep-
aration activity is inherent to the ribosome, requiring no exoge-
nous helicases (Takyar et al. 2005). However, this activity might
not be the only unwinding force in vivo, as high ribosome occu-
pancy within coding regions is not associated with lower structure
propensities (Rouskin et al. 2014).

Strong candidates for factors directing mRNA unfolding in
vivo are ATP-dependent helicases. From these, the large DEAD-
box family of RNA helicases is involved in all cellular processes
that require RNA remodeling, such as transcription, pre-mRNA
splicing, ribosome biogenesis, and RNA decay (Martin et al.
2013; Jarmoskaite and Russell 2014). In addition to ATP-depen-
dent RNA unwinding activities, DEAD-box RNA helicases promote
RNA duplex formation, serve as assembly platforms for the forma-
tion of large RNP complexes, and displace proteins from RNA
(Linder and Jankowsky 2011). Dhh1 is a highly evolutionarily con-
served member of the family of DEAD-box RNA helicases. The con-
servation is such that, in yeast, Dhh1 can be functionally replaced
by its counterparts from Drosophila melanogaster Me31B), Xenopus
laevis (Xp54), or humans (DDX6) (Maekawa et al. 1994; Tseng-
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Rogenski et al. 2003; Westmoreland et al. 2003; Alves-Rodrigues
et al. 2007). Dhh1 functions as a translational repressor and as a
decapping activator in the major deadenylation-dependent 5'-3’
mRNA decay pathway (Presnyak and Coller 2013). Former in vitro
studies suggested that Dhh1 represses mRNA translation by acting
on translation initiation and translation elongation (Coller and
Parker 2005; Franks and Lykke-Andersen 2008; Sweet et al.
2012). In humans, DDX6 functions as well in promoting
miRNA-mediated repression via association with AGO1, AGO2,
and the CCR4-NOT complex (Chu and Rana 2006; Chen et al.
2014; Mathys et al. 2014).

In contrast to the well-established Dhh1 repressing functions,
we and others have found that Dhh1 activates translation of viral
RNA genomes. By using a model system that allows the replication
of the plant Brome mosaic virus (BMV) in yeast, we have previously
shown that Dhh1 depletion dramatically inhibits BMV RNA trans-
lation (Alves-Rodrigues et al. 2007). Moreover, this role is extended
to its human homolog DDX6 since first, in the yeast model system
it replaces Dhh1 to promote BMV RNA translation, and second, it
promotes translation of the human Hepatitis C virus (HCV) RNA ge-
nome in hepatoma cell lines (Alves-Rodrigues et al. 2007; Scheller
et al. 2009; Huys et al. 2013). The mechanism for translational ac-
tivation by Dhh1 is unclear, but it should not involve the cap
structure because, unlike BMV RNA, HCV RNA is translated via
an IRES-dependent mechanism. BMV and HCV belong to the large
group of positive-strand RNA viruses whose RNA genomes are
highly structured. Throughout infection, positive-strand RNA ge-
nomes display three mutually exclusive functions. They first
function as mRNAs for expression of the viral proteins, later as
templates for RNA replication, and subsequently as genomes for
encapsidation of new particles. Profound remodeling steps of the
viral ribonucleoprotein complex are temporarily required to coor-
dinate these essential transitions that are poorly understood.
Given the dynamic folding properties of viral RNA genomes and
the fact that viruses hijack processes already existing in the host,
we hypothesized that the positive role of Dhh1 in viral RNA trans-
lation is linked to specific RNA folding regulations that may be ex-
tended to a specific set of cellular mRNAs. By combining viral
studies in the BMV/yeast system with high-throughput RNA-seq,
ribosome profiling and CRAC (UV crosslinking and analysis of
cDNA) of host mRNAs, here, we uncover an additional layer of
translational control involving an RNA helicase and RNA folding
within CDSs that is seemingly conserved from yeast to humans
and hijacked by viruses.

Results
Dhhl ATPase activity promotes translation of BMV RNA2

Dhh1 has been well described as a translational repressor and a
decapping activator; however, by using the ability of BMV RNA
to translate and replicate in the yeast Saccharomyces cerevisiae, we
have previously shown that Dhh1 promotes translation of the
BMYV RNA2 (Mas et al. 2006). BMV RNAZ2 is 5’-capped and contains
a tRNA-like structure instead of a poly(A)-tail at the 3’ end (Noueiry
and Ahlquist 2003). To elucidate which Dhh1 features are required
for this unexpected function, we introduced several characterized
point mutations in multiple conserved motifs (Cheng et al. 2005;
Dutta et al. 2011) and studied their in vivo effect on both yeast
viability and BMV RNAZ2 translation (Fig. 1). The mutants were
named based on the mutated motif (described in Fig. 1A; Supple-
mental Fig. S1A). A single-copy plasmid expressing each mutant
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Figure 1. Effect of multiple Dhh1 mutations on cell growth and on viral
RNA translation. (A) Motifs and functional domains of the DEAD-box RNA
helicase Dhh1. Numbers 1A to 6B indicate the location of the point muta-
tions. (B) Growth at 30°C and 36°C of WT and dhh1A expressing various
Dhh1 mutant alleles. (C) Effect of Dhh1 mutants on BMV RNA2 transla-
tion. The dhh1A strain was transformed with a plasmid expressing RNA2
together with an empty plasmid or a plasmid expressing DHH1 or the dif-
ferent dhh1 mutant alleles. RNA2 and protein 2a were analyzed by
Northern and Western blot, respectively. As a control for equal loading
and sample quality, 18S rRNA and phosphoglycerate kinase protein 1
(Pgk1) were also analyzed. The average 2a expression value from at least
three independent experiments is shown. The average value obtained
for cells expressing DHHT was set to 100. The SEM values are indicated be-
low. (D) Dhh1 binds BMV RNA2. Western blot analysis of immunoprecip-
itation assays carried out in dhh1A cells expressing RNA2 and Dhh1 or
Dhh1-Flag. Input corresponds to 100 pg of total protein present in lysates
prior to precipitation and IP corresponds to the corresponding eluates
from the anti-Flag matrix following precipitation. Diagram shows the rela-
tive amount (+SEM) of precipitated RNA2 detected by gPCR after immu-
noprecipitation; the input amount of RNA2 was set to 100. (£) The half-
life of RNA2 is not significantly altered in dhh1A cells. RNA2 was expressed
from a GALT promoter in WT and dhh1A cells. Transcription was stopped
by adding glucose at time point t=0 min. Samples were taken at different
time points and RNA2 accumulation analyzed by Northern blot. Numbers
below indicate the average half-life of RNA2 (+SEM) based on three inde-
pendent experiments. T-test analysis shows that the half-life is not signifi-
cantly altered in dhhTA cells.
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from the endogenous DHHI promoter was transformed into the
dhh1A yeast strain. Expression levels of all Dhh1 mutant proteins
were similar to that of wild-type Dhh1 (Supplemental Fig. S1B).
First, we examined the effect of Dhh1 mutations on cell viability
by studying cell growth at 30°C and 36°C (Fig. 1B). Confirming
previous results for other yeast genetic backgrounds (Cheng et al.
2005; Dutta et al. 2011), all mutants failed to complement the
dhhlA thermo-sensitive phenotype, except mutant 14, 3, and
6B, which are described not to affect Dhh1 remodeling activity
(Cheng et al. 2005; Dutta et al. 2011). Importantly, a similar pat-
tern was observed when we tested the effect of the Dhh1 mutants
on BMV RNA2 translation (Fig. 1C). As steady-state BMV RNA2 lev-
els were not affected, we conclude that the observed differences in
2a expression are due to translation defects. Together, these results
indicate that similar Dhh1 features, including the ATPase activity,
are required for both cell viability and BMV RNA2 translation.

A plausible explanation for these effects is that Dhh1 pro-
motes translation of BMV RNA2 by remodeling its structure. If so,
Dhh1 and RNA2 must interact. To test this possibility, we carried
out RNA-co-immunoprecipitation experiments (RIP) using a Flag-
tagged Dhh1 (Fig. 1D). Addition of the Flag-tag did not affect
Dhhl function in BMV RNA2 translation (Supplemental Fig.
S1C). As a control, Patl, a known Dhhl-interacting protein
(Coller et al. 2001; Nissan et al. 2010), was co-immunoprecipitated
(Fig. 1D). BMV RNA2, detected by quantitative PCR, was enriched
approximately ninefold in Dhh1-Flag eluates compared to the un-
tagged Dhh1 control, indicating that Dhh1 interacts with viral
RNA2 (Fig. 1D). To test whether the detected interaction is direct
or mediated by another protein, we used CRAC analysis (Bohnsack
etal. 2009, 2012). This method allows for a rapid and accurate iden-
tification of protein binding sites on RNA. Dhh1 directly bound at
three sites in the CDS and one in the 3’ UTR, namely within the
tRNA-like structure (Supplemental Fig. S1D). Given that Dhhl is a
decappingactivatorand BMV RNA2 is 5'-capped, the detected bind-
ing might be related to decapping and not to the translation activa-
tion mechanism. To rule this out, we determined whether Dhh1
affects the stability of RNA2, as expected should decapping be oper-
ative. BMV RNA2 was expressed in WT and dhh1A strains from an
inducible GAL promoter whose activity is repressed in the presence
of glucose in the media. After adding glucose, RNA2 levels were fol-
lowed over 60 min by Northern blot analysis (Fig. 1E). The half-life
of RNA2 in dhhIA cells was not significantly affected when com-
pared to that in WT cells, indicating that Dhh1 is not involved in
BMYV RNA2 decapping or decay. Altogether, the data suggest a direct
role of Dhh1 and its ATPase activity in BMV RNA2 translation.

Depletion of Dhhl shifts BMV RNAZ2 toward fractions containing
single ribosomal subunits

To determine which step of BMV RNA2 translation is promoted by
Dhh1, we carried out polysome profiling analyses in WT and
dhh1A cells expressing BMV RNA2. Absorbance measurements in-
dicated that the average monosome to polysome (M/P) ratio in WT
and dhhiIA cells was similar, showing that the absence of Dhh1
does not affect polysome profiles, as previously reported (Fig. 2A;
Coller and Parker 2005). Northern blot of RNA2 along the poly-
some profile showed that depletion of Dhh1 shifted RNA2 toward
monosomal, 60S, and 408 fractions (Fig. 2B; Supplemental Fig. S2).

Puromycin, a drug that releases elongating ribosomes, is rou-
tinely used to confirm that mRNAs located in polysomal fractions
are associated with ribosomes and not to merely heavy RNPs
that do not contain ribosomes (Thermann and Hentze 2007). As
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Figure 2. Depletion of Dhh1 shifts BMV RNA2 toward single ribosomal
subunit fractions. (A) Global translation is unaffected in a strain expressing
RNA2. UV absorbance profile at 254 nm of an extract from WT and dhh1A
cells expressing RNA2 after sedimentation on a 10%-50% sucrose gradi-
ent. The monosome to polysome ratio (M/P £ SEM) is not significantly af-
fected. (B) Sucrose density gradient analysis of BMV RNA2 in WT and
dhh1A yeast. Below a representative UV absorbance profile is the distribu-
tion of normalized RNA2 levels in the specific fractions. Bars represent
the average +SEM from three independent experiments. Fractions were
grouped into free (1-5), single ribosomal subunits (6-11), monosomes
(12-15), light polysomes (16-21), and heavy polysomes (22-26). The to-
tal amount of RNA2 recovered over the gradient was set to 100%. (C) UV
absorbance profile at 254 nm after 15-min glucose withdrawal of an ex-
tract from WT and dhh1A cells expressing RNA2. (D) Distribution of nor-
malized RNA2 levels in the specific fractions after 15-min glucose
withdrawal, as in B. (E) Dhh1 interacts with translation initiation factors.
Western blot analysis of immunoprecipitation assays. Extracts were either
treated (+) or not treated (—) with RNase A prior to the washing steps.
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puromycin and similar drugs do not work
in yeast due to poor uptake (Melcher
1971; Schindler and Davies 1975), we in-
hibited global translation with 15 min of
glucose withdrawal to test whether RNA2
is associated with ribosomes (Fig. 2C).
Glucose deprivation inhibits transla-
tion initiation; thus, if RNA2 is associa-
ted with elongating ribosomes, a shift
of RNA2 out of polysomes should be
observed due to ribosome run-off and
the inhibition of initiation. Glucose
withdrawal led in WT and dhhiA cells
to a comparable shift of RNA2 out of
the polysomal fractions towards the free
fractions and the monosomal fractions
(Fig. 2D). Together, these results suggest
that Dhh1 promotes translation initia-
tion of RNA2. In agreement with this con-
clusion, immunoprecipitation analyses
showed that Dhh1 binds to the transla-
tion initiation factors eIF4E, elF4A, and
elF4G in an RNase-resistant manner
(Fig. 2E).

A stem-loop within the CDS of
RNA2 confers dependence on
Dhhl for translation

To identify which BMV RNA2 regions
confer Dhh1-dependence for translation,
we replaced different RNA2 segments by
alternative sequences and quantified 2a
and RNA2 levels in the presence and
absence of Dhh1 (Fig. 3A). The 5 and
3’ UTRs of BMV RNA2 are highly struc-
tured sequences with overlapping cis-act-
ing signals essential for RNA2 translation
and replication (Noueiry and Ahlquist
2003). The BMV & UTR was replaced
by that of the GALI transcript and the
nonpolyadenylated 3’ UTR by the polya-
denylated 3" UTR of the ADH1 transcript.
Translation of the natural RNA2 exhibi-
ted a 12-fold dependence on Dhh1. Re-
placing either the 5 UTR or the 3" UTR
decreased RNA2 Dhh1l-dependence to
twofold (Fig. 3A). Similarly, the concur-
rent replacement of both UTRs decreased
Dhh1-dependence to twofold. Interest-
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Figure 3. A stem-loop in the 2a CDS confers dependence on Dhh1 for translation. (A) Northern and
Western blot analysis of WT and dhh1A yeast expressing different BMV and GFP mRNA constructs (sche-
matic diagrams of the constructs depicted on top, in blue native BMV RNA2 sequences). Dhh1-depen-
dence is calculated from the relative expression of 2a and GFP normalized to Pgk1 in WT and dhhTA
cells. Dhh1-dependence + SEM is given below. (B) Diagram shows the amount (+SEM) of co-immunopre-
cipitated RNA2-construct relative to that of WT RNA2 (BMV/2a/BMV) detected by gPCR. The amount of
co-immunoprecipitated WT RNA2 was set to 100. (C) Schematic diagrams of RNA2-RLUC constructs
containing complete or a part of the 2a CDS fused to RLUC. Translation was determined by measuring
luciferase activity corrected by the amount of RNA determined by qPCR. (D) (Left) RNA-fold model of the
secondary structure of nucleotides 42-85. Nucleotides marked in yellow have been replaced by comple-
mentary ones to disrupt the stem-loop. (Right) Designed structurally equivalent stem-loop. (E) The re-
gion between nucleotides 42-87 strongly inhibits RLUC activity. RLUC activity was measured and
corrected by the amount of the RNA2 construct determined by qPCR and is represented relative to
the activity in the presence of FL-RLUC, which was set to 1. (F) The structure and the position of the
stem-loop is important for the dependence of RNA2 translation on Dhh1. WT and dhhTA yeast cells
transformed with RNA2-RLUC constructs in which the stem-loop structure has been disrupted by point
mutations (“disrupted loop”) or replaced by a designed stem—loop structure (“designed loop,” depicted
in D). The relative Dhh1 dependence refers to the RLUC ratio between WT and dhhT1A cells and was set to
1 for FL-RLUC to facilitate comparison. Mean values + SEM were obtained from at least three independent
experiments throughout the figure.

3’ UTR of the ADH1 transcript reduced the amount of RNA2 co-im-

ingly, replacing the CDS by that of GFP also resulted in a twofold
Dhh1-dependence (Fig. 3A). An RNA derivative lacking RNA2 se-
quences did not depend on Dhh1 for translation, strengthening
the specificity of Dhh1 for the viral RNA. Thus, full dependence
on Dhh1 for RNA2 translation requires the concerted action of
the 5’ UTR, 3’ UTR, and CDS.

To investigate how replacements of the different RNA2 seg-
ments affect Dhh1 binding, we carried out RIP in dhhIA cells ex-
pressing the different RNA2 constructs plus Dhh1-Flag or Dhhl.
In line with the CRAC results indicating crosslinking of Dhh1 to
the CDS and the 3’ UTR of BMV RNA2, replacement of the CDS
or the 3’ UTR region by the CDS of GFP or by the polyadenylated

munoprecipitated, while replacement of the 5" UTR region by that
of the GAL1 transcript did not have any significant effect (Fig. 3B;
Supplemental Fig. S3). Given that Dhh1 interacts with compo-
nents of the cap-binding complex (Fig. 2E), it is likely that Dhh1
binds to both the 5" UTR of BMV RNA2 and that of GALI mRNA
through interactions with the cap-binding complex. However,
such interaction would be only required for translation in the con-
text of RNA2 sequences.

We next focused on the CDS because cis-acting sequences in-
side the CDS regulating translation have been rarely described. To
investigate further which region of the CDS is responsible for
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Dhh1-dependence, we generated a construct in which the CDS of
RNA2 was fused to that of Renilla luciferase (RLUC) and obtained
derivatives with successive deletions in the RNA2 CDS. The re-
porter construct containing the complete CDS of RNA2 (FL-
RLUC) exhibited a fivefold Dhh1-dependence for RLUC activity
(Fig. 3C). Given the very low expression level of 2a protein in
dhh1A cells, the difference with the 12-fold Dhh1-dependence ob-
served for WT RNAZ2 is likely related to the higher sensitivity of lu-
ciferase measurements when compared to Western blot analysis.
The 330-RLUC derivative shows a similar Dhh1-dependence to
FL-RLUC, indicating that the cis-element conferring dependence
on Dhhl is located within these first 330 nt. Given that Dhh1 is
a helicase, we explored whether there were structured elements
within these 330 nt. Indeed, the Vienna RNA-fold package pre-
dicted the formation of a stem-loop structure at nt 42-85 after
the initiation codon (AG = —-11.1 kcal/mol) (Fig. 3D, left). To deter-
mine whether this stem-loop was responsible for Dhh1-depen-
dence, we shortened the RNA2 CDS to 87 and 42 nt to generate
constructs containing or lacking the stem-loop (Fig. 3C). While
87-RLUC maintained full Dhh1l-dependence, this dependence
was decreased to twofold in 42-RLUC (Fig. 3C). This twofold dif-
ference was also observed in a construct in which the complete
RNA2 CDS was deleted (0-RLUC) and is mediated by the UTRs
(Fig. 3C). The importance of nt 42 to 87 in translational regulation
was also visualized when comparing RLUC activity of the different
RNA2 derivatives in WT cells (Fig. 3E). Deletion of the 42-87
sequence led to a large increase of RLUC activity, indicating its re-
pressing function. Nucleotides 87 to 330 also played an important
role in translation; however, this effect was independent from
Dhh1 activity (Fig. 3C). Collectively, these data indicate that nt
42 to 87 repress translation, a repression that is moderated by
Dhhl. To determine whether the sequence or the predicted struc-
ture within nt 42-87 mediates Dhh1-dependence, we generated
two RNA2 derivatives in which (1) the stem-loop was disrupted
by replacing all bases on one side of the stem with complementary
ones, and (2) the stem-loop was replaced by a structurally equiv-
alent stem-loop with no sequence homology which was designed
using RNAiFold (Fig. 3D, right; Garcia-Martin et al. 2013). Disrup-
tion of the stem-loop decreased Dhh1-dependence to that found
in O-RLUC (Fig. 3F). Importantly, Dhh1-dependence was recov-
ered when the stem-loop was replaced by the designed one, as
similar values were obtained with this and 87-RLUC RNAZ2, the de-
rivative containing the minimal sequence conferring full Dhh1-
dependence. These data indicate that the stem-loop structure
within the RNA2 CDS strongly inhibits translation and mediates
the dependence on Dhh1 for translational stimulation.

Dhhl drives translation of a selected set of cellular mMRNAs

Viruses are powerful tools to uncover cellular processes. In fact,
most post-transcriptional processes were first described in viral
studies and then confirmed in cellular mRNAs (Cullen 2009). To
investigate whether Dhh1 can also drive translation of specific cel-
lular mRNAs, we combined three high-throughput analyses in
WT and dhhl1A strains: RNA-seq, ribosome profiling, and CRAC
(Fig. 4A). Ribosome profiling combined with RNA-seq provides a
snapshot of the translational status of the genome on a transcrip-
tome-wide level and is based on isolating and sequencing ribo-
some-protected fragments (Ingolia et al. 2012). We performed
three independent ribosome profiling and RNA-seq experiments
in dhh1A cells and were able to align sequence reads to 5424 genes
of §. cerevisiae. Both ribosome profiling and RNA-seq results were

highly reproducible between biological replicates for each strain
(r~0.99). We compared these data to RNA-seq and ribosome pro-
filing data from WT cells (GSE67387) (Nedialkova and Leidel
2015). Regarding the mRNA levels, in the absence of Dhh1 1467
genes did not exhibit significant changes, whereas 2177 have in-
creased and 1780 decreased levels (Fig. 4B). Given the long-
established function of Dhh1l on mRNA decay, an increase in
mRNA levels is expected, but a decrease might seem paradoxical.
However, it is important to note that Dhh1 also plays a direct
role in transcription of some mRNAs (Haimovich et al. 2013).
The ribosome protected fragment (RPF) analysis shows that 1841
genes did not exhibit significant changes, while 1775 have de-
creased and 1808 increased ribosome occupancy (Fig. 4B). To study
translation effects, we focused on transcripts where RPF levels, but
not mRNA levels, are changed or where changes in the RPF and
mRNA levels go in opposite directions. With this, we ensure that
the selected mRNAs are translationally regulated. Following these
criteria, we identified 492 mRNAs with increased translation rates
in dhhIA cells, indicating that Dhh1 represses their translation
(Supplemental Table S1). The identification of these mRNAs was
not surprising as Dhh1 has been widely studied as a repressor of
translation. Excitingly, we identified 538 additional mRNAs with
decreased translation rates in dhhIA cells, indicating that Dhh1
drives their translation in WT cells (Fig. 4B; Supplemental Table
S1). Selected mRNAs from these two groups were validated to be
translationally regulated by Dhh1 by Western blot and qPCR anal-
ysis (Supplemental Fig. S4A-C).

Dhh1 may drive translation of the identified mRNAs by a
direct or indirect mechanism. To select the mRNAs directly inter-
acting with Dhh1, we performed two independent CRAC experi-
ments that showed a high correlation (r=0.90) (Supplemental
Fig. S5). In total, 183 (37%) of the translationally repressed
mRNAs and 245 (46%) of the translationally activated mRNAs
were specifically crosslinked to Dhh1l (Fig. 4C; Supplemental
Table S1). Most mRNAs were crosslinked in the CDS and addition-
ally in the 5" and/or 3’ UTR (Fig. 4D; Supplemental Table S2). To
test whether the Dhh1 crosslinking position defines its function
in translation regulation, we determined the specific crosslinking
sites for all crosslinked genes in the different subsets by calculating
the CRAC read distribution across a virtual CDS (Fig. 4E) or per nu-
cleotide (Supplemental Fig. S6). The mRNAs not translationally
regulated by Dhh1 exhibit a low and largely uniformly distributed
binding pattern. In contrast, mRNAs regulated by Dhh1 exhibit
higher Dhh1 crosslinking, particularly around the initiation co-
don and before the stop codon, with crosslinking around the ini-
tiation codon much higher in translationally repressed mRNAs.
These different crosslinking patterns may reflect the versatile func-
tion of Dhh1 in translational control.

Ribosome profiling enables detection of defects in specific
translation steps. Ribosome pausing increases the likelihood of cap-
turing a footprint by sequencing, and hence, defects in translation
elongation will result in a peak in ribosome density. In contrast, de-
fects in translation initiation will result in a lower RPF count
throughout the complete CDS with no peaks in ribosome densities.
‘We monitored ribosome pausing in different mRNA subsets by cal-
culating the observed versus expected RPF reads (Ingolia et al. 2009)
across a virtual CDS and plotted its distribution for the different sets
of genesin WT and dhh1A cells (Fig. 4F). Hereafter, “activated” only
includes mRNAs translationally activated and crosslinked to Dhh1,
“repressed,” only mRNAs translationally repressed and crosslinked
to Dhh1, and “unchanged,” mRNAs with no changes at the mRNA
and RPF level regardless of the crosslinking to Dhh1. In agreement
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Figure 4. Dhh1 binds and regulates translation of distinct sets of cellular mRNAs. (A) Experimental
strategy to identify cellular mRNAs translationally controlled by Dhh1. (B) Changes in mRNA, RPF, and
translation comparing WT to dhh1A cells. Distribution of significant mRNA and RPF level changes is given
for all genes and distribution of translation efficiency changes is given for genes with no changes at the
mRNA level and for genes with opposite changes at the mRNA and RPF level. For RNA-seq data, “up”
includes genes with a log,-fold change >0.433 and an adjusted P-value <0.1. “Down” includes genes
with a log,-fold change < —0.433 and an adjusted P-value < 0.1. For RPF data, “up” and “down” includes
genes with a log,-fold change >0 and <O, respectively, and an adjusted P-value <0.1. (C) Bar graph
showing the number of translationally activated and repressed genes crosslinked and not crosslinked
by Dhh1. (D) Venn diagram depicting Dhh1 binding targets identified by CRAC in different transcript
regions. (E) Metagene analysis as indicated by CRAC data. Y-axis shows average number of reads in sig-
nificant Dhh1 crosslinking sites (peaks) in the corresponding region. Reads that were not part of a signifi-
cant peak are not considered. Dotted lines mark start and stop codon. (F) Metagene analysis of ribosome
density in WT and dhhTA cells for the different sets of mMRNAs. Y-axis shows average of observed RPF reads
related to expected ones.

with a role of Dhh1 on translation initiation, no significant differ-
ences were observed in WT and dhh1A cells for any of the different
subsets. Similar results were obtained when focusing on the first
120 nt versus the last ones (Supplemental Fig. S7).

Cellular mRNA:s translationally
activated by Dhhl contain long, highly
structured CDSs

To further understand the underlying
mechanism of Dhh1 function in transla-
tion regulation, we studied the physical
properties of the specific mRNA subsets.
First, we calculated the average length of
the CDS and the 5 and 3’ UTRs for
mRNAs translationally activated, repres-
sed, or not affected by Dhhl. Trans-
lationally activated mRNAs have, on
average, a twofold longer CDS than re-
pressed or not affected mRNAs (Fig. SA).
However, no significant length differenc-
es were detected between mRNA sub-
sets for 5" and 3’ UTRs. It was previously
shown that longer CDSs present lower ri-
bosome density (Arava et al. 2003). This
decreased translation efficiency might re-
sult from the fact that the folding pro-
bability increases with the length of the
CDS. To explore this possibility, we calcu-
lated the intrinsic tendency to form sec-
ondary structures using the published
parallel analyses of RNA structure (PARS)
(Kertesz et al. 2010). In this pioneering
study, PARS scores were obtained by cou-
plingdeep sequencing with enzyme prob-
ing of paired and unpaired nucleotides of
isolated yeast total mRNAs. We calculated
the mean PARS score for the CDS and the
UTRs of the different mRNA subsets and
“all” genes. “All” includes all mRNAs for
which the PARS score has been published.
Importantly, translationally activated
mRNAs present higher mean PARS values
inthe CDS (0.49) than all genes (0.37) and
higher than those mRNAs translationally
repressed (0.33) or not affected (0.27),
with these differences being highly signif-
icant (P <0.0001) (Fig. 5B). Noteworthy,
both repressed and not affected genes
have a lower mean PARS score in the 5’
UTR (0.05 and 0.08, respectively) than
all genes and translationally activated
mRNAs (both 0.17). A plausible explana-
tion for this observation would be
that mRNAs not affected by Dhhl do
not require other RNA helicases, whereas
the majority of all cellular mRNAs does re-
quire the action of RNA helicases.
No significant differences were observed
among PARS values of 3" UTRs.

Next, we analyzed the PARS score
distribution across a virtual gene in
which values are averaged over percent-

age bins (25% in the UTRs and 5% in the CDS) for the three subsets
of mRNAs and all mRNAs (Fig. 5C). Although mRNAs translation-
ally activated by Dhh1 had significantly higher PARS values
throughout the complete 5" UTR and CDS, one of the biggest
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Figure 5. Cellular mRNAs translationally activated by Dhh1 contain highly structured CDSs. From the total number of mRNAs translationally activated,
translationally repressed, and unchanged, only the given numbers were analyzed; as for the rest, the UTRs and CDSs are not annotated. (A) Genes trans-
lationally activated by Dhh1 have a significantly longer CDS (P < 0.0001 [***]). P-values were computed after permuting randomly 1000 times the labels of
the genes in the two groups (detailed in Supplemental Methods). Distribution of the average length of the 5" UTR, CDS, and 3’ UTR for genes translationally
activated, repressed, and not affected by Dhh1 represented in a Tukey plot. Numbers in parentheses give the number of transcripts per subset. (B) Genes
translationally activated by Dhh1 have significantly higher PARS scores in the CDS (P<0.0001 [***]) and the 5" UTR (P<0.01 [**]). P-values as in A.
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Numbers in parentheses give the number of transcripts per subset. (C) Metagene PARS score analysis of the different sets of genes. Y-axis shows the average
of smoothened PARS scores on the corresponding region. Smoothing is achieved by calculating the average PARS scores over a window of size 20 centered
on the corresponding nucleotide. Dotted lines mark the start and stop codon; green box marks the 7.5%-15% region, one area with an especially high
difference between the PARS scores. Numbers in the legend indicate the number of analyzed genes in each subset. (D) As in C, but for the 5 UTR and the
first 300 nt. Green box marks nucleotides 50-120. (E) GO term analysis for genes translationally activated and bound by Dhh1 regarding biological process
and cellular component. Numbers in parentheses indicate (B/n/b). B= total number of genes associated with functional category (often comprising several
GO terms grouped by REVIGO); n=number of genes in input list; b= number of genes in intersection. (F) As in E, but for genes translationally repressed and
bound by Dhh1.
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and more statistically significant differences between activated
and repressed or not affected mRNAs was observed at the 7.5%—
15% region of the metagene (Fig. 5C; Supplemental Table S3A).
To identify the nucleotides involved, we plotted the PARS score
versus the nucleotide position (Fig. 5D). One of the biggest and
more statistically significant differences between the activated
and the repressed/unchanged mRNAs was found between nucleo-
tides 50-120 after the initiation codon (Supplemental Table S3B).
Remarkably, this area overlaps with the location of the mapped
stem-loop in BMV RNA2 (nucleotides 42-87).

Together, these results show that Dhh1 is required to drive
translation of a specific subset of cellular mRNAs that, similar to
the BMV RNA, harbors highly structured 5 UTRs and long and
highly structured CDSs.

Dhhl drives translation of mRNAs coding primarily membrane
and secreted proteins

Specific mRNA features might allow coregulation of functionally
related proteins. To determine whether the mRNAs translationally
regulated by Dhh1 are functionally linked, we performed Gene
Ontology (GO) analysis (Fig. SE,F). Genes translationally activated
by Dhh1 were highly enriched for intracellular transport processes.
Accordingly, GO terms under cellular components were enriched
in ER and membranes (Fig. SE). In contrast, translationally re-
pressed genes were enriched for proteins involved in DNA-depen-
dent DNA replication and vacuole fusion. Accordingly, the GO
term enriched regarding the cellular component of this subset
was the nuclear nucleosome (Fig. SF).

The ER and the cytosol represent distinct biological environ-
ments for translation with different regulatory factors affecting
protein expression. Secreted proteins are preferentially translated
at the ER by mechanisms that are still under intense study (Ast
and Schuldiner 2013; Cui and Palazzo 2014; Jan et al. 2014; Reid
and Nicchitta 2015). The canonical route is based on the cotransla-
tional recognition of a hydrophobic region in the mRNA by the
signal recognition particle (SRP). This results in a repression of
translation until the RNP reaches the ER. Less-understood SRP-in-
dependent routes include ribosome-mediated mRNA targeting,
post-translational targeting, and RNA-based localization (Ast and
Schuldiner 2013). Based on published predictions (Ast et al.
2013), from the identified Dhh1-dependent mRNAs, 45% utilize
the SRP-dependent and 55% a SRP-independent pathway, indicat-
ing that Dhh1-mediated translational control functions alongside
the SRP-dependent and -independent pathways.

A previous study described that mRNAs encoding secreted
proteins display lower PARS scores in the 5" UTR and the first 30
nt of the CDS (Kertesz et al. 2010). This seems to be contradictory
to our results, as the subset of activated genes consists of ~30% of
secreted proteins and is characterized by a higher PARS score.
When we analyzed the PARS score distribution per metagene
and per nucleotide of the secreted genes in the activated gene set
(Supplemental Fig. S8A,B), we observed that these mRNAs exhibit
an even higher PARS score in the 5 UTR and CDS, including the
first 30 nt, than those from the complete subset of translationally
activated mRNAs. Thus, this specific group of secreted proteins
harbors unique features that might correlate with their depen-
dence on Dhh1 for translation.

Dhhl functions as a translational activator in humans

Dhh1 is highly conserved from yeast to humans. We have previ-
ously observed that DDX6, the Dhh1 human counterpart, drives

translation of Hepatitis C virus RNA in human hepatoma cell lines
(Scheller et al. 2009). To approach whether this function is extend-
ed to human mRNAs, we first studied the physical properties of the
human homologs of the yeast mRNAs translationally activated by
Dhh1. They contained, like their yeast counterparts, long CDSs.
In contrast to yeast, human mRNAs have been described not to
contain, on average, highly structured CDSs (Wan et al. 2014).
Interestingly, when we calculated the mean PARS score distribu-
tion using the PARS data set of the child described in Wan et al.
(2014), we identified in the human mRNA homologs of the
yeast mRNAs translationally activated by Dhh1, but not in the
translationally repressed ones, structured regions in the CDSs.
Interestingly, one of them is located 60-100 nt after the start co-
don (Fig. 6A), a location that overlaps with the one identified for
yeast and viral mRNAs. Together, this suggests that DDX6 might
drive translation of human mRNAs by similar mechanisms. As a
proof-of-principle, we focused on the PTCHI mRNA, the human
counterpart of the yeast NCR1 mRNA, because of its clinical impor-
tance, as its de-regulation is a hallmark of pancreatic cancer. The
PTCHI1 mRNA exhibits a strong peak in the PARS score distribution
after the starting codon (Fig. 6B) and has a very long CDS, features
we defined to be typical for mRNAs translationally activated by
Dhhl. Indeed, PTCHI mRNA depended on DDX6 for translation.
DDX6 depletion by siRNA-mediated silencing resulted in a
decrease in the PTCHI1 protein level without affecting the PTCHI
mRNA level, indicating a positive role of DDX6 in translation of
the PTCHI mRNA (Fig. 6C).

Discussion

The impact of RNA secondary and tertiary structures within the
CDS on gene expression is poorly understood. Here, we describe
a novel translation control mechanism, conserved from yeast
to humans and hijacked by viruses, that involves the DEAD-box
helicase Dhh1 and RNA structures within the UTRs and coding
regions. Our results, first observed in a viral RNA and then extend-
ed to cellular mRNAs enriched in secreted proteins, are based
on four major lines of evidence. First, the mRNAs present highly
structured 5" UTRs and CDSs, including a structured region loca-
ted around 70 nt after the translation initiation site (nucleotides
42-87 for BMV RNA, nucleotides 50-120 for yeast mRNAs, and nu-
cleotides 60-100 for human mRNAs). This was observed with PARS
analyses and validated with mutational assays. Second, polysome
and ribosome profiling suggest that Dhh1 drives translation at the
translation initiation step. Consistent with a role in translation ini-
tiation, Dhh1 interacts with translation initiation factors, as ob-
served in immunoprecipitation assays. Third, in contrast to its
established role as a translational repressor and decapping activa-
tor, Dhh1 does not affect the steady-state level of the identified
mRNAs, indicating that the role of Dhh1 in translation is not
linked to its role in translation repression and decapping. Fourth,
Dhh1 binds to mRNAs that depend on Dhh1 for translation
with a different specificity compared to those mRNAs that do
notdepend on Dhh1 for translation, as found with CRAC analyses,
suggesting a link between binding and mode of action. Together,
these results uncover a novel translational regulation mechanism
driven by Dhh1 that involves RNA folding within CDSs.

Using the ability of BMV RNA to translate and replicate in
yeast, we find that not only the CDS but also both UTRs confer
Dhhl-dependence for translation. Full dependence was only
achieved when the three regions were present. This suggests a
scenario in which Dhh1 remodels tertiary contacts involving
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Figure 6. Dhh1-mediated translational control is seemingly conserved from yeast to humans. (A) PARS
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of the PTCHI mRNA. Given the role of
DDX6 in PTCHI mRNA translation,
DDX6 overexpression would result in
PTCH1 overexpression, a feature typical
of pancreatic cancer. Interestingly,
DDXG6 is overexpressed in several cancers
(Nakagawa et al. 1999; Hashimoto et al.

independently. (**) P<0.05, t-test.

the three regions. Our CRAC data identified crosslinking of Dhh1
to sequences in the 3" UTR and CDS but not to the identified
stem-loop (Supplemental Fig. S1D). The low number of reads ob-
served for the stem-loop sequence could be due to transient un-
winding and therefore low steady-state interaction due to short
residence of the helicase. Alternatively, Dhh1 might be required
to remodel only some of the RNA helices involved in these inter-
actions. In agreement with this model, a recent study shows that
DEAD-box helicases can disrupt tertiary contacts by binding a
secondary structure only after it spontaneously loses its tertiary
contacts. After binding, they use ATP to unwind the helix (Pan
et al. 2014). Interestingly, the requirement for spontaneous dy-
namics implies a preference of DEAD-box helicases for less stable
RNA structures, which are likely to experience greater dynamic
fluctuations (Pan et al. 2014). One would expect such low stable
structures to exist in mRNA CDSs given that vastly fewer struc-
tures are identified by RNA probing in vivo than in vitro
(Rouskin et al. 2014). Thus, a similar Dhh1 mode of action in-
volving tertiary contacts might be operating the Dhh1-depen-
dence of cellular mRNAs, given that they present high PARS

2001; Miyaji et al. 2003; Lin et al. 2008;

Sen et al. 2015; Taniguchi et al. 2015),

opening the possibility that translational
regulation by DDX6 plays an important role in malignant
transformations.

The cellular mRNAs translationally activated by Dhh1 encode
mainly secreted and membrane proteins. Many of these mRNAs
have in common that they are preferentially translated at the ER.
Curiously, BMV RNA2 has been described to accumulate at the
ER in the presence of the viral recruitment protein 1a, and Dhh1
assists in this recruitment process (Chen et al. 2001; Mas et al.
2006). Furthermore, deletion of aregion in the RNA2 CDS contain-
ing the identified stem-loop decreases the recruitment rate (Chen
et al. 2001). Similar to BMV, multiple positive-strand RNA viruses,
including serious human pathogens such as HCV and the emerg-
ing Dengue virus and Chikungunya virus, replicate their RNA ge-
nome in ER-derived double membranes termed spherules (den
Boon and Ahlquist 2010). The spherules function as organelle-
like compartments that scaffold, protect, and coordinate multiple
facets of genome replication, expression, and encapsidation.
Given that most viral infection steps are associated with ER mem-
branes, it will seem plausible that these viruses would ensure ex-
pression of viral proteins in the ER to facilitate their function.
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Besides the presence of transmembrane domains in some viral pro-
teins, little is known about how viral mRNAs would be preferen-
tially translated at the ER. Our results suggest that positive-strand
RNA viruses hijack Dhh1 not only to help in the recruitment pro-
cess to the ER but also to promote translation of viral messengers
through RNA remodeling.

Translation at the ER is under intense study as neither the tar-
geting nor the translation mechanism is completely understood
(Ast and Schuldiner 2013; for review, see Cui and Palazzo 2014;
Reid and Nicchitta 2015). In our analyses, we identified 65
mRNAs coding secretome proteins (Ast et al. 2013) whose transla-
tion is promoted by Dhh1. Moreover, proximity-specific ribosome
profiling analyses demonstrate that all these mRNAs are cotransla-
tionally targeted to and translated at the ER (Jan et al. 2014). The
targeting pathways involve SRP-dependent and SRP-independent
mechanisms, suggesting that Dhh1 can function across pathways.
Notably, the highly structured AUG-proximal CDS sequence locat-
ed between nucleotides 50 and 120 in cellular mRNAs translation-
ally activated by Dhh1 partially overlaps with two cis-acting ER
targeting signals. One is the hydrophobic core domain recognized
by SRP to halt translation (Meyer and Dobberstein 1980; Walter
and Blobel 1981a,b; Walter et al. 1981; Meyer et al. 1982), and
the other is a nonoptimal codon cluster of 35-40 codons located
downstream from the SRP-binding site that promotes nascent-
chain recognition by slowing down translation (Pechmann et al.
2014). The location of these three features (SRP recognition site,
nonoptimal codon cluster, and highly structured region) within
the initial portion of the CDS highlights the complexity of the in-
formation stored in the mRNA sequence for translation. As secret-
ed and membrane proteins often contain aggregation-prone
hydrophobic domains, this complexity might be required to en-
sure appropriate local translation and to avoid accumulation of
toxic aggregates in the cytosol. Interestingly, additional structural
RNA cis-signals in the CDS might be guiding mRNA localization, as
genome-wide structurome studies (Kertesz et al. 2010) identified
an increased structure in the CDS of mRNAs encoding proteins
that localize in specific subcellular compartments, such as cell
wall, vacuole, and ER, or that function in distinct metabolic path-
ways, such as glycolysis, or organic acid and amine metabolic
processes.

In our study, we also identified a group of mRNAs that
are translationally repressed by Dhh1l and enriched in mRNAs
coding proteins involved in nuclear processes. We were surprised
by the relatively low number of translationally repressed mRNAs,
as Dhh1 is well-known as a general translational repressor. How-
ever, of note is that in those studies Dhh1 was overexpressed or
tethered to the 3’ UTR of an mRNA, or cells were stressed (Coller
and Parker 2005; Carroll et al. 2011; Sweet et al. 2012), while in
our study Dhh1 was depleted and cells were grown to log phase
under normal growth conditions. Likewise, previous Dhh1 cross-
linking and immunoprecipitation (CLIP) analyses, a UV crosslink-
ing technique similar to CRAC, were carried out under stress
conditions (Mitchell et al. 2013). Despite these differences, 58%
of the identified Dhh1l-bound mRNAs are common in both
conditions.

In conclusion, our findings bring to light a novel layer of
translational control that involves the DEAD-box RNA helicase
Dhh1 and RNA folding within the CDS. Two other DEAD-box hel-
icases, Ded1 and elF4A, have recently been shown to jointly facil-
itate ribosome scanning through secondary structures at the 5
UTR of mRNAs (Sen et al. 2015). Thus, a complex cooperation be-
tween distinct DEAD-box helicases seems to be required for trans-

lation to proceed, possibly allowing tight control over specific
mRNA fates.

Methods

Yeast strains, molecular and cell biology techniques, a list of plas-
mids, high-throughput methods, and detailed computational
analysis are described in Supplemental Methods. Unless indicated,
all yeast growth and translation experiments were carried out un-
der permissive conditions (30°C).

Polysome profiling

Polysome profiling was carried out as previously described
(Noueiry et al. 2003) with slight modifications. Briefly, cells were
grown from ODggp=0.02 to mid-exponential phase (ODggo~
0.4) at 30°C and treated for 1 min with 100 pg/mL cyclohexamide
(CHX). Cells were harvested by vacuum filtration, frozen in liquid
nitrogen, and pulverized under cryogenic conditions at 5 cps in a
SPEX 6750 Freezer/Mill (SPEX SamplePrep) in 20 mM Tris-HCl
(pH=7.5), 100 mM NaCl, 10 mM MgCl,, 1% Triton X-100, 0.5
mM DTT, 100 pg/mL CHX. Extracts were purified by several centri-
fugation steps. Twelve units of OD36( from extracts were loaded on
a linear 10%-50% sucrose gradient and spun for 3 h at 35,000 rpm
in a Beckman SW41 rotor. Fractions were collected, and 30 ng of
purified BMV RNA3 were added to each fraction before further pro-
cessing to normalize for technical variations during the purifica-
tion. RNA was purified and analyzed by Northern blot.

Ribosome profiling

Ribosome profiling was carried out as previously described (Ingolia
et al. 2009, 2012; Nedialkova and Leidel 2015). Detailed informa-
tion of the experimental procedure and details on ribosome profil-
ing data analysis is available in the Supplemental Methods.

CRAC experiments and analysis

CRAC experiments were performed as previously described
(Bohnsack et al. 2009, 2012) and analyzed using pyicoclip
(http://regulatorygenomics.upf.edu/Software/Pyicoteo/pyicoclip.
html). Detailed processing information is available in the Sup-
plemental Methods.

RNA secondary structure prediction

All RNA secondary structure prediction and base-pairing probabil-
ity calculations were carried out by running RNAfold and RNAfold
-p from the Vienna package, version 2.1.7 (Lorenz et al. 2011).
Design of the mutant RNA2-BMV stem-loop was carried out using
RNAiFold (Garcia-Martin et al. 2013).

Data access

The ribosome profiling and RNA-seq data from dhh1A cells in this
study have been submitted to the NCBI Gene Expression Omnibus
(GEO; http://www.ncbi.nlm.nih.gov/geo/) under accession num-
ber GSE87892. The CRAC data from this study have been submit-
ted to GEO under accession number GSE87888.
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