Molecular Cell

Gene- and Species-Specific Hox mRNA Translation
by Ribosome Expansion Segments

Graphical Abstract

Hoxa9
P4
) RNA expansi
ri X nsion
LR RAganse
Aﬂ

rRNA recdgnition of
mRNA elements

P

inactive
mutant

g - ".: 5 €
4 » mESCs neuronal
* Hox gene induction ineage
2—]\ § ]
Y/ reduced
m X > translation
yeast ES9S |_ mutant EETT0—A,

-
species-specific
ribosome recruitment

D 4
Hoxa9-ES9S specific
mRNA translation

Highlights

e A Hoxa9 5 UTR stem-loop, P4, selectively binds to the rRNA

expansion segment ES9S

e “Humanized” ES9S yeast ribosomes reveal species-specific

binding of ribosomes to P4

e Disrupting Hoxa9-ES9S binding in neural stem cells reduces

Hoxa9 mRNA translation

e Selective mRNA recruitment via ESs is a novel gene-

regulatory role for rRNA

Leppek et al., 2020, Molecular Cell 80, 1-16
December 17, 2020 © 2020 Elsevier Inc.
https://doi.org/10.1016/j.molcel.2020.10.023

Authors

Kathrin Leppek, Kotaro Fujii,
Nick Quade, ..., Naomi R. Genuth,
Nenad Ban, Maria Barna

Correspondence

ban@mol.biol.ethz.ch (N.B.),
mbarna@stanford.edu (M.B.)

In Brief

Leppek and colleagues describe a novel
layer of gene regulation mediated directly
by ribosomal RNA (rRNA). They
demonstrate that extended regions of
rRNA, called expansion segments, which
vary in sequence and size across
evolution, selectively interact with an RNA
stem-loop in the Hoxa9 5’ UTR to guide
species- and gene-specific translation.

¢? CellPress


mailto:ban@mol.biol.ethz.�ch
mailto:mbarna@stanford.�edu
https://doi.org/10.1016/j.molcel.2020.10.023

Please cite this article in press as: Leppek et al., Gene- and Species-Specific Hox mRNA Translation by Ribosome Expansion Segments, Molecular
Cell (2020), https://doi.org/10.1016/j.molcel.2020.10.023

Molecular Cell ¢ CelPress

Gene- and Species-Specific Hox mRNA
Translation by Ribosome Expansion Segments

Kathrin Leppek,-? Kotaro Fuijii,'-> Nick Quade,® Teodorus Theo Susanto,’-? Daniel Boehringer,® Tea Lenarcic,®

Shifeng Xue,"->* Naomi R. Genuth,’-?> Nenad Ban,*" and Maria Barna'-25*

1Department of Developmental Biology, Stanford University, Stanford, CA 94305, USA

2Department of Genetics, Stanford University, Stanford, CA 94305, USA

3Department of Biology, Institute of Molecular Biology and Biophysics, Otto-Stern-Weg 5, ETH ZUrich, Zlrich 8093, Switzerland

4Present address: Department of Biological Sciences, National University of Singapore, 14 Science Drive 4, Singapore 117543, Singapore
5Lead Contact

*Correspondence: ban@mol.biol.ethz.ch (N.B.), mbarna@stanford.edu (M.B.)

https://doi.org/10.1016/j.molcel.2020.10.023

SUMMARY

Ribosomes have been suggested to directly control gene regulation, but regulatory roles for ribosomal RNA
(rRNA) remain largely unexplored. Expansion segments (ESs) consist of multitudes of tentacle-like rRNA
structures extending from the core ribosome in eukaryotes. ESs are remarkably variable in sequence and
size across eukaryotic evolution with largely unknown functions. In characterizing ribosome binding to a reg-
ulatory element within a Homeobox (Hox) 5 UTR, we identify a modular stem-loop within this element that
binds to a single ES, ES9S. Engineering chimeric, “humanized” yeast ribosomes for ES9S reveals that an
evolutionary change in the sequence of ES9S endows species-specific binding of Hoxa9 mRNA to the ribo-
some. Genome editing to site-specifically disrupt the Hoxa9-ES9S interaction demonstrates the functional
importance for such selective mRNA-rRNA binding in translation control. Together, these studies unravel un-
expected gene regulation directly mediated by rRNA and how ribosome evolution drives translation of critical

developmental regulators.

INTRODUCTION

A central question in biology is how the genome is differentially
expressed to enable the development of complex organisms.
Recently, the ribosome has emerged as a direct, regulatory
participant in control of gene expression (Genuth and Barna,
2018; Jackson et al., 2010; Kondrashov et al., 2011; Shi et al.,
2017; Simsek et al., 2017; Sonenberg and Hinnebusch, 2009)
during embryonic development (Kondrashov et al., 2011). How-
ever, beyond its fundamental role in the ribosomal peptidyl cen-
ter, a functional contribution of ribosomal RNA (rRNA) to mRNA
translation has been largely unexplored. The ribosome has
increased in mass across eukaryotic evolution due in part to
the insertions of sequence blocks called expansion segments
(ESs) that “expand” eukaryotic rRNA (Gerbi, 1996). ESs are
located in rRNA regions of lower primary sequence conserva-
tion, which implies that they are tolerated because they do not
interfere with essential rRNA function. They vary in length and
sequence both within and among different species, including
different tissue types (Kuo et al., 1996; Leffers and Andersen,
1993; Parks et al., 2018). The longest ESs resemble tentacle-
like, highly flexible extensions (Anger et al., 2013; Armache
et al., 2010; Gerbi, 1996). For several decades, it has remained
poorly understood whether ESs have a function in translation
control and whether there is a role for their dramatic variability
across species. Thereby, we lack understanding of a critical

facet in the evolution of an ancient molecular machinery and its
biological impact on gene regulation and organismal
development.

This study investigates how the ribosome is recruited to a
structured 5 UTR regulatory RNA element in a Homeobox
(Hox) mRNA for ribosome-directed regulation of gene expres-
sion. As master regulators of metazoan body plan formation,
the Hox clusters of transcription factors are one of the most
spatiotemporally controlled transcripts already under broad
regulation (Mallo and Alonso, 2013). Adding to the array of regu-
latory mechanisms, our lab has previously shown that a subset of
Hox transcripts contain structured RNA internal ribosome entry
sites (IRES)-like elements (Xue et al., 2015). Such regulatory ele-
ments (Leppek et al., 2018; Plank and Kieft, 2012) are critical for
gene expression of several Hoxa mRNAs and anterior-posterior
patterning of the axial skeleton (Xue et al., 2015). A cap-proximal
translation inhibitory element (TIE), a potent repressor of cap-
dependent translation, within these 5 UTRs, allows these Hox
genes to be translated by the downstream IRES-like element
as a means to more specifically control their spatiotemporal
translation in development. As a paradigm example, we investi-
gate herein the Hoxa9 IRES-like element, the first to have been
selectively knocked-out in mice, leading to a homeotic transfor-
mation and diminished HOXA9 protein expression in developing
somites and neural tube (Xue et al., 2015). Integrative mecha-
nistic studies using different model systems ranging from mouse
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embryos and engineered yeast to stem cell differentiation sys-
tems, as well as genome editing and structural biology, reveal
an unexpected function of ESs in gene regulation through
mRNA-specific binding. Structural analysis of the Hoxa9 5
UTR IRES-like element bound to the human ribosome by cryo-
EM shows an interaction mediated by a single ES, ES9S, on
the 40S small ribosomal subunit, particularly via a short RNA
stem-loop. Evolutionarily distant yeast ribosomes, which
possess a different ES9S sequence compared to mammalian ri-
bosomes, cannot bind to this Hox 5 UTR element. To function-
ally test the importance of ES sequences for species-specific
mRNA binding, we engineered chimeric ribosomes by “human-
izing” yeast 18S rRNA exclusively in the distal part of ES9S,
which is divergent between the two species. Such humanized ri-
bosomes are sufficient to reconstitute Hoxa9 mRNA binding,
which highlights the ES specificity of this mMRNA-rRNA interac-
tion. Moreover, we interfered with the Hoxa9-ES9S interaction
by selectively mutating the functional Hoxa9 5 UTR binding
site for ES9S in neural stem cells. These experiments revealed
the critical importance of such mRNA-rRNA binding for accurate
translational control in a physiological Hox gene expression sys-
tem. Together, these findings suggest that the tentacle-like rRNA
expansions of the ribosome may shape evolutionary diversity
and endow greater modularity to this ancient molecular machine
to guide gene- and species-specific mRNA translation.

RESULTS

A Short Stem-Loop in the Hoxa9 5 UTR Is Sufficient to
Recruit the Ribosome

This study investigates how the ribosome is recruited to a struc-
tured 5 UTR regulatory RNA element in the Hoxa9 mRNA to
further understand ribosome-regulated translation (Figure 1A).
The highly conserved mouse Hoxa9 IRES-like element ex-
pressed in mouse embryos (Figure S1A) folds into a 180 nucleo-
tide (nt) long RNA secondary structure (termed a9 IRESg) (Fig-
ure S1B) that includes four pairing (P) elements P1-P4 (Cheng
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et al., 2015; Xue et al., 2015) (Figures 1A-1C and S1B) within
the 1.2 kb 5’ UTR. We set out to identify the minimal RNA element
within the a9 IRESgg required for translation initiation. First, our
data show that the a9 IRESgg element is sufficient for IRES-like
activity but is dependent on the distance from the start codon,
possibly for correct ribosome placement or scanning. In partic-
ular, employing mouse C3H/10T1/2 embryonic mesenchymal
cells that normally express Hox genes and support Hox IRES-
like activity (Xue et al., 2015), either the 130 nt native spacer
sequence downstream of a9 IRES+gg (Figures 1B, 1D, and 1E)
or the unrelated actin 5 UTR of similar length (100 nt) acting as
a spacer (@9 IRES;go-actin), promotes translation initiation
compared to a9 IRESgq alone and actin-a9 IRES+g (Figures
1D and 1E). This enabled us to individually test the two highest
conserved stem-loops of the a9 IRES4go: P3 and P4. Both, but
predominantly P4, have previously been shown to contribute
to the overall IRES-like activity of the Hoxa9 5’ UTR (Xue et al.,
2015), but it remained unclear whether they are individually suf-
ficient to confer IRES-like activity. Surprisingly, the P4 stem-loop
of only 35 nts fused to actin is sufficient for IRES-like activity (Fig-
ure 1F). P4 activity also decreased by further shortening the
spacer sequence (Figures S1H and S1l). This is in contrast to
P3 and P4 alone or the P3-actin fusion. Next, extensive structural
mutagenesis of the P4 stem-loop (Figures 1C and S1C-S1G)
identified the smallest inactive P4 mutant, M5, that introduces
only a 4-nt sequence mutation in the 3" arm of P4 which dimin-
ishes IRES-like activity (Figures 1F, 1G, and S1E). The activity
of P4 fused to the 130 nt native or 100 nt actin(inv) spacer is abro-
gated by the P4(M5) mutation (Figure 1G). While a GUG codon is
present in the P4(M5), it is out of frame with the main AUG, which
excludes usage of the GUG as a start site in these reporters (Fig-
ures 1C, S1F, and S1G). To more physiologically mirror the topol-
ogy of the endogenous Hoxa9 5’ UTR, we designed a monocis-
tronic “mini-UTR” reporter mRNA. It contains only the a9 TIE at
the 5’ cap, which suppresses cap-dependent translation, imme-
diately followed by the full-length a9 IRES-like element (Fig-
ure 1H). The P4-native-containing mini-UTR reporter mRNA

Figure 1. A Short Stem-Loop in the Hoxa9 5 UTR Is Sufficient for Recruitment of the Ribosome

(A) Model of functional RNA elements in the Hoxa9 5’ UTR that regulate the translation of subsets of Hoxa mRNAs in the embryo (Xue et al., 2015). TIE, translation

inhibitory element; IRES, internal ribosome entry site.

(B) Schematic of the topology of regulatory elements in the mouse Hoxa9 5’ UTR. The 180 nucleotides (nt)-long Hoxa9 IRES-like RNA element (a9 IRESg0) harbors

the P3 and P4 stem-loops and resides 130 nt upstream of the AUG (native spacer).

(C) Secondary structure model of a9 IRES+g0, a zoomed-in view of the P4 stem-loop (red), and substitution mutations mapped onto the P4 structure. Nts mutated

in P4(M5) (green). Numbers refer to nt positions in the Hoxa9 5 UTR. Active P4 mutants (normalized Fluc/Rluc < 0.5 A.U.) are labeled “+,” moderately active

mutants (Fluc/Rluc < 0.5, > 1.0 A.U.) are labeled “+/-*, and inactive mutants (Fluc/Rluc > 0.5 A.U.) are labeled “~.” Yellow: Sequence critical for IRES-like activity.

See also Figure S1.

(D) Spacer sequence requirement for a9 IRES-like element activity is tested by inserting spacers of different lengths downstream of an IRES-like element in a

bicistronic reporter mRNA plasmid (pRF). Rluc, renilla luciferase; Fluc, firefly luciferase.

(E) Bicistronic reporter genes were transiently transfected into mouse C3H/10T1/2 cells and expressed from plasmids. Cells from the same transfection were split

in half for protein and mMRNA analysis. Relative luciferase activity is expressed as a Fluc(IRES)/Rluc(cap-initiation) ratio normalized to respective Fluc/Rluc mRNA

levels. Average IRES-like activity + standard error of the mean (SEM), n = 4-15. pRF and actin 5’ UTR serve as negative controls, HCV IRES as an IRES control. a9
IRES FL: FL, full-length; pRF (vector), no insert in the intergenic region; A.U., arbitrary units.

(F) Bicistronic reporter mMRNAs were transiently expressed as described in (E). Average IRES-like activity normalized to respective Fluc/Rluc mRNA levels + SEM,
n=4-15.

(G) Bicistronic reporter mRNAs were transiently expressed as described in (E). actin(inv) serves as a spacer sequence control. Average Fluc/Rluc IRES-like

activity + SEM, n = 3-8.

(H) Schematic of monocistronic “mini UTR” Fluc and control Rluc reporter mRNAs. IRES-like elements and spacer-derivatives were introduced into the Fluc 5’

UTR, and Fluc/Rluc luciferase activity was measured in transiently plasmid-transfected C3H/10T1/2 cells. A co-expressed Rluc reporter served as reference.

Average Fluc/Rluc activity is normalized to respective globin/NupL1 mRNA levels + SEM, n = 3-7; —, TIE alone; ns, not significant.
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specifically promoted translation initiation to the same extent as
the a9 IRES+gp and is abrogated by the M5 mutation. The hepa-
titis C virus (HCV) IRES that serves as an IRES control only me-
diates moderate IRES activity in this context. These data suggest
that the P4 stem-loop is the critical, minimal active RNA element
in the a9 IRES ¢ element.

The Hoxa9 P4 Stem-Loop Is a Modular Translation
Enhancer

Further confirmation of P4’s activity to promote internal transla-
tion initiation was provided using A-capped Nanoluc (Nluc) re-
porter mRNAs (Figures 2A and 2B). RNA transfection of A-cap-
ped (ApppG) mRNA reporters that are exclusively initiated in a
cap-independent manner are an established tool to assess
cellular IRES-like activity (Hundsdoerfer et al., 2005). The
increased internal initiation of such mRNA reporters by P4-acti-
n(inv) was specifically reduced by introducing M5. In addition,
when this P4-actin(inv) reporter mRNA is m’G-capped, as are
most endogenous mRNAs (Figure 2C), a 1.8-fold increase in
translation was observed compared to actin(inv) alone (Fig-
ure 2D). This finding highlights the modularity of the P4 stem-
loop and suggests that it functions as a translation enhancer
(TE) in multiple contexts. Therefore, P4 may serve as a modular
TE in any 5" UTR if placed upstream of a spacer, rendering it a
very attractive RNA element that promotes translation initiation
beyond its importance for Hoxa9 mRNA expression. We there-
fore from here on in refer to P4 as a 5’ UTR TE. To further char-
acterize P4’s modular TE activity, we interfered with cap-medi-
ated initiation by treating cells with the small molecule inhibitor
4EGI-1 when the P4-actin(inv) reporter mRNA is m’G-capped
(McMahon et al., 2011; Moerke et al., 2007). This molecule binds
to the cap-binding protein elF4E to displace the translation initi-
ation factor elF4G and inhibits its association with 4E, which
blocks 40S ribosome recruitment and cap-dependent transla-
tion (Figures 2E, S1J, and S1K). Transfection of a m’G-capped
P4-actin(inv) reporter mRNA into 4EGI-1-treated cells compared
to untreated/DMSO-treated control cells revealed a relative in-
crease in translation initiation under conditions of strong cap-
dependent translation inhibition (Figure 2F, S1J, and S1K). These
data indicate that P4 acts as a cap-independent TE.

Given that mutations in the basal stem of P4 strongly affect its
activity (Figures 1C and S1C-S1G), the functional contribution of
the P4 5’ and 3’ stem portions individually were next examined
(Figures 2G and 2H). Particularly, mutations affecting the 5'
arm and the loop of P4 (M1, M4, M7, M10, and M11) do not affect
its activity, whereas 3’ arm mutants (M5, M6, M8, and M9) are
inactive (Figures 1C, S1F, and S1G). These data suggest that a
sequence motif in the P4 3’ arm is crucial for P4 TE activity.
Indeed, only the 3’ arm has equal activity as the full P4 (Figures
2G and 2H). Together, these data suggest that unexpectedly
the 35 nt-long P4 stem-loop of the a9 IRES+gq element by itself,
and particularly the 18 nt sequence of the 3’ P4 stem-loop, is
important for its activity as a TE, which is sufficient to mediate in-
ternal translation initiation.

The Hoxa9 IRES-like Element Binds to the 40S Ribosome

The next question was whether and how the Hoxa9 5’ UTR, and P4
in particular, interacts with the ribosome. Ribonucleoprotein (RNP)

4 Molecular Cell 80, 1-16, December 17, 2020
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affinity purification through streptavidin (SA)-binding 4xS1m ap-
tamers was employed that we had previously established (Leppek
and Stoecklin, 2014; Leppek et al., 2013) (Figures 3A and S2). RNPs
were formed in vitro by incubating C3H/10T1/2 cell lysates with
RNA-coupled beads, releasing them by RNase A, and enrichment
of components of the translation machinery were monitored by
western blot (WB) analysis. Among different regions of the Hoxa9
5" UTR tested, compared to the P3 that shows overall weak direct
ribosome binding, P4 most highly enriched for the 40S component
RPS6/eS6 and to a lesser extent for RPL10A/uL1 (60S) (Figures 3B
and S2A). Beyond this qualitative assessment by WB analysis, the
samples were subjected to quantitative mass spectrometry (MS)
for P3 and P4 in comparison to the 4xS1m control to assess the
relative enrichment of whole ribosomal subunits in the pulldown
(Thompson et al., 2003) (Figure 3C; Table S4). P3, that by itself
cannot mediate IRES-like activity (Figure 1F), does indeed not
enrich for 40S nor 60S components (Figures 3D and S2B). In
contrast, P4 preferentially enriches for almost all detected 40S pro-
teins (29/30) and significantly less and only partially for 60S compo-
nents. To control for the specificity of the observed 40S binding
preference due to the overall RNA-binding preference of ribosomal
subunits, compared to P4, P4(M5) and the inverse P4 sequence
show reduced and abrogated binding to a representative 40S RP
(Figures 3E and S2C). Similarly, the full 29 IRES;gg structure can
bind to this 40S component, which is specifically abolished by its
inverse sequence as a negative control.

To recapitulate the cellular environment in which Hox genes are
expressed, the ribosome interaction of the a9 IRES, gy was further
confirmed by employing E11.5 mouse embryo lysates (Figures 3F
and S2D). Interestingly, MS-quantification revealed that the a9
IRES; g0 binds to both full 40S and 60S subunits, with a preference
forthe 40S (Figures 3G, S2E, and S2F; Table S5). Thisis in contrast
tothe HCV IRES that strongly enriches for only the 40S, and the 13-
subunit elF3 complex (10/10 subunits enriched, Figures 3G and
S2G). elF3B binding was confirmed for the HCV IRES, but not
the Hoxa9 IRES-like element (Figure 3F). However, in the full a9
IRES; g0, additional regions or more extensive tertiary RNA struc-
ture may contribute or be needed to recruit the 60S, consistent
with the previous observation that a large subunit protein,
RPL38/eL38, is functionally important for IRES-like activity (Kon-
drashovetal.,2011; Xue etal., 2015). Together, these data suggest
that P4 alone without additional binding factors serves as the min-
imal RNA element sufficient to recruit the 40S to the Hoxa9 5’ UTR.
However, it is part of a more complex RNA sequence integrated in
an unusually long 5 UTR, wherein future studies are required to
fully understand how, in particular, a specific RP can promote
translation initiation from this 5 UTR.

The Hoxa9 IRES-like Element and P4 Bind the Ribosome
via 18S rRNA ES9S

We next obtained the cryo-EM structure of the Hoxa9 IRES-like
RNA bound to the ribosome for which 40S and 80S subunits
from human cells were used. A 3.9 A cryo-EM reconstruction of
the full-length Hoxa9 IRES-like element in complex with the hu-
man 40S was obtained (Figures 4A and S3A-S3C). At the top of
the head of the 40S, an extra density is visible (orange) corre-
sponding in size and shape to an RNA helix that is part of the
Hoxa9 IRES-like element. A similar extra density (orange) is also
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Figure 2. The P4 Stem-Loop Is the Minimal TE Element in the Hoxa9 5 UTR

(A) In vitro transcribed, A-capped, and polyadenylated (Aso-tail) HA-Nanoluc (Nluc) reporter mRNAs containing 5 UTR elements. m’G-capped and poly-
adenylated HBB-Fluc mRNA served as reference.

(B) A-capped reporter mRNAs shown in (A) were directly transfected into mouse C3H/10T1/2 cells. IRES-like activity of P4-actin(inv) derivatives were compared
to a 46 nt-long scrambled control (UTR). m’G-capped HBB-Fluc mRNA was co-transfected as reference. Cells were transiently transfected with RNA for 6 h, cells
from the same transfection were spilit in half for protein and mRNA analysis, and average Nluc/Fluc luciferase activity was normalized to respective Nluc/Fluc
mRNA levels + SEM, n = 6-9; actin(inv) alone was set to 1.

(C) In vitro transcribed, m’G-capped, and polyadenylated (Aso-tail) HA-Nanoluc (Nluc) reporter mRNAs as in (A) that contain a conventional m’G cap.

(D) m’G-capped reporter mRNAs shown in (C) were directly transfected into human HEK293T cells as in (B). Average Nluc/Fluc luciferase activity was normalized

to respective Nluc/Fluc mRNA levels + SEM, n = 6.

(E) Schematic of the small molecule inhibitor 4EGI-1 that binds to elF4E and blocks elF4G association, thus uncouples cap-dependent initiation from P4

translation enhancer function. See also Figure S1.

(F) Luciferase activity analysis in mouse C3H/10T1/2 cells was carried out as in (D). Cells were treated for 3 h, transiently transfected with RNA for 6 h in presence
of drug or carrier, and harvested for luciferase analysis. Average Nluc/Fluc luciferase activity + SEM, n = 4-8; actin(inv), untreated was set to 1.

(G) Secondary structure model of the 5 and 3’ arms of the P4 stem-loop mapped onto the structure. Yellow: Sequence critical for P4 activity.

(H) P4 derivatives fused to the native spacer were tested for IRES-like activity in bicistronic (left, average Fluc/Rluc IRES-like activity + SEM, n = 4-6) or mon-

ocistronic mini-UTR reporter mRNAs (right, average Fluc/Rluc activity normalized to respective globin/NupL1 mRNA levels + SEM, n = 3-8). Reporter mRNAs

were transiently expressed from plasmids as described in Figures 1E and 1H. The inactive 5’ arm (Fluc/Rluc > 0.5 A.U.) is labeled “-,” and the active 3’ arm

(normalized Fluc/Rluc < 0.5 A.U.) is labeled “+” in (G).
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Figure 4. Cryo-EM Reveals That the Hoxa9 IRES-like and P4 RNA Bind to the Ribosome via ES9S

(A) Reconstruction of the human 40S ribosomal subunit with the mouse Hoxa9 IRES-like element (@9 IRES FL) at 3.9 A resolution. Additional density for a9 IRES FL
is indicated in orange.

(B) Reconstruction of the human 80S ribosome at 4.40 A resolution with the additional density for the mouse a9 IRES FL indicated in orange.

(C) The a9 P4 stem-loop binds to the head of the small 40S ribosomal subunit. Reconstruction of the P4 stem-loop (orange) bound to human 40S ribosomal
subunit (gray) at 4.1 A for the 40S head and 3.1 A resolution for the 40S body. The density is low-pass filtered to 7 A to show RNA helical features of P4 (orange).
(D) Cryo-EM analysis of the mouse a9 P4 stem-loop in complex with the human ribosome. Reconstruction of the 40S ribosomal subunit head in complex with P4
at4.1 A resolution. P4 binds to ES9S (green) of the 18S rRNA (yellow) near ribosomal protein RPS19/eS19 (blue). The tip of ES9S was modeled onto PDB: 5a2q to
better visualize the bound P4 element.

(E) 180° rotation of the reconstruction in (D).

seen in context of the 80S ribosome at 4.40 A (Figures 4B and  RNA, which is absent in a reconstruction of the 40S alone (Fig-
S3D-S3F). Strikingly, cryo-EM analysis of the 40S bound to the ure S4B). Unexpectedly, closer examination of the interaction
P4 stem-loop RNA alone revealed a similar interaction (orange) site of the RNA revealed a single ES, ES9S, in the 18S rRNA as
at the 40S head at 4.1 A(Figures 4C and S4) as with the full-length  the direct binding site for both the full-length Hoxa9 IRES-like

Figure 3. The Hoxa9 IRES-like Element Binds to the 40S Ribosomal Subunit via P4

(A) Schematic of the 4xS1m pulldown to probe interactions of in vitro transcribed 4xS1m-aptamer fusion RNA with lysate components from C3H/10T1/2 cells or
mouse embryos to form ribonucleoproteins (RNPs) in vitro. SA, streptavidin.

(B) 4xS1m pulldown is performed by combining mouse Hoxa9 mRNA elements with C3H/10T1/2 cell lysates. The aptamer alone (—) served as negative control.
RPs of the 40S and 60S subunit and elFs were monitored by western blot (WB) analysis. The fraction loaded of input and elution samples is expressed as
percentage of the original lysate volume. Representative of n = 2 is shown. RNase A elutions of the aptamer control, P3 and P4 were subjected to mass
spectrometry (MS) analysis. Differential enrichment of RPs compared to input with P4 was normalized to RPS6 set to 1. UTR, full-length Hoxa9 5’ UTR.

(C) Workflow for identifying and quantifying proteins in RNase A elutions by quantitative MS using tandem mass tag (TMT) peptide labeling. Proteins were trypsin-
digested into peptides, labeled with a distinct TMT, mixed equally per replicate, and subjected to liquid chromatography (LC)-tandem MS (MS/MS) analysis for
multiplex quantification.

(D) Analysis of TMT-MS/MS data displayed as log, fold change (FC) relative to the aptamer control (4xS1m) for a9 P3 and P4 shows the relative abundance of
proteins detected and enriched in respective protein groups compared to their levels in the control. Samples correspond to the pulldown in (B) from C3H/10T1/2
cells. Only proteins detected in 2/2 biological replicates are shown. See also Table S4.

(E) 4xS1m-pulldown as described in (B) comparing the a9 IRES+go and a9 P4 to control constructs. Lysates of C3H/10T1/2 cells were used as input. Repre-
sentative of n = 3 is shown. Differential enrichment of RPS6 compared to input with RNA baits was normalized to a9 IRES;g, set to 1.

(F) 4xS1m-pulldown as described in (B) comparing the a9 IRES50 to an unrelated viral IRES, HCV. Lysates of FVB stage E11.5 mouse embryos were used as
input. Representative of n = 3 is shown. RNase A elutions were subjected to TMT-MS/MS analysis.

(G) Analysis of TMT-MS/MS data displayed as log, fold change (FC) relative to 4xS1m for a9 IRES g0 and HCV IRES as in (D). Samples correspond to the pulldown
in (F) from FVB stage E11.5 mouse embryos. Only proteins detected in 3/3 biological replicates are shown. See also Table S5.
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element (Figures 4A and 4B) and P4 alone (Figure 4C). Importantly,
while human ribosomes were used for cryo-EM analyses, the
ES9S sequence is identical in human and mouse 18S rRNA. The
resolution of the 40S head allows to fit an atomic model of the cor-
responding portion of the human ribosome (Natchiar et al., 2017)
which only required minor adjustments to the tip of ES9S. With this
higher resolution reconstruction of the P4-40S complex (Figures
4D and 4E), the extra density has clear features and the shape
of an RNA helix that corresponds in size to the P4 stem-loop helix.
However, the lower local resolution of these reconstructions at the
interaction site, probably due to the flexibility of ES9S and P4,
does not allow for a more detailed interpretation of the mode of
RNA-RNA interaction at present. Based on loop mutations in P4
(M10and M11; Figures 1C and S1) not affecting P4 activity, we as-
sume this interaction is less likely to represent a loop-loop interac-
tion. Nevertheless, these data clearly reveal ES9S as the binding
site on the ribosome. Together, these findings unexpectedly
reveal mRNA-rRNA contacts between a very specific rRNA ES
and the Hoxa9 5 UTR, which may serve as the entry point for
408 ribosome recruitment required for translation initiation.

Engineering of Humanized Ribosomes in Yeast
Exclusively Harboring Human ES9S

We next investigated whether the ES9S in 18S rRNA is functionally
required for the ribosome-Hoxa9 5 UTR contact. Due to thou-
sands of repeats of ribosomal DNA (rDNA) loci distributed across
multiple chromosomes in metazoans (Romanova et al., 2006), it
is not presently possible to genetically manipulate specific rRNA
regions in mammalian cells. In the yeast Saccharomyces cerevi-
siae (S. cerevisiae) (Armache et al., 2010) and the human (Natchiar
etal., 2017) (H. sapiens) 18S rRNA secondary structure, the basal
stem of helix h39 adjacent to ES9S is highly conserved while the
distal portion of ES9S is variable in length, structure, and sequence
(Figure 5A, boxed region). This ES9S divergence is also apparentin
comparison to other species across evolution (Figure 5B). The
distal human ES9S structure was revised based on our cryo-EM
data (Figure 4). We next harnessed the interspecies variability of
ES9S to test the specificity of P4 TE binding to the ribosome via
this ES and the functional importance of the evolutionary change
in ES9S sequence. To accomplish this, we turned to yeast as a
model system, which only has a single rDNA locus, containing hun-
dreds of tandem-repeated rDNA copies. This allows for deletion of
the entire rDNA locus and complementation with edited rDNA from
an exogenous plasmid (Nemoto et al., 2010; Wai et al., 2000). We
thereby engineered “humanized” (termed hES9S) chimeric ribo-
somes (Figure 5C), for which hES9S was introduced scarlessly
into the conserved h39 stem of yeast 18S rRNA (boxed region in
Figure 5A). To distinguish humanized rRNA-containing ribosomes
from possibly remaining untagged wild-type (WT) ribosomes,
unique sequence tags for RT-gPCR were introduced into both
18S and 25S rRNA (Figures 5D and S5A-S5C). AsrRNA is sensitive
to manipulation and exchanging large regions can lead to ribo-
some biogenesis defects (Jeeninga et al., 1997; Ramesh and
Woolford, 2016; Sweeney et al., 1994), it was initially confirmed
that yeast cells induced to exclusively contain hES9S-ribosomes
are viable and only show a slight growth defect in comparison to
WT rRNA-containing cells (Figures S5A and S5D). This enabled
the successful isolation of yeast strains after rDNA plasmid shuf-

8 Molecular Cell 80, 1-16, December 17, 2020

Molecular Cell

fling (Figures 5E and S5B) (Nemoto et al., 2010) that solely contain
tagged hES9S 18S rRNA-ribosomes, as well as control strains
harboring tagged WT 18S rRNA-ribosomes (Figures S5B-S5D)
that could then be used as a tool to study species-specific
mRNA-ES interactions.

Humanized Yeast Ribosomes Reconstitute Binding of
the Hoxa9 IRES-like RNA and P4 TE to hES9S

Initially, we asked whether humanized hES9S 40S subunits
can directly bind in vitro to the Hoxa9 IRES-like RNA element
compared to WT 40S. For that, 40S subunits were purified
from WT and hES9S yeast strains by high salt and puromycin
treatment and sequential gradient fractionation (Figure S6A),
and their purity and integrity were confirmed (Figures 5F and
S6B). The a9 IRES FL RNA was then incubated with WT or
hES9S 40S, and RNP complexes were separated on a su-
crose gradient (Figure 5G). The ability of the a9 IRES FL
RNA to co-migrate with the 40S was assessed using the
18S rRNA tag as a reference (Figure 5G). The a9 IRES-like
RNA co-sediments with hES9S 40S in high-molecular-weight
fractions in contrast to the WT 40S, in which the majority of
RNA is detected in the unbound, free fractions. These data
support ES9S as the direct interaction site for the a9 IRES-
like RNA on the 40S subunit.

Next, the importance of ES9S-Hoxa9 IRES-like interaction was
investigated in complex yeast lysates. In vitro 4xS1m pulldowns
(Figures 6A and S6) (Leppek and Stoecklin, 2014) with lysates of
tagged WT or humanized yeast strains revealed no binding of P4
and a9 IRES;g, to WT yeast ribosomes, but a 36- and 11-fold
enrichment of binding, respectively, to 18S rRNA from humanized
ribosomes (Figures 6B, S6C, and S6D). Consistently, a 40S RP,
RPS5/uS7, was found enriched with both P4 TE and a9 IRES;g
RNAs by WB analysis. The specificity of these interactions was
corroborated by no enrichment of tagged 25S rRNA, nor other
classes of endogenous yeast RNAs, such as act?7 mRNA or
UsnRNAT1. The viral HCV IRES served as a negative control, as it
is known to bind to the 40S through a distinct, ES9S-independent
mechanism (Malygin et al., 2013; Matsuda and Mauro, 2014).

To confirm the specificity of the hES9S-P4 TE interaction,
ES9S variants (V) were generated, which instead of the full
hES9S, contain only half of the distal ES9S sequence (variant A
(VA)) transplanted onto the yeast 18S rRNA or replaced only
the yeast ES9S distal loop (VB and VC) (Figures 6C and S5E).
All hES9S variant-containing yeast cells are viable and show
only a slight growth defect, if any at all, in comparison to WT cells
(Figures S5F and S5G), which allowed variant strain isolation
(Figure S5@G). In the 4xS1m pulldown, neither of the variants
VA-C were able to rescue P4 TE binding compared to the full
hES9S, that efficiently enriched for P4 TE RNA (Figures 6D and
S6E). Thus, the full hES9S is required for P4 TE interaction which
implies that either the full hES9S is required to fold correctly in
context of the h39 stem or its full sequence is needed to recog-
nize the P4 stem-loop. Further, our data did not reveal the same
binding to humanized ribosomes for additional IRES-like ele-
ments from other genes in the HoxA cluster (Xue et al., 2015),
nor P3 (Figures 6E and S6F). Consistently, a P4-like sequence
or the 18 nt P4 3’ motif is only present in the Hoxa9 5’ UTR but
not in other Hoxa IRES-like elements (Figures S6G and S6H).
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Figure 5. Engineering of Chimeric hES9S-Humanized Ribosomes in Yeast

(A) Secondary structure models of the human (green) and yeast (blue) 18S rRNA region containing ES9S. The constant region (h39) and ES9S-fusion site selected
for chimeric 18S rRNA engineering are indicated.

(B) A 40-way multiple sequence alignment (MSA) and conservation analysis of the highly conserved 18S rRNA region in which the more variable ES9S is
embedded. Nts are color coded according to conservation. For six species (bold, asterisk), annotated 18S rRNA sequences were confirmed by RT-PCR spanning
the ES9S region. R, purine; Y, pyrimidine.

(C) Structure model of the engineered yeast 18S rRNA after exchange of the yeast to human ES9S (hES9S, green).

(D) The rRNA cassette that encodes 18S, 5.8S, and 25S rRNA indicating the position of unique sequence tags in 18S (red) and 25S (orange) rRNA used for RT-
qPCR to detect precursor and mature forms of endogenous and tagged yeast rRNA.

(E) The plasmid shuffling approach to generate yeast strains that contain a homozygous knock-out of the rDNA locus (NOY890) and exclusively express plasmid-
encoded tagged chimeric 18S rRNA as in (C). See also Figure S5.

(F) 40S subunits of WT and hES9S yeast strains (NOY890) were purified by sequential sucrose gradient sedimentation (see also Figure S6). The purity of the
isolated 40S was confirmed by WB analysis of RPs compared to the input lysate. RPL10A/uL1 is yeast Rpl1 (referred to as Rpl10a).

(G) In vitro binding assays using purified WT and hES9S 40S subunits to test direct binding to the a9 IRES FL RNA. IRES-40S complexes were eluted by 5%-20%
sucrose gradient fractionation. Co-sedimentation of 40S (18S rRNA tag) and bound RNA (a9 IRES FL) was detected by RT-qPCR, normalized to a Nluc spike-in
RNA (average + SD, n = 3). IRES-40S co-sedimentation was assessed by integrating the gradient distribution and expressed for the free (1) and 40S (2) fractions
as the percentage relative to the total (average + SD, n = 3).
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Figure 6. Chimeric hES9S-Humanized Yeast Ribosomes Reconstitute Hoxa9- and P4-ES9S Binding

(A) Schematic of the 4xS1m pulldown to probe interactions of IRES-4xS1m RNA with WT and hES9S ribosomes from yeast (NOY890) lysates. Ribosome
enrichment is monitored by RT-qPCR for tagged rRNA and other RNA classes normalized to the input and WB analysis for RPs.

(B) rRNA bound to 4xS1m-fused RNA is quantified with primers specific for 18S and 25S rRNA tags (RNA on beads). 4xS1m aptamer alone (—) and the HCV IRES
serve as a negative and IRES control, respectively. The 4xS1m aptamer/WT sample was used to normalize for fold enrichment of detected RNA (set to 1). Yeast
actin (act1) and yeast UsnRNA1 serve as negative controls for an mRNA and a non-coding RNA, respectively. Ribosome enrichment was assessed by WB
analysis of same volumes of protein released from beads by RNase A. The fraction loaded of input and elution samples is expressed as percentage of the original
lysate volume. Cytoplasmic enzyme PGK1 serves as a negative control. Average RNA fold enrichment, standard deviation (SD), n = 3; long exp., long exposure.
See also Figure S6.

(C) Structure model of the engineered (hES9S, green) yeast 18S rRNA with annotations of the tested sequences (dark green; white circle) for hES9S-variants VA-C
which contain partial hES9S sequences. Structure models of hES9S variants were predicted using Vienna RNAfold which predicted the assumed correct RNA
folds for the yeast and human WT ES9S.

(legend continued on next page)
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Figure 7. The P4-ES9S Interaction Is Important for Endogenous Hoxa9 mRNA Translation

(A) Schematic of the secondary structures of human ES9S, which is identical to mouse, and the P4 stem-loop indicating the inactive M5 mutation used to test the
functional relevance of their interaction for Hoxa9 mRNA translation.

(B) 4xS1m pulldown analysis was performed as in Figure 6B, comparing a9 P4 with P4(M5). The P4-4xS1m/WT sample was used to normalize for fold enrichment
(set to 1). Average RNA fold enrichment, SD, n = 4

(C) Schematic of targeted CRISPR/Cas9-editing of the 4 nt-mutation (TATT) of P4(M5) into the genomic Hoxa9 locus of mESCs. In vitro differentiation of mESCs
by retinoic acid (RA)-treatment into the neuronal lineage (neural stem cells) induces collinear Hox gene expression. Genome-edited clones and WT cells were
subjected to endogenous Hoxa mRNA translation analysis. See also Figure S7.

(D) The expression levels of NupL1, Hoxa9, and Hoxa5 mRNAs relative to actin mRNA in whole stage E11.5 FVB mouse embryos (E11.5 total RNA) compared to
embryonic tissues of the same stage. DNase-treated total RNA from a whole embryo (E11.5 total RNA) was set to 1, n = 2-3; NT, neural tube.

(E) Schematic of Hox gene induction in WT and a9(M5)-edited mESCs (clone D6) upon 60 h (2.5 days) of 33 nM RA-treatment or DMSO (control). mRNA induction
of Hoxa9, Hoxa5, and NupL 1 (control), normalized to actin mRNA in RA (+) and DMSO (—)-treated mESCs. Respective DMSO/WT or DMSO/a9(M5) samples were
set to 1 to indicate mMRNA induction, n = 2.

(F) Sucrose gradient fractionation analysis of lysates derived from RA-treated WT and a9(Mb)-edited cells on 10%-45% sucrose gradients. RNA extraction of
individual fractions, RT-qPCR specific for Hoxa9, as well as Hoxa5 and NupL1 mRNAs as controls, and normalization to a Fluc-Rluc spike-in RNA, reflects the
normalized distribution of the endogenous mRNAs in fractions to determine their translation efficiencies (average + SEM, n = 3). Gradient distribution was
quantified by integrating free and 40S (1), sub- and light (2), heavy polysomes (3) which was expressed as the percentage relative to the total (average + SD, n = 3).

Together, these findings highlight the intricate specificity for
hES9S to interact with a selective transcript.

The P4-ES9S Interaction Is Important for Endogenous
Hoxa9 mRNA Translation

A series of experiments aimed at corroborating the physiological
significance of the P4-ES9S interaction were next performed
(Figure 7A). Importantly, given that the 4 nts mutated in P4(M5)

are critical for 40S binding, compared to P4, P4(M5) markedly
shows 4- to 5-fold reduced binding to hES9S 40S ribosomes
from yeast lysates compared to WT (Figures 7B and S6l). This re-
vealed the importance of these 4 nts in the P4-ES9S binding
event. Our collective mMRNA-rRNA interaction data (Figures 6
and 7B) paved the way for performing CRISPR-Cas9 genome
editing in mouse embryonic stem cells (MESCs) to site-specif-
ically introduce the 4 nt mutation of M5 into P4 in the

(D) Same analysis was performed as in (B), comparing hES9S variants VA-C for their ability to bind to P4. The full hES9S serves as a positive control. The P4-
4xS1m/WT sample was used to normalize for fold enrichment (set to 1). Average RNA fold enrichment, SEM, n = 3.

(E) Same analysis was performed as in (B), comparing IRES-like elements of the Hoxa cluster, a9 IRES+g0, a3, a5, a71, and a9 P3. The HCV IRES serves as a
negative control. The structure model of a9 IRES+go with P3 and P4, and the HoxA gene cluster chromosomal arrangement is given. The HCV-4xS1m/WT sample
was used to normalize for fold enrichment (set to 1). Average RNA fold enrichment, SD, n = 3.
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endogenous 1.2 kb long 5’ UTR of Hoxa9, as a means of selec-
tively disrupting the P4-ES9S interaction in primary mammalian
cells (Figures 7C and S7). Homozygous clones were selected af-
ter templated genome editing that scarlessly contain the 4 nt M5
mutation (Figure S7F).

Clustered Hox genes are unique in that there is a direct rela-
tionship between their chromosomal organization, expression,
and function in time and space during development (termed
collinearity), such that the 3’ genes are sequentially activated
before 5 members (Kmita and Duboule, 2003). Sequential
expression of Hox genes is established during embryogenesis
through combinatorial inputs from multiple signaling pathways,
including transcription-inducing signals such as 9-cis retinoic
acid (RA) (Conlon and Rossant, 1992; Nolte et al., 2019) that af-
fects RA response elements present in Hox clusters (Ghyselinck
and Duester, 2019). mESCs do not usually express Hox tran-
scripts, but can be differentiated into the neuronal lineage (neural
stem cells) upon RA treatment which induces highly temporal
collinear Hox gene expression (Papalopulu et al., 1991; Simeone
et al., 1990).

RA concentrations in developing mouse embryos normally
range from 16 to 35 nM (Horton and Maden, 1995; Sheikh
et al., 2014). We found that Hoxa9 mRNA expression is highest
after 60 h of 33 nM RA treatment of mESCs, which is consistent
with reported oscillating Hoxa9 mRNA expression and mimics
sequential embryonic Hox gene activation (De Kumar et al.,
2015) (Figures 7C, 7D and S7A-S7C). Additionally, the a9
mRNA expressed upon RA induction was confirmed to contain
the same 5 UTR IRES-like element as present in the embryo
(Figures S7D and S7E). Hox gene induction upon 60 h of RA
treatment was comparable in M5-edited and WT cells as seen
for Hoxa9 and Hoxa5 mRNAs located on the same chromosomal
locus (Figure 7E). Then, induced WT and edited cells were sub-
jected to sucrose gradient fractionation analysis to quantify
translation efficiency (Figures 7C and 7F). This analysis showed
a clear, significant shift of translated Hoxa9 mRNA from the well-
translated pool of MRNAs (heavy polysomes) in WT cells to less
translated mRNAs (light polysomes) in the M5-edited cells (Fig-
ure 7F). Importantly, the translation of Hoxa5 mRNA in the
same cluster and a control mRNA, NupL1, were unaffected in
edited cells. Together, using gene editing of M5 into the Hoxa9
genomic locus and neural stem cell differentiation, these findings
underscore the physiological importance of the specific P4-
ES9S interaction for ultimate Hoxa9 mRNA translation.

DISCUSSION

Our study unravels that the ribosome, a highly conserved fossil
of the RNA world, has evolved to accommodate species-specific
adaptations in the form of a previously unknown functional role
for ESs in selective mRNA interactions. This sheds light on the
unexpected regulatory potential of rRNA as a trans-acting player
in establishing specific and direct mRNA contacts, distinct from
its essential function in peptide-bond formation (Dahlberg,
1989), and from established interactions with proteins, such as
elFs and ribosome-associated proteins (RAPs) (Chen et al.,
2014; Fuijii et al., 2018; Shao et al., 2015; Simsek et al., 2017).
ESs have been notoriously hard to visualize on ribosome struc-
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tures as they are very flexible and dynamic (Armache et al.,
2010). Hoxa9 IRES-like RNA binding may have stabilized the
ES9S structure, which has facilitated the resolution of this inter-
action and additionally improves the so far only modeled ES9S
structure (Figure 5A).

Ribosomal subunits have been proposed to have regulatory
roles in translation themselves via differential mMRNA binding
(Mauro and Edelman, 2002), but clear evidence was sparse. To
date, mRNA-rRNA interactions have been mainly implicated for
translational control in viruses or bacteria, such as the classic
example of base pairing between the Shine-Dalgarno sequence
and the 3’ end of prokaryotic 16S rRNA to identify translation
start sites (Shine and Dalgarno, 1974; Steitz and Jakes, 1975).
For eukaryotic mMRNA-rRNA interactions, base pairing sequence
complementarity with the 18S rRNA has been suggested for a
few individual mMRNA 5’ UTRs or solely predicted genome-wide
(Dresios et al., 2006; Panek et al., 2013; Panopoulos and Mauro,
2008; Parker et al., 2018; Tranque et al., 1998). Particularly, a pu-
rine-rich sequence in the histone H4 mRNA coding region has
been found to base pair with 18S helix h16 to tether the 40S to
the start codon (Martin et al., 2016). However, ES9S represents
the first confirmed binding site for such mRNA-rRNA interactions
within ESs.

ESs display a wide variability in sequence, structure, and length
between species (Figure 5B) (Kuo et al., 1996; Leffers and Ander-
sen, 1993; Parks et al., 2018). Direct ES-mRNA-binding may repre-
sent an important determinant for tissue-specific translation regu-
lation as rRNA variants may be differentially expressed between
tissues in the same organism (Parks et al., 2018; Tseng et al.,
2008) or in organismal development (Teixeira and Lehmann,
2019). For example, one of the largest estimated differences in
rRNA sequences between mouse tissues are due to ES variation
(Parks et al., 2018; Tseng et al., 2008). While the potential tissue-
specific variability in ES9S remains to be addressed, ten SNPs in
ES9S were found across human populations. Species- and or-
gan-selective rRNA variants could thereby reflect an evolutionary
adaptation of the ribosome itself to the transcriptome expressed
in a species. With respect to the Hox gene cluster, regulatory
mechanisms that ensure their remarkable spaciotemporal
collinear expression have been a fascination for decades (Kmita
and Duboule, 2003; Krumlauf, 1994). Hox genes are among the
most tightly regulated transcripts, essential for metazoan body
planformation. The evolution of the ribosome to facilitate the trans-
lation of a Hox mRNA reflects an additional, important layer of con-
trol that may have co-adapted species-specific changes to Hox
gene expression underlying embryonic development. Beyond
that, in a separate manuscript, we extended these findings and
identified hundreds of mouse embryonic mRNAs translationally
regulated in an ES9S-depedent manner by defining the mRNA in-
teractome of ES9S-humanized ribosomes genome-wide (Leppek
etal., 2020). Moreover, the modular activity of the Hoxa9 P4 stem-
loop to enhance translation initiation from any 5" UTR by 40S-bind-
ing, and particularly via the 3’ 18-nt motif (Figure 2), reflects, to our
knowledge, the shortest sequence harboring ribosome-binding
activity in itself. Thereby, this may be a very attractive short RNA
element beneficial for recently emerging RNA-based therapeutics,
e.g., mRNA vaccines (Pardi et al., 2018). Indeed, in efforts to
develop optimized mRNA vaccines for SARS-CoV-2, we find
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that the P4 stem-loop performs exceptionally well to enhance
translation of mRNA therapeutics (unpublished data). Thereby,
the direct interplay between a select mRNA and an rRNA ES iden-
tified in this study provides a so far unrecognized mechanism by
which specific features of eukaryotic 5 UTRs serve to recruit the
ribosome and modulate gene regulation at the post-transcriptional
level.

Limitations

While we have been able to detect a pronounced change in
Hoxa9 translation efficiency upon interruption of the P4-ES9S
interaction, ultimately, we could not find a suitable antibody to
further examine HOXA9 protein expression by WB. HOX proteins
are highly conserved and similar in sequence and structure due
to their common Homeodomain domain. The lack of specific
tools such as antibodies to specifically detect them—the “Hox
specificity paradox” (Luo et al., 2019)—has long been known
to be a technical bottleneck in the field. The diversity of transla-
tional regulation even among Hoxa mRNAs is apparent in the
different translation profiles of Hoxa5 and Hoxa9 mRNAs (Fig-
ure 7F), which, in absence of any specific antibodies for these
mouse HOX proteins, is currently the best method to probe their
translation.

Our studies reveal that the a9 P4 stem-loop may serve as the
default, underlying regulatory element to recruit the 40S via 18S
rRNA-ES9S to the Hoxa9 5’ UTR. However, itis part of a more com-
plex unusually long 5" UTR, wherein the possible dynamic interplay
and hierarchy of RNA sequences or structures remains unknown.
While the TIE-IRES topology is not exclusive to the Hoxa9 5’ UTRin
the HoxA gene cluster (Xue et al., 2015), the P4 stem-loop is. Addi-
tionally, multiple Hoxa IRES-like elements including Hoxa9 selec-
tively require RPL38/eL.38 on the 60S for their activity (Kondrashov
et al., 2011; Xue et al., 2015). Our cryo-EM IRES-ribosome com-
plexes reconstituted from purified components may thus repre-
sent the minimal interactions for recruitment of the 40S, and further
structural work should address the native complex in developing
mouse tissues to reveal the full interplay of interactions required
for regulation of Hox mRNA translation.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-PGK1
Mouse monoclonal anti-RPS5/uS7
rabbit monoclonal anti-RPS6/eS6

Mouse monoclonal anti-RPL10A/uL1
(for yeast)

Rabbit monoclonal anti-RPL10A/uL1
(for mouse)

Goat monoclonal anti-elF3B (eif3-eta, N-20)
Rabbit monoclonal anti-elF4A (C32B4)

Rat monoclonal anti-Mouse IgG-
HRP (eB144)

Mouse monoclonal anti-Rabbit IgG-
HRP (eB182)

Sheep Anti-Mouse 1gG, HRP Conjugated
Donkey Anti-Rabbit IgG, HRP Conjugated
Donkey Anti-Rat IgG, HRP Conjugated

Thermo, Novex
Abcam

Cell Signaling
Santa Cruz

Abcam

Santa Cruz
Cell Signaling
Rockland

Rockland

GE Healthcare
GE Healthcare
Jackson ImmunoResearch

Cat# 459250; RRID: AB_2532235
Cat# ab58345; RRID: AB_2180899
Cat# 2217; RRID: AB_331355

Cat# sc-100827; RRID: AB_2285311

Cat# ab174318; RRID: N/A

Cat# sc-16377; RRID: AB_671941
Cat# 2013; RRID: AB_2097363
Cat#18-8817-31; RRID: AB_2610850

Cat#18-8816-31; RRID: AB_2610847

Cat# NXA931; RRID: AB_772209
Cat# NA934; RRID: AB_772206
Cat# 712-036-150; RRID: AB_2340640

Chemicals, Peptides, and Recombinant Proteins

Puromycin dihydrochloride

RNase A

RNA PureLink columns

RNA Clean and Concentrator-5 columns
TMTsixplex Isobaric Label Reagent Set
Sequencing-grade modified trypsin
TURBO DNase

SUPERase In RNase Inhibitor
RNaseOUT

RNasin Plus RNase inhibitor

TRIzol

AccuPrime Pfx DNA Polymerase

KOD Xtreme Hot Start DNA Polymerase
iScript Supermix

SsoAdvanced SYBR Green supermix
CFX384 Touch gPCR machine
5-Fluoroorotic Acid (5-FOA)

Geneticin

Amino acid supplements (Complete
Supplement Mixture, CSM)

Salmon sperm DNA
Poly ethylene glycol (PEG) - MW 8000

cOmplete Protease Inhibitor Cocktail,
EDTA-free

cOmplete Mini Protease Inhibitor Cocktail,
EDTA-free

Streptavidin Sepharose High Performance

Sigma-Aldrich
Invitrogen

Ambion

Zymo Research
Thermo Fisher Scientific
Promega

Ambion

Ambion

Thermo Fisher
Promega

Invitrogen

Invitrogen

EMD Millipore

Bio-Rad

Bio-Rad

Bio-Rad

Fisher Scientific

GIBCO

Sunrise Science Products

Sigma
Millipore Sigma
Roche

Roche

GE Healthcare

Cat# P8833
Cat# AM2271
Cat# 12183018
Cat# R1016
Cat# 90066
Cat# V5111
Cat# AM2238
Cat# AM2696
Cat# 10777019
Cat# N261A
Cat# 15596
Cat# 12344024
Cat# 71975
Cat# 1708840
Cat# 1725270
Cat# 1855485
Cat# F10501-5.0
Cat# 11811-031

https://sunrisescience.com/products/
growth-media/amino-acid-supplement-
mixtures/csm-formulations/

Cat# D1626-5G
Cat# 6510-OP
Cat# 11836145001

Cat# 11836170001

Cat# 17-5113-01
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Avidin Agarose Thermo, Pierce Cat# 20219
SDS-PAGE gels Bio-Rad Cat# 567-1095, 456-1096
Semi-dry Trans-Blot Turbo system Bio-Rad Cat# 170-4273
Clarity Western ECL Substrate Bio-Rad Cat# 170-5061
ChemiDoc MP Bio-Rad Cat# 17001402
Tissue Lyser (QlAgen TissueLyser Il) QIAGEN Cat# 85300
Dulbecco’s Modified Eagle’s Medium GIBCO Cat# 11965-118
Fetal calf serum EMD Millipore Cat# TMS-013-B
EmbryoMax ES Cell Qualified Penicillin- EMD Millipore Cat# TMS-AB2-C
Streptomycin Solution 100X

Opti-MEM GIBCO Cat# 11058-021
Lipofectamine 2000 Invitrogen Cat# 11668-019
Lipofectamine MessengerMAX Invitrogen Cat# LMRNAOO1
Knockout-DMEM GIBCO Cat# 10829018
Embryomax FBS EMD Milipore Cat# ES-009-B
Non-essential amino acids EMD Milipore Cat# TMS-001-C
L-Glutamine EMD Milipore Cat# TMS-002-C
2-mercaptoethanol GIBCO Cat# 21985023
LIF EMD Millipore Cat# ESG1107
Retinoic acid Sigma Cat# R2625

1x PBS GIBCO Cat# 14190-250
SYBR Gold Invitrogen Cat# S11494
GlycoBlue Ambion Cat# LSAM9516
100 kDa MWCO concentrators Amicon®Ultra, Merck Cat# UFC910008
SYPRO Ruby Gel stain Thermo Fisher Cat# S12000
Sucrose Fisher Scientific Cat# S5-12
Density Gradient Fraction System Brandel Cat# BR-188
Acid-Phenol:Chloroform, pH 4.5 Ambion Cat# AM9722
Dimethyl sulfoxide (DMSO, cell Sigma Cat# D2650
culture grade)

4EGI-1 (elF4E/elF4G interaction inhibitor) Millipore Sigma Cati# 324517
Critical Commercial Assays

ProteoExtract Protein Precipitation Kit EMD Millipore Cat#539180
Dual-Luciferase Reporter Assay System Promega Cat# E1980
Nano-Glo Dual-Luciferase Reporter Assay Promega Cat# N1610
System

GloMax-Multi Promega Cat# E7081
OMIX C18 pipette tips column Agilent Cat# A57003100
MEGAscript T7 Transcription Kit Ambion Cat# AM1333
MEGAscript SP6 Transcription Kit Ambion Cat# AM1330
G(5')ppp(5')A RNA Cap Structure Analog NEB Cat# S1406L
ScriptCap m7G Capping System CellScript Cat# C-SCCE0625
A-Plus Poly(A) Polymerase Tailing Kit CellScript Cat# C-PAP5104H
MasterPure Yeast RNA Purification Kit Epicenter Cat# MPY03100
QIAquick Gel Extraction Kit QlAgen Cat# 28706
Monarch Gel Extraction Kit NEB Cat# T1020S
NEBuilder HiFi DNA Assembly Master Mix NEB Cat# E2621S
QIAquick PCR Purification Kit QlAgen Cat# 28106
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

G-50 Mini Quick Spin Sephadex RNA Roche Cat# 11814427001
columns

Deposited Data

Raw mass spec data ProteomeXchange PXD021678
Cryo-EM data EMDB EMD 11562 - EMD 11568
Mendeley Data This paper https://doi.org/10.17632/45zmm9359g2.1
Experimental Models: Cell Lines

C3H/10T1/2 mouse cells ATCC Cat# CCL-226
E14Tg2a.4 mouse ESCs (Smith and Hooper, 1987) N/A

a9(M5)-edited mouse embryonic stem cells This paper N/A

Experimental Models: Organisms/Strains

Yeast (S. cerevisiae) strains used: see This paper N/A

Table S2

Oligonucleotides

Oligonucleotides for genome editing, This paper N/A

cloning, RT-qPCR analysis, in vitro

transcription, see Table S3

Synthesized oligonucleotides Twist Bioscience N/A

Recombinant DNA

Plasmids used and generated, see Table S1 This paper N/A

Software and Algorithms

MAFFT, MView
Chimera
RELION
RELION 3
CTFFIND
Batchboxer
COOoT
SerialEM
MotionCor2
GCTF

MAFFT, MView
Vienna RNAfold
VARNA

R

ImageJ
Proteome Discoverer 1.4
Prism

EMBL-EBI webtools
Pettersen et al., 2004)
Scheres, 2012)
Nakane et al., 2018)

Ludtke et al., 1999)
Emsley et al., 2010)
Mastronarde, 2005)
Zheng et al., 2017)
(Zhang, 2016)
EMBL-EBI webtools
RNAfold WebServer
RNA structure visualization
R Foundation

NIH

Thermo Fisher Scientific
GraphPad Software Inc.

(
(
(
(Mindell and Grigorieff, 2003)
(
(
(
(

https://www.ebi.ac.uk/Tools/msa/mafft/
https://www.cgl.ucsf.edu/chimera/

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
https://www.ebi.ac.uk/Tools/msa/mafft/
http://rna.tbi.univie.ac.at
http://varna.lri.fr
https://www.r-project.org/
https://imagej.nih.gov/ij/

Version 1.4

Version 8.0

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Maria

Barna (mbarna@stanford.edu).

Materials Availability

All plasmids, yeast strains, and cell lines generated in this study are available upon request and will be fulfilled by the Lead Contact,

Maria Barna (mbarna@stanford.edu).
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Data and Code Availability

Mass Spectrometry data are available in Table S4 and S5 and have been uploaded to the ProteomeXchange database via the PRIDE
repository. The accession number for the mass spectrometry data reported in this paper is PRIDE database: PXD021678. Cryo-EM
map data have been deposited in the Electron Microscopy Data Bank (EMDB) under accession numbers EMD 11562 - EMD 11568:
mouse Hoxa9 IRES-like element bound to the human 80S ribosome EMD-11562; mouse Hoxa9 IRES-like element bound to the hu-
man 408 ribosomal subunit head - IRES binding site EMD-11563; mouse Hoxa9 IRES-like element bound to the human 40S ribo-
somal subunit - 40S head EMD-11564; mouse Hoxa9 IRES-like element bound to the human 40S ribosomal subunit - 40S body
EMD-11565; Hoxa9 IRES P4 stem-loop bound to the 40S ribosomal subunit - 40S head EMD-11566; Hoxa9 IRES P4 stem-loop
bound to the 40S ribosomal subunit - 40S body EMD-11567; human 40S ribosomal subunit (control) EMD-11568. Original data
have been deposited to Mendeley Data: https://doi.org/10.17632/45zmm935g2.1.

EXPERIMETNAL MODEL AND SUBJECT DETAILS

Cell Culture and Transfection or Treatment

C3H/10T1/2 (ATCC: CCL-226) cells or HEK393T (ATCC: CRL-3216) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
GIBCO, 11965-118) containing 2 mM L-glutamine, supplemented with 10% fetal calf serum (EMD Millipore, TMS-013-B), 100 U/mL
penicillin and 0.1 mg/mL streptomycin (EmbryoMax ES Cell Qualified Penicillin-Streptomycin Solution 100X; EMD Millipore, TMS-
AB2-C or GIBCO, 15140-122) at 37°C in 5% CO,_-buffered incubators. ~0.6 X 10° C3H/10T1/2 cells were seeded per well in 12-
well dishes and transfected the following day with 0.8-1.6 pug of plasmid using 4 pL Lipofectamine 2000 (Invitrogen, 11668-019)
and Opti-MEM (GIBCO, 11058-021) according to the manufacturer’s instructions in serum-free and antibiotic-free DMEM. For trans-
fection with monocistronic Fluc constructs (pGL3 or pGL3-FLB), 12 ng of a Rluc-control plasmid (pRL) was co-transfected per well.
The medium was changed to regular DMEM 4-6 h after transfection and cells were collected 24 h post-transfection. For transfection
of A-capped RNA, 1 g A-capped Nluc mRNA and 100 ng m’G-capped HBB-Fluc control mRNA, both polyadenylated, were reverse
transfected per 0.12 x 10° cells in a 12-well dish using 4 pL Lipofectamine 2000 (Invitrogen, 11668-019) and Opti-MEM (GIBCO,
11058-021). Cells were harvested 6 h post-transfection and samples were split in half for protein and mRNA analysis. For transfection
of m’G-capped RNA into HEK393T or C3H/10T1/2, 200 ng m’G-capped Nluc mRNA and 100 ng m’G-capped HBB-Fluc control
mRNA, both polyadenylated, were transfected per 0.04 x 10° cells in a 24-well dish seeded the day before, using 2 pL Lipofectamine
MessengerMAX (Invitrogen, LMRNAOO1) and Opti-MEM (GIBCO, 11058-021) in antibiotics-free medium and 5% FCS. Media was
changed to regular media after 3 h, cells were harvested 6 h post-transfection, and samples were split in half for protein and
mRNA analysis. For drug treatment, cells were pre-treated for 3 h with 50 uM 4EGI-1 (elF4E/elF4G interaction inhibitor, Sigma,
324517) in DMSO (Sigma, D2650), with DMSO only or left untreated. Then, cells were transiently transfected with RNA for 6 h in pres-
ence of drug or carrier, media was changed to regular media with drug or carrier, and cells were harvested for luciferase analysis. No
effect on cell viability or morphology was observed after total 9 h of treatment.

Low-passage E14 mouse embryonic stem cells (NESCs) were cultured on 0.1% gelatin-coated dishes in 5% CO2-buffered incu-
bators at 37°C using media comprised of Knockout-DMEM (Life Technologies, 10829018) with 15% Embryomax FBS (EMD Milipore,
ES-009-B), 2mM non-essential amino acids (EMD Milipore, TMS-001-C), 2 mM L-Glutamine (EMD Milipore, TMS-002-C), 0.055 mM
2-mercaptoethanol (GIBCO, 21985023), 10° U/mL LIF (EMD Millipore, ESG1107), and 1x ES-grade penicillin/streptomycin (EMD
Millipore, TMS-AB2-C) in a 37°C, 5% CO2 incubator. Cells were split every other day to culture about 5 x 10° cells/10 cm dish
and were used up to passage 35. For Hox gene induction, 0.17 x 10° mES cells were seeded onto 12-well dishes pre-coated
with 0.1% gelatin. After 4 h, cells were treated with 33 nM retinoic acid (RA, Sigma, R2625) in DMSO (Sigma, D2650) or with
DMSO alone as a negative control. An RA concentration of 33 nM more closely mimicked physiological oscillation of Hox gene in-
duction than commonly used 10 uM concentration, which agrees with previous work (De Kumar et al., 2015). Fresh media with RA
was provided every 12 h and cells were harvested after 60 h, or the latest 72 h for time course experiments, and subjected to RNA
extraction and RT-qPCR.

Mice

Mice were housed under a 12 h light/dark cycle with free access to food and water. FVB/NJ (Stock# 001800) mice were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA) and used as wildtype. Pregnant FVB females, 3-8 months of age, were eutha-
nized at E11.5, the uterus was dissected and embryos were taken out and placed into 1x PBS (GIBCO, 14190-250). Embryos were
individually collected in either TRIzol (Invitrogen, 15596) and lysed by pipetting for total RNA isolation or collected in 2 mL safe-lock
tubes (Eppendorf) in 1x PBS, supernatant was removed and embryos were snap frozen in liquid nitrogen. For lysates, embryo pellets
were homogenized by cryo-milling after addition of a 2.5 or 5 mm steel bead using a tissue lyser (QlAgen TissueLyser Il) at 25 Hz for
15 s 3-6 times, and the powder was either processed directly or snap frozen in liquid nitrogen and stored at —80°C. All animal work
was performed in accordance with protocols approved by Stanford University’s Administrative Panel on Laboratory Animal Care.

Yeast Strains and Transformation

Yeast plasmids and strains (Saccharomyces cerevisiae) used in this paper are listed in Table S1 and Table S2, respectively. Yeast
strains were grown in YPD medium (10 g/L yeast extract, 20 g/L peptone, and 20 g/L glucose), YPAD medium (10 g/L yeast extract,
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20 g/L peptone, 40 mg/L adenine sulfate, and 20 g/L glucose), or Synthetic Dextrose (SD) medium (6.7 g/L yeast nitrogen base, 20 g/L
glucose, 1.6 g/L amino acids drop out mix (Complete Supplement Mixture, CSM, Sunrise Science Products)). All yeast strains were
cultured at 30°C, unless specified otherwise. Cells were harvested in mid-log phase growth (ODggg = ~0.8). Plasmid transformation of
yeast cells was performed using mid-log phase cells grown in YPD, YPAD, or SD medium and standard lithium acetate-mediated
transformation of 1 png DNA and selection of transformants on SD plates of appropriate amino acids drop-out for 2-3 days at
30°C was performed.

For viability assays, we used a RNA polymerase | (pol I) temperature sensitive yeast strain (NOY407) to suppress endogenous rRNA
expression, complementing it with exogenous rRNA expression from a plasmid driven by RNA polymerase Il through the GAL7 pro-
moter (PNOY102, uracil (URAS3) auxotrophic marker gene) (Nogi et al., 1991). In this system, the endogenous rRNA can be compen-
sated by rRNA derived from a plasmid (pNOY102), or pNOY102-derivatives encoding tagged hES9S-containing rRNA, at restrictive
temperature (37°C) on galactose plates compared to growth at permissive temperature (25°C). Growth on galactose of these cells at
37°C inactivates their pol | and induces the GAL7 promoter. Control cells were grown on -URAS3/glucose plates at both temperatures.
For the spot assay, fresh overnight liquid cultures in SD-URAS/raffinose were grown at 25°C and day cultures in SD-URA3/galactose
were adjusted to a concentration of ODggg = 1, and 10-fold serial dilutions were spotted on fresh SD-URA3/galactose or SD-URA3/
glucose plates. The plates were then incubated at 37°C or 25°C for 3-6 days and documented by scanning. To monitor rRNA pro-
cessing, 5’ end processing of endogenous and tagged 18S and 25S rRNA were analyzed by RT-qPCR using pre-mature rRNA-spe-
cific or total rRNA primers (Fujii et al., 2009). Total RNA was extracted according to the manufacturer’s instructions (MasterPure Yeast
RNA Purification Kit, Epicenter, MPY03100) from cells grown in SD-URAS3/galactose before plating.

The rDNA mutant strains were produced from the genomic rDNA deletion strain (KAY488 (NOY890)) (Nemoto et al., 2010), com-
plemented rDNA with an exogenous plasmid, pRDN-hyg (RDNA™9 URA3) (Nemoto et al., 2010; Wai et al., 2000), which was
exchanged by plasmid shuffling to pNOY373 (RDNA LEU2) or derivatives containing human ES9S and 18S and 25S rRNA tags.
To remove the pRDN-hyg plasmid, strains were negatively selected against the URA3 marker gene using 1 mg/mL of 5-Fluoroorotic
Acid (5-FOA) (Fisher Scientific, F10501-5.0) in SD-plates, which is processed to a toxic product by the Ura3 enzyme. Successful
plasmid shuffling was confirmed by total RNA extraction and RT-gPCR for rRNA tags, as well as by plasmid miniprep and RT-
PCR specific for the ES9S region and the 18S rRNA tag.

METHOD DETAILS

Plasmid Construction

The following plasmids have been described previously: pFLB (pcDNA3-Fluc-B-globin, p2524) (Ozgur et al., 2010) containing the
Firefly luciferase (FL) and rabbit B-globin (B) reporter genes, as well as pSP73 (p2008) and pSP73-4xS1m (p2880) (Leppek and
Stoecklin, 2014) were kindly provided by Georg Stoecklin; pRF and pRF-HCV(Yoon et al., 2006) were kindly provided by Davide Rug-
gero (UCSF); pRL (Promega) encoding the Renilla luciferase reporter gene and pGL3 (Promega) encoding the Firefly luciferase re-
porter gene driven by the SV40 promoter; pRF derivatives containing full-length Hox 5 UTRs and IRES-like elements (Xue
et al., 2015).

Plasmid pSP73-4xS1m(MCS) was generated by PCR-amplifying 4xS1m from pSP73-4xS1m (p2880) using an EcoRV-flanked for-
ward and EcoRl-flanked reverse primer using AccuPrime Pfx DNA Polymerase (Thermo, Invitrogen, 12344024) or KOD Xtreme Hot
Start DNA Polymerase (EMD Millipore, 71975). The amplicon was then digested with Bglll, gel-extracted (QIAquick Gel Extraction Kit
(QlAgen, 28706) or Monarch Gel Extraction Kit (NEB, T1020S)), and inserted into the EcoRV/EcoRlI-sites of pSP73 (Promega). This
plasmid enables more convenient directed cloning of RNA elements as digested PCR amplicons or phosphorylated, annealed oli-
gonucleotides into the Bglll/EcoRV-sites 5 of the 4xS1m aptamer. pSP73-4xS1m(MCS) and derivatives can then be linearized at
the EcoRl site for run-off in vitro transcription.

All bicistronic Rluc-IRES-Fluc constructs were generated by amplification of plasmid templates or E11.5 mouse cDNA and inserts
were cloned into the EcoRI/Ncol-sites of the bicistronic pRF vector (Yoon et al., 2006). For native spacer constructs, spacers were
fused to P4, P3 or a9 IRES+g0 amplicons, or their M5-derivatives, by overlap PCR and inserted into the EcoRI/Ncol-sites of pRF. Actin
and actin(inverse) spacers were cloned as EcoRI/Ncol-flanked inserts in EcoRI-IRES-Ncol/EcoRI-spacer-Ncol-Fluc topology into
pRF. For insert cloning either conventional restriction site-directed cloning or Gibson assembly using the NEBuilder HiFi DNA Assem-
bly Master Mix (NEB, E2621S) was used. For monocistronic pGL3 reporter constructs, inserts were cloned into the Hindlll/Ncol-sites
of pGL3 (Promega). The “mini UTR” reporter mMRNA was constructed by inserting the a9 TIE followed by P4 and the native spacer into
the 5’ UTR of the Fluc reporter mRNA. For pGL3-FLB, which encodes a FLuc/B-globin fusion construct under the control of a SV40
promoter, retaining the stop codon of the Fluc ORF, B-globin was amplified from pcDNA3-FLB, a kind gift of Georg Stoecklin (Hei-
delberg University, Germany), with Xbal/Xbal-flanked primers. First, an EcoRV site was introduced as a phosphorylated annealed
oligo in between the Hindlll and AUG-containing Ncol-site of pGL3 for pGL3-(EcoRV). Consecutively, B-globin was cloned as a
Xbal-Xbal fragment into the Xbal/Xbal sites of pGL3-(EcoRV) to generate pGL3-FLB. pGL3-FLB-TIE-FL was generated by amplifying
the full-length a9 TIE from a plasmid template and insertion into the Hindlll/EcoRV-sites of pGL3-FLB by Gibson assembly. IRES in-
serts were amplified from plasmids and fused to the TIE by overlap PCR before insertion into the Hindlll/EcoRV-sites of pGL3-FLB.
For RNA transfection of luciferase mRNAs, we inserted P4-actin(inv), P4(M5)-actin(inv) or control sequences (a 46 nt scrambled UTR
(UTR) or actin(inv)) into the 5" UTR of plasmid pcDNA3.1-5'UTR-3xHA-NIluc (Osuna et al., 2017), a kind gift of Conor J. Howard (UCSF,
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San Francisco, CA, USA). It encodes HA-tagged Nanoluc followed by a 50 nt-poly(A) tail, which allows insertion of 5’ UTR sequences
between a T7 promoter and 3xHA-NIuc.

Into the yeast plasmid derivatives of pPNOY102 or pNOY373, we inserted rRNA tag sequences, a 16-nt tag into 18S rRNA (Beltrame
etal., 1994) and a 24-nt tag into 25S rRNA (Musters et al., 1989), for RT-PCR and RT-gPCR analysis. For pNOY373-18S/25S-tag, the
18S tag was inserted into pNOY373-25S-tag by amplifying a Ndel/Sacll fragment from pNOY102-18S/25S-tag and cloning it into the
Ndel/Sacll-sites of pNOY373-25S-tag. In a second step, the yeast ES9S was exchanged for the human ES9S or ES9S variants in
pNOY102-18S/25S-tag and pNOY373-18S/25S-tag, which were generated by overlap extension PCR and were subsequently intro-
duced into the Sacll-Xhol-sites of pNOY102-18S/25S-tag and Sacll-Mlul-sites of pNOY373-18S/25S-tag, respectively. rDNA plas-
mids for plasmid shuffling (opNOY373) thus encode either tagged WT or hES9S 18S rRNA. A list of all plasmids and primer sequences
used are provided in Table S1 and Table S3, respectively. All oligonucleotides were purchased from IDT. Mutations, cloning bound-
aries and coding sequences in all plasmids were verified by DNA sequencing (QuintaraBio).

In vitro transcription of reporter mRNAs

For mRNA transfection of C3H/10T1/2 cells, A-capped or m’G-capped and polyadenylated mRNAs for RNA transfection were gener-
ated by in vitro transcription. For A-capped mRNAs, DNA templates were generated by PCR by amplification from pcDNA3.1-5'UTR-
3xHA-NIuc plasmids that were flanked by the T7-promoter 5’ and poly(A)se 3’ and gel extracted. A-capped RNAs were in vitro tran-
scribed using the MEGAscript T7 kit (Ambion, AM1333). A 60 pl transcription reaction contained 5 pg linear DNA template, 4 mM of
each NTP (Ambion), 6 pL/ 600 U MEGAscript T7 RNA polymerase (Ambion) and 1x T7 MEGAscript Transcription Buffer (Ambion).
Importantly, for A-capped RNA, G was substituted with G(5')ppp(5')A RNA Cap Structure Analog (NEB, S1406L) in a 1:5 ratio to yield
at least 80% A-capped RNA. After 2 hincubation at 37°C, 3 uL GTP was added to the reaction. After a total incubation for 4 h at 37°C,
the DNA was digested by addition of 3 uL/6 U Turbo DNase (Ambion, AM2238) for 15 min at 37°C. Synthesized RNA was purified by
gel filtration using pre-packed G-50 Mini Quick Spin Sephadex RNA columns (Roche, 11814427001) according to the manufacturer’s
instructions, and extracted using acid Phenol:Chloroform (Ambion, AM9722). m’G-capped and polyadenylated Nluc reporter
mRNAs and HBB-Fluc control mRNA was generated by PCR amplification from pcDNA3.1-5'UTR-3xHA-NIuc plasmids and of
HBB-Fluc from pGL3-HBB and in vitro transcription using the MEGAscript T7 kit (Ambion, AM1333) according to the manufacturer’s
instructions. RNA was purified using RNA PureLink columns (Thermo Scientific, Ambion, 12183018) and sequentially m’G-capped
and polyadenylated using the ScriptCap m7G Capping System (CellScript, C-SCCE0625) and A-Plus Poly(A) Polymerase Tailing Kit
(CellScript, C-PAP5104H), respectively, according to the manufacturer’s instructions. RNA was again purified using RNA PureLink
columns. RNA concentration and quality were determined by Nanodrop and 4% urea-PAGE or 1% formaldehyde agarose gel,
respectively.

Luciferase Activity Assay after plasmid or mRNA transfection

Transiently transfected C3H/10T1/2 cells in 12-well plates were washed twice with 1x PBS (GIBCO, 14190-250) and collected by
trypsinization 24 h post-transfection for luciferase activity assays. Half the cells were used for assaying luciferase activity using
the Dual-Luciferase Reporter Assay System (Promega, E1980) to measure Firefly (Fluc) and Renilla (Rluc) luciferase activities, the
other half was collected in TRIzol (Invitrogen, 15596) for total RNA extraction and normalization to mRNA levels by RT-qPCR (see
RT-gPCR section). For luciferase assays, cells were lysed in 60 pul of 1x passive lysis buffer of the Dual-Luciferase Reporter Assay
System (Promega, E1980) and directly assayed or frozen at —20°C. After thawing, cell debris and nuclei were removed by centrifu-
gation for 1 min at 13,000 rpm. 20 pl of supernatant was assayed for luciferase activity in technical replicates by mixing with 50 pl of
Dual-Luciferase Reporter Assay System substrates. Fluc and Rluc activities were measured on a GloMax-Multi (Promega) plate
reader. Luciferase reporter activity is expressed as a ratio between Fluc and Rluc which was normalized to the ratio of Fluc to
Rluc mRNA levels for bicistronic pRF constructs to verify the integrity of the bicistronic mRNA construct. For monocistronic Fluc-
B-globin-fusion constructs, Fluc/Rluc luciferase activity was normalized to 8-globin, $-actin or NupL1 mRNA levels to quantify vari-
ation in mMRNA expression.

For transfection of C3H/10T1/2 or HEK293T cells with A-capped or m’G-capped reporter mRNAs, cells in 12-well plates were har-
vested 6 h post-transfection and split in half for luciferase measurement as well as RNA extraction for RT-qgPCR. Co-transfection of a
m’G-capped HBB-Fluc mRNA served as internal control. Luciferase activity was assayed using the Nano-Glo Dual-Luciferase Re-
porter Assay System (Promega, N1610) to measure Firefly (Fluc) and Nanoluc (Nluc) luciferase activities. Relative Nluc/Fluc luciferase
reporter activity was normalized to respective Fluc/Nluc mRNA levels. Each experiment was performed a minimum of three indepen-
dent times. Statistical analysis was performed using unpaired two-tailed Student’s t test.

Quantitative RT-PCR (RT-qPCR) Analysis

Cells transfected with pGL3, pGL3-FLB-stop or pRF constructs were collected in 500 pL TRIzol (Invitrogen, 15596). Total RNA was
isolated from the aqueous phase using RNA PureLink columns (Thermo Scientific, Ambion, 12183018) and treated with TURBO
DNase (Ambion, AM2238) twice, followed by a second RNA PureLink column purification to remove plasmid DNA. DNase treatment
and a second column purification were omitted for pGL3-FLB-stop constructs. For reverse transcription-quantitative PCR (RT-
qPCR) analysis, cDNA was synthesized from 100-200 ng of total RNA using iScript Supermix (Bio-Rad, 1708840) containing random
hexamer primers, according to the manufacturer’s instructions. PCR reactions were assembled in 384-well plates using 2.5 uL of a
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1:4-1:5 dilution of a cDNA reaction, 300 nM of target-specific primer mix and the SsoAdvanced SYBR Green supermix (Bio-Rad,
1725270) in a final volume of 10 ul per well. SYBR green detection gPCR was performed on a CFX384 machine (Bio-Rad). Data
was analyzed and converted to relative RNA quantity manually or using CFX manager (Bio-Rad). Gene-specific qPCR primer se-
quences used for detection of mMRNAs and rRNAs are given in Table S3.

In vitro RNP affinity purification via 4xS1m-aptamers

The 4xS1m-pulldown of RNP complexes was performed similar to as previously reported (Leppek and Stoecklin, 2014). RNAs were
synthesized by in vitro transcription: RNA elements were fused to 4xS1m aptamers by cloning IRES amplicons into the Bglll/EcoRV
sites of pSP73-4xS1m(MCS). 4xS1m alone served as negative control RNA. Since amplification of the highly structured 4xS1m tag by
PCR is problematic, linearized pSP73 plasmids served as DNA templates. Up to 20 ug template plasmid was linearized at the EcoRlI-
site downstream of the 4xS1m sequence in a 50 pL reaction for 6 h or overnight, purified with the QIAquick PCR Purification Kit (QIA-
gen) and used as DNA templates for run-off in vitro transcription using MEGAscript SP6 kit (Ambion, AM1330). A 40 pl transcription
reaction contained 8 pg linear DNA template, 4 mM of each NTP (Ambion), 4 uL/ 400 U MEGAscript SP6 RNA polymerase (Ambion)
and 1x SP6 MEGAscript Transcription Buffer (Ambion). After incubation for 4-6 h at 37°C, the DNA was digested by addition of 2 uL/
4 U Turbo DNase (Ambion, AM2238) for 15 min at 37°C. Synthesized RNA was purified by gel filtration using pre-packed G-50 Mini
Quick Spin Sephadex RNA columns (Roche, 11814427001) according to the manufacturer’s instructions, and RNA concentration
and quality was determined by Nanodrop and 4% urea-PAGE, respectively. One reaction typically yielded 50-200 nug of RNA.

For all steps in the pulldown experiments, 1.5 mL DNA/RNA LoBind tubes (Eppendorf) were used to reduce unspecific binding. Per
sample, 100 pl 50% slurry of Streptavidin Sepharose High Performance (GE Healthcare) beads were washed three times with 0.5-
1 mL of SA-RNP lysis buffer (20 mM Tris-HCI (pH 7.5, Ambion, AM9850G, and Ambion, AM9855G), 150 mM NaCl (Ambion, AM9759),
1.5 mM MgCl, (Ambion, AM9530G), 2 mM DTT (Ambion, 10197777001), and 1 tablet/10 mL Mini Complete Protease Inhibitors,
EDTA-free (Sigma-Aldrich, Roche, 11836170001) in nuclease-free water (Thermo Fisher, Invitrogen, 10977023). At each step, beads
were gently pelleted at 500 rpm (~20 x g) for 1 min at 4°C. ~30 pg of the in vitro transcribed 4xS1m or IRES-4xS1m RNAs per sample
for pulldown from mouse or embryo powder for protein analysis or 2.5-7.5 ng of the in vitro transcribed RNAs per sample for pulldown
of ribosomes from yeast was renatured in 50 ul SA-RNP lysis buffer by heating at 56°C for 5 min, 10 min at 37°C, and incubation at
room temperature for several minutes to refold RNA structures. The RNA was added to the 100 pul SA Sepharose slurry together with
1 pl RNasin Plus RNase inhibitor (40 U/uL, Promega, N261A). 10 pl of the supernatant was saved for extraction of input RNA using
TRIzol (Invitrogen, 15596), 2.5 ul of the supernatant (input RNA) was saved for urea-PAGE analysis, and 20 pL for an input protein
sample. The mixture was incubated at 4°C for 2-3 h under rotation to permit binding of the RNA to the column. Then, beads were
sedimented and 2.5 pl of the supernatant (unbound RNA) was saved for urea-PAGE analysis, while the remaining supernatant
was discarded. Input and unbound RNA samples were compared side by side by 4% polyacrylamide (Ambion)/0.5x TBE (Sigma)/
urea (Sigma) gel electrophoresis and SYBR Gold (10,000, Thermo Fisher, Invitrogen, S11494) staining in 0.5x TBE to assess the
efficiency of RNA coupling.

For WB analysis of RNA-associated proteins from cultured cells and mouse embryos, the following harvest and lysis was per-
formed. Cellular extracts were prepared from 20 confluent 15-cm dishes of untransfected C3H/10T1/2 cells. A total of 1.5 g cells
was collected, washed once in PBS, divided into ~300 mg portions and aliquoted in 2 mL safe-lock tubes (Eppendorf). Lysates
of FVB stage E11.5 mouse embryos were used as input to recapitulate the cellular environment of Hox gene expression. FVB
E11.5 mouse embryos were harvested in 1xPBS as described in the mouse section and individually added to 2 mL safe-lock tubes.
For analysis of RNA-associated proteins and RNA from yeast cells, mid-log phase cells from a 1 L SD-LEU medium culture was har-
vested as described in the yeast section, washed once with water, and the cell pellet was split into 16 equal aliquots into 2 mL safe-
lock tubes. The cell, embryo, or yeast pellets were then snap frozen in liquid nitrogen, homogenized by cryomilling after addition of a
2.5 mm steel bead using a tissue lyser (QIAgen TissueLyser ll) at 25 Hz for 30 s 3—6 times, or until the tissue was powderized, and the
powder was either processed directly or stored at —80°C. For the embryo experiments, two embryos per samples were used. The
frozen homogenate of one aliquot (~300 mg) was solubilized by the addition of 100 pl ice-cold RNP lysis buffer per sample and al-
lowed to thaw for 5 min at room temperature or until thawed. Cell debris was removed by centrifugation for 5 min at 17.000 x g at 4°C,
resulting in a supernatant of ~500 pl. Yeast samples were centrifuged again for 10 min at 17.000 x g at 4°C to remove remaining cell
debris. The protein concentration in the extract was determined by Nanodrop to be ~25-70 mg/mL.

Next, the extract (~500 pl) was pre-cleared by addition of 25 il of a 50% slurry of Avidin Agarose (Thermo Pierce) beads, 100 ul of a
50% slurry of SA Sepharose beads, and 5 pL RNasin (Promega), and tumbling for 2 h at 4°C. Beads were collected and discarded,
and the pre-cleared lysate was supplemented with 2 ul of RNasin Plus (Promega), added onto the freshly prepared, RNA-coupled SA
Sepharose matrix, and incubated at 4°C for 2-3 h under rotation to form RNP complexes. Beads were rinsed once and washed 3
times for 2-5 min with 1 mL SA-RNP wash buffer (20 mM Tris-HCI (pH 7.5), 300 mM NaCl, 5 mM MgCl,, 2 mM DTT, and 1 tablet/
50 mL Complete Protease Inhibitors, EDTA-free (Roche) in nuclease-free water).

For WB analysis of proteins from cultured cells and embryos, elution was performed as follows. After the last wash of 6 washes,
beads were transferred to a fresh tube and RNA-bound proteins were eluted by addition of 5 ug RNase A (Invitrogen, AM2271, 1ug/
uL) in 100 pl Low Salt Buffer (20 mM Tris-HCI (pH 7.5), 30 mM NaCl, 5 mM MgCl,, 2 mM DTT, 1 tablet/10 mL Mini Complete Protease
Inhibitors, EDTA-free (Roche)) and rotation for 15 min at 4°C. The RNase A eluate was recovered and 10 pl of the eluate was analyzed
by SDS-PAGE and WB.
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For RT-gPCR analysis of RNA and WB analysis of proteins from yeast cells, elution was performed as follows. After formation of
ribosome-RNA ribonucleoproteins (RNPs) in vitro, beads are split in half: total RNA is eluted with TRIzol, and protein is eluted with
RNase A. After the last wash, beads were transferred to a fresh tube and resuspended in 500 uL SA-RNP lysis buffer. 250 pL
were saved and used for TRIzol extraction of bound RNA according to the manufacturer’s instructions. 15 ug GlycoBlue (Ambion,
LSAM9516) was added to the RNA prior to precipitation. RNA-bound proteins were eluted from the rest 250 puL of beads by addition
of 2 ug RNase A (Invitrogen, AM2271, 1ug/uL) in 30 ul Low Salt Buffer and rotation for 20 min at 4°C. The RNase A eluate was recov-
ered, supplemented with SDS sample buffer and 8 pl of the eluate was analyzed by SDS-PAGE and WB. After RNase A elution, the
beads were extracted with 30 ul 2x SDS sample buffer, 10 ul of which were analyzed by SDS-PAGE and WB. The fraction loaded of
input and elution samples is expressed as percentage of the original lysate volume. For qualitative assessment of binding and elution
efficiencies, an RNA fraction at each step was analyzed by 4% polyacrylamide/0.5x TBE/urea gel electrophoresis and SYBR Gold
staining. For gPCR analysis following RNA-IP, a fixed volume of 1:100 diluted RNA extracted from IP and input samples was
used for RT. To indicate specific enrichment of RNA, fold enrichment of RNAs was determined by RT-gPCR using same volumes
of eluted RNA and normalizing Ct values of each sample to their respective RNA input (WT or hES9S). Each sample was normalized
to the 18S-tag Ct values for that respective sample to control for ribosome-IP efficiency.

Relative Protein Quantification by Tandem Mass Tag (TMT) Labeling

TMT labeling has been performed similar to in (Shi et al., 2017). In brief, proteins in RNase A elutions after 4xS1m pulldown were de-
natured with 5 mM DTT and 2 M urea for 1 h at 65°C, then alkylated with 15 mM iodoacetamide (Sigma) for 30 min in the dark at room
temperature. Proteins were digested with sequencing grade modified trypsin (Promega, V5111) with a ratio of 1:50 w/w (trypsin:pro-
tein) at 37°C water bath for 16 h. Digested peptides were desalted using the OMIX C18 pipette tips column (Agilent, A57003100)
following the manufacturer’s manual. Each sample was labeled with a distinct TMT label (TMTsixplex, Thermo Scientific, 90066)
following the manufacturer’'s manual, mixed equally and desalted again through the OMIX C18 pipette tips column. The solution
was then dried with a Speed Vac. Peptides were resuspended with 10 uL 0.1% formic acid and subjected to ultra performance liquid
chromatography (UPLC)-tandem mass spectrometery (MS/MS) analysis using an ACQUITY UPLC M-class system (Waters) coupled
online to an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific). More precisely, for each TMT sample, 3 ul was loaded on a
Self-Pack PicoFrit column (New Objective) with a 360 um outer diameter, 75 um inner diameter, and a tip size of 15 um packed to
approximately 22 cm with HALO Peptide ES-C18 Bulk Packing 2.7 um beads (MAC-MOD Analytical). UPLC solvent A was 0.1% for-
mic acid, and solvent B was 0.1% formic acid/100% acetonitrile. Peptides were loaded for 30 min at 1% B at a flow rate of 0.3 pl/min.
Peptides were eluted at the same flow rate using a linear gradient from 5% B to 40% B for 180 min, followed by a linear ramp to 100%
B for 10 min, followed by constant flow at 100% B for 10 min. Then, there was a ramp down to 1% B over 1 min, followed by constant
flow at 1% B for 9 min. The Orbitrap Elite (Thermo Fisher Scientific) was operated in the data-dependent mode using Xcalibur v3.0
(Thermo Fisher Scientific) to acquire higher energy collisional dissociation (HCD) MS/MS scans (R = 15,000) after each MS1 scan (R=
60,000) on the top 15 most abundant ions in the Orbitrap. HCD parameters were set to an isolation width of 1.6 m/z, normalized colli-
sion energy of 40%, and an activation time of 0.1 ms. Dynamic exclusion parameters were set at repeat count 1 with a 30 s repeat
duration, exclusion list size of 500, exclusion duration of 60 s, and a + 10 ppm exclusion mass width. Charge state rejection was
enabled for charge states that were unassigned or 1.

The results were analyzed using the Proteome Discoverer 1.4 (Thermo Scientific) employing the Mascot search engine (Perkins
etal., 1999), searching against Mus musculus SwissProt database with the following parameters: 1 maximum missed trypsin enzyme
cleavage site, precursor mass tolerance of 10 ppm, and fragment mass tolerance of 0.8 Da, with deamidation (NQ) and oxidation (M)
dynamic modifications, and TMT6plex (N-term and K) and carbamidomethyl (C) static modifications. Identified peptides were sub-
sequently filtered for 1% FDR. Relative abundance of each protein was calculated by their levels in the individual samples compared
to the 4xS1m control.

Protein abundance ratios were then log, transformed, averaged between replicates, and median normalized, to represent de-
tected and enriched proteins. Subsequently, proteins were categorized into curated gene sets corresponding to core components
of the translational process: ribosomal subunits and translation factors. Statistical significance between distributions of log2 ratios of
each gene set was calculated with the Brunner-Munzel test. Standard linear regression was performed between samples, and on
certain gene sets, to determine the Pearson correlation coefficient.

Cryo-EM Sample Preparation, Data Acquisition and Analysis
Cryo-EM sample preparation, data acquisition and analysis using human 40S and 80S ribosomal subunits purified from HEK293 cells
and in vitro transcribed RNAs was prepared as described in (Quade et al., 2015) with the following parameters.

Cryo-EM: Purification of 40S ribosomal subunits

Human 40S ribosomal subunits were purified similar to previously described protocols to isolate human 80S ribosomes (Quade et al.,
2015). The whole purification was carried out at 4°C. For lysis, HEK293-6E cells were stirred for 30 min in a buffer containing 50 mM
HEPES/KOH pH 7.6, 300 mM NaCl, 6 mM Mg-acetate, 0.5% NP-40, 5 uM E-64, 20 uM Leupeptin, 20 um Bestatin, 5 uM Pepstatin A,
1 mM PMSF and 2 mM DTT. Cell debris was removed from the lysate by centrifugation for 20 min at 45,000 x g in an SS-34 rotor
(Thermo Fisher Scientific, Waltham). The ribosomes were pelleted by centrifugation for 20 h at 257,000 x g in a Type 70 Ti rotor
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(Beckmann Coulter, Indianapolis) through a sucrose cushion containing 50 mM HEPES/KOH pH 7.6, 50 mM KCI, 6 mM Mg-acetate,
60% (w/v) sucrose and 2 mM DTT. The pelleted ribosomes were resuspended in a buffer containing 50 mM HEPES/KOH pH 7.6,
150 mM KCI, 6 mM Mg-acetate and 2 mM DTT by shaking for 1 h and subsequently centrifuged for 20 min at 20,000 X g in a table
top centrifuge (Eppendorf AG, Hamburg). The ribosomal subunits were separated by loading the supernatant onto a 12% (w/v) to
48% (w/v) sucrose gradient in 50 mM HEPES/KOH pH 7.6, 500 mM KCI, 6 mM Mg-acetate and 2 mM DTT and centrifugation for
18.5 h at 78,000 x gin a SW 32 Ti rotor (Beckmann Coulter, Indianapolis). Light scattering was used to identify the bands of the ri-
bosomal subunits and the 40S and 60S ribosomes were harvested from the gradient with a syringe. After that, they were concen-
trated and buffer exchanged into 80S buffer (20cmM HEPES pH 7.6, 100cmM KCI, 5cmM MgCl,) using 100,000ckDa MWCO
tabletop-centrifuge concentrators (Sartorius).

Cryo-EM: Preparation of IRES RNA

Hoxa9 IRES was produced by in vitro transcription of a linearized plasmid containing the Hoxa9 IRES sequence, followed by LiCl
precipitation and resuspension in water. The IRES was then diluted to 1cmg/mL in folding buffer (20cmM HEPES pH 7.6,
100cmM K-acetate, 2.5cmM MgCl,, 0.25cmM spermidine) and folded by two times heating to 95°C for one minute and cooling
on ice.

Cryo-EM: Reconstitution of the Hoxa9 IRES-80S complex

The ribosomal subunits were buffer exchanged into 20 mM HEPES/KOH pH 7.6, 100 mM KCI, 5 mM MgCl,, 2 mM DTT by a centri-
fugation filter with 100 kDa molecular mass cut-off. For complex formation, human 40S ribosomal subunit were incubated at 100 nM
concentration with 1 uM Hoxa9 IRES for 5 min at 37°C, 60S ribosomal subunits were added at 100 nM concentration and incubated
for 5 min at 37°C before storing the sample on ice.

Cryo-EM: Sample preparation and cryo-EM image acquisition of the Hoxa9 IRES-80S ribosome complex

5 pl of the Hoxa9 IRES-80S complex were applied for 30 s to glow discharged R2/2 holey carbon grids (Quantifoil Micro Tools,
GroBlébichau) which was coated with a thin film of carbon using a BAE 120 thin-film coating system (Balzers, Pfaffikon). Excess liquid
was blotted away for 12 s and the grid were frozen in liquid ethane/propane (1:2) using a Vitrobot Mk IV (FEI Company, Hillsboro) at
4°C and 100% relative humidity. The grids were imaged in a Titan Krios cryo-electron microscope (FEI Company, Hillsboro) at 300 kV
and a magnification of 100 720 x with a Falcon Il direct electron detector (FEI Company, Hillsboro). Micrographs were recorded using
dose fractionation with 37 frames and a total dose of 40 e™ /AZ with the EPU software for automated data collection. Defocus values of
the micrographs in the final dataset range from —700 nm to —3800 nm.

Cryo-EM: Image processing of the Hoxa9 IRES-80S ribosome complex sample

After initial screening of the micrographs for ice quality, the contrast transfer function (CTF) was determined using CTFFIND (Mindell and
Grigorieff, 2003) and 4307 micrographs were retained with Thon rings extending to higher resolution in the power spectra. Initial eval-
uation of the micrographs revealed the presence of 40S ribosomal subunits and 80S ribosomal particle. At total set of 687’603 single
particle images of the 40S ribosomal subunit were selected with Batchboxer (Ludtke et al., 1999) using projections of a mammalian 40S
ribosomal subunit as a reference (Quade et al., 2015). RELION (Scheres, 2012) was used for further image processing (see Figure S3A-
C), aninitial round of two-dimensional classification was performed with 100 classes at a pixel size of 5.6cA onthe object scale (80-pixel
frames). Classes containing 40S ribosomal subunits, 131’970 particles, were selected and subjected to three-dimensional classification
with 10 classes using a low-pass filtered reconstruction of the 40S ribosome as an initial reference. 6 classes showing a well-defined
40S density were selected, 92118 particles, and used for an initial 3D refinement with unbinned images with a pixel size of 1 .39cA onthe
object scale. The reconstruction was further refined using the Multi-Body refinement in RELION 3 (Nakane et al., 2018) with 40S ribo-
somal subunit head and body as separate bodies. The reconstruction revealed a smeared out density on top of the 40S subunit head. To
classify for different conformation in this region a spherical mask was used in a 3D classification with 10 classes. A single class, 19°342
particles, displayed a well-defined rod-shaped density on top of the 40S head. This subset of images was taken to calculate the final
maps using the 3D refinement parameters from the Multi-Body refinement resulting in a reconstruction at 3.9 A resolution. The structure
of the high resolution reconstruction of the human ribosome (Natchiar et al., 2017) (PDB: 6ek0) was used split into head and body to
interpret the reconstruction. The tip of RNA expansion segment ES9S was manually readjusted in COOT (Emsley et al., 2010). For figure
generation the reconstruction was filtered to the local resolution using RELION 3.

The reconstruction of a9 IRES FL-IRES in complex with the 80S ribosome was obtained similarly to the reconstruction of 40S ri-
bosomal subunit complex using the structure of a mammalian 80S ribosome (Quade et al., 2015) as a reference for particle picking
and reconstruction (Figure S3D-F): Particle were picked with RELION using a low pass filtered 80S ribosome as a reference from the
set of processed micrographs described above for the 40S subunit complex processing. Particles were extracted with a box of 360 x
360 pixel and 4 times binned for initial processing to a pixel size of 5.6cA onthe object scale. After a 2D classification with 100 classes,
134469 single particle images were subjected to a 3D classification with 8 classes. Particles from 3D classes with well-defined den-
sity for both subunits (87583 particles) were re-extracted at a pixel size of 2.8 A and refined. A mask was placed at the head of the 40S
subunits for 3D classification without alignment using 10 classes. One class (9305 particles) showed an elongated, well defined den-
sity at the 40S subunit head. Particles from this class were re-extracted at an unbinned pixel size of 1.39 A. This final set of 9305
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particles was subjected to a local refinement with a mask for the 40S subunit to reconstruct the a9 IRES FL-IRES in complex with the
80S ribosome at 4.4 A resolution. For figure generation the reconstruction was filtered to the local resolution using RELION 3.

Cryo-EM of the Hoxa9 IRES P4-40S complex: Preparation of Hoxa9 IRES P4 RNA
Hoxa9 IRES P4 RNA was purchased from Microsynth. The synthesized RNA was dissolved as 100 uM in folding buffer (20 mM HEPES
pH 7.6, 100 mM K-acetate, 2.5 mM MgCl,, 0.25 mM spermidine) and folded by heating to 95°C for one minute and cooling on ice.

CryoEM: Reconstruction of Hoxa9 IRES P4-40S complex and 40S control

Human 40S ribosomal subunits were buffer exchanged into 20 mM HEPES/KOH pH 7.6, 100 mM KCI, 5 mM MgCl,, 2 mM DTT using
100 kDa MWCO tabletop-centrifuge concentrators (Amicon®Ultra, Merck). For reconstruction of the Hoxa9 IRES P4-40S complex,
human 40S ribosomal subunits were incubated at a concentration of 120 nM with 1 uM Hoxa9 IRES P4 RNA for 5 min at 3°C. Concur-
rently, 120 nM 40S ribosomal subunits without Hoxa9 IRES P4 RNA were used as a control.

CryoEM: Sample preparation and data acquisition for Hoxa9 IRES P4-40S complex and 40S control

The grids were prepared as described above for the Hoxa9 IRES-80S complex using Quantifoil R2/2 grids covered with a 1 nm
continuous carbon film. Excess liquid was blotted for 5 s at 5°C and 95% humidity, followed by plunge freezing of the grids in liquid
ethane/propane (1:2) using a Vitrobot Mk IV (FEI Company, Hillsboro). Data collection was performed using a Titan Krios cryo-trans-
mission electron microscope (FEI Company, Hillsboro) operated in EFTEM mode at 300 kV. Images were collected with a K3 direct
electron detector (Gatan Inc., Pleasanton) with zero loss filtering using a slit width of 20 eV at a magnification of 46,300x and defocus
values from —700 nm to —3300 nm for Hoxa9 IRES P4-40S complex sample and —700 nm to —3000 nm for 40S control sample. For
automated data collection the SerialEM was used (Mastronarde, 2005) to image 2 spots per hole. Images were acquired in a movie
mode using 32 frames with an exposure time of 2.5 s, which resulted in an electron dose of 76 e /A2,

CryoEM: Image processing of the Hoxa9 IRES P4-40S complex and 40S control

After dose-weight and drift correction using MotionCor2 (Zheng et al., 2017), followed by CTF estimation with GCTF (Zhang, 2016)
poor quality micrographs were discarded. By employing projections of a mammalian 40S ribosomal subunit as a reference (Kobaya-
shi et al., 2018) within RELION (Scheres, 2012) a total of 1,664,622 particles and 506,457 were extracted from 4,666 and 1,598 mi-
crographs from Hoxa9 IRES P4-40S complex and 40S control datasets, respectively. An initial 2D classification in RELION (Scheres,
2012) was performed with 80 classes at a pixel size of 6.88 A on the object scale (80-pixel frames). 23 classes containing 40S ribo-
somal subunits were selected in the Hoxa9 IRES P4-40S complex dataset, which yielded 1,147,333 particles, whereas 226,243 par-
ticles were retained from 17 classes of the 40S control dataset.

We randomly selected 225,000 particles after 2D classification for the P4-40S dataset and processed the similar sized datasets of
the control and P4-40S complex with the same refinement and classification parameters in RELION (Scheres, 2012). Only homoge-
neous 40S classes were selected, resulting in 107,467 particles from the Hoxa9 IRES P4-40S complex dataset and 131,996 particles
from the 40S control dataset. Images were then subjected to a 3D refinement. By subtracting the generated volumes in Chimera (Pet-
tersen et al., 2004) we could observe additional density in the Hoxa9 IRES P4-40S complex density which allowed us to create a dou-
ble-sphere mask for a local 3D classification without particle alignment in RELION (Scheres, 2012). Only in the Hoxa9 IRES P4-40S
complex dataset we could observe classes with a rod-shaped density at the 40S head, whereas no such classes were observed in
the 40S control dataset.

For high-resolution reconstruction of 40S control dataset we continued by re-extracting the particles with the pixel size of 1.376 A
using the initial 3D refined map and subjecting the images to another round of 3D refinement and postprocessing in RELION
(Scheres, 2012).

To obtain a high-resolution structure of the Hoxa9 IRES P4-40S complex we processed all 1,147,333 particles images from 2D
classification. Similar to processing of the reduced dataset, the images were subjected to a 3D classification with 8 classes. We
selected 687,028 particles from 4 classes containing 40S ribosomal subunits and refined the structure in RELION (Scheres,
2012). After 3D classification with the double-sphere mask and the 3D refined map from previous step 95,519 particles from 1 class
out of 8 showed prominent rod-shaped density. We re-extracted these particles at a pixel size of 1.376 A using the 3D refined map
and performed another round of 3D refinement (Scheres, 2012).

To improve the resolution of the rod-shaped density we used a Multi Body refinement strategy (Nakane et al., 2018) implemented in
RELION (Scheres, 2012). The high-resolution reconstruction of human 40S ribosomal subunit was split into head and body to create
separate masks using a previously obtained atomic model of the subunit (Quade et al., 2015) (PDB: PDB: 5a2q). A new, tighter mask
was created around the rod-shaped density, to refine this structural feature. Re-centered subtracted image stack was written out
from the Multi-Body and subjected to a 3D classification with 8 classes using the tighter mask. 40S subunit head particle images
from a class that revealed a rod-shaped density with helical features were refined and postprocessed using RELION (Scheres,
2012). 40S subunit body was postprocessed immediately after Multibody refinement step.

The final resolutions for the entire Hoxa9 IRES P4-40S complex map, Hoxa9 IRES P4-40S head map, Hoxa9 IRES P4-40S body
map and 40S control map according to the Fourier shell correlation (FSC) = 0.143 criterion were 3.42 A 414 A 311 A and
3.24A, respectively. The local resolution calculation of all maps and low-pass filtering were performed using RELION (Scheres, 2012).
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Western Blot Analysis and Antibodies

Proteins were resolved on 4%-20% polyacrylamide gradient Tris-glycine gels SDS-PAGE gels (Biorad, 567-1095, 456-1096) and
transferred onto 0.2 um pore size PVDF membranes (Biorad) using the semi-dry Trans-Blot Turbo system (Biorad, 170-4273). Mem-
branes were then blocked in 1x PBS-0.1% Tween-20 containing 5% non-fat milk powder for 1 h, incubated with antibodies diluted in
the same solution for 1 h at RT or overnight at 4°C, and washed four times for 5 min in 1x PBS-0.1% Tween-20, incubated with sec-
ondary antibodies for 1 hin 1x PBS-0.1% Tween-20 and washed four times for 15 min in 1x PBS-0.1% Tween-20. Horseradish perox-
idase-coupled secondary antibodies (anti-mouse and anti-rabbit, GE Healthcare; anti-rat, Jackson Immunoresearch) in combination
with Clarity Western ECL Substrate (Biorad, 170-5061) and imaging on a ChemiDoc MP (Biorad, 17001402) were used for detection.
Antibodies were diluted in 1x PBS-0.1% Tween-20 at 1:1000 dilution either in 5% BSA (w/v) or 5% non-fat milk. The following primary
antibodies were used for western blot analysis: mouse monoclonal anti-PGK1 (Thermo-Fisher, Novex, 459250); rabbit polyclonal
anti-RPS6/eS6 (Cell Signaling, 2217), anti-RPL10A/uL1 (yeast: Santa Cruz, sc-100827, mouse: RPL10A/uL1 (Abcam, ab174318)),
anti-RPS5/uS7 (Abcam, ab58345); rabbit monoclonal anti-elF4A (Cell Signaling, C32B4); and goat monoclonal anti-elF3B (eif3-
eta (N-20), Santa Cruz, sc-16377). Rabbit polyclonal anti-RPL10A antibody was kindly provided by Mary Ann Handel (The Jackson
Laboratory, Bar Harbor, ME, USA).

Yeast Ribosomal Subunit Purification

Purification of yeast ribosomes was performed according to (Acker et al., 2007) with the following adjustments. In particular, station-
ary yeast cultures of NOY890 strains expressing WT or hES9S rRNA were cultured to ODggg = 0.05 in 2 L SD-Leu drop-out media and
grown at 30°C until mid-log phase (ODggg = 0.5). Cells were harvested and cell pellets were snap frozen in liquid nitrogen. A cell pellet
of a 2 L culture was powderized in liquid nitrogen using mortar and pestle. Powderized yeast lysates were dissolved in 30 mL of lysis
buffer (20 mM HEPES-KOH (pH 7.4), 100 mM KCI, 20 mM MgCl,, 2 mM DTT, 1 mg/mL heparin, 20 U/mL RNaseOUT (Thermo Fisher,
10777019), 1x Complete EDTA free protease inhibitor cocktail (Roche), 1 mM PMSF, 2 mM benzamidine, 2 uM pepstatin A, 0.6 uM
leupeptin) and lysates were cleared by centrifugation for 30 min at 15000 rpm at 4°C. For ribosome sedimentation, cleared lysates
were layered on top of a 5 mL sucrose cushion (1 M sucrose, 20 MM HEPES-KOH (pH 7.4), 100 mM KCI, 15 mM MgCl,, 2 mM DTT,
2 mg/mL heparin, 20 U/mL RNaseOUT, 1x Complete EDTA free protease inhibitor cocktail, 1 mM PMSF, 2 mM benzamidine, 2 uM
pepstatin A, 0.6 uM leupeptin) and centrifuged at 55000 rpm for 125 min at 4°C in a type 70Ti rotor (Beckman Coulter). Ribosome
pellets were resuspended in 1 mL of resuspension buffer (20 mM HEPES-KOH (pH 7.4), 100 mM KClI, 12 mM MgCl,, 2 mM DTT,
2 mg/mL heparin, 20 U/mL RNaseOUT, 1 mM PMSF, 2 mM benzamidine, 2 uM pepstatin A, 0.6 uM leupeptin) and loaded on top
of a 10%-45% sucrose gradient (50 mM HEPES-KOH (pH 7.4), 100 mM KC, 12 mM MgCl,, 2 mM DTT, 2 mg/mL heparin) and centri-
fuged 22500 rpm for 510 min in a SW35Ti rotor (Beckman Coulter). Fractions were collected by the Density Gradient Fraction System
(Brandel, BR-188). 80S ribosome fractions were combined for each strain and centrifuged at 55000 rpm for 125 min at 4°C in a type
70Ti rotor to pellet 80S ribosomes. Ribosomes were resuspended in 250 ul of resuspension buffer (50 mM HEPES-KOH (pH 7.4),
500 mM KC., 2 mM MgCl,, 2 mM DTT). To separate 80S ribosomes into 40S and 60S subunits, 1 mM puromycin (Sigma, P8833)
was added to ribosomes and incubated on ice for 15 min followed by incubation at 37°C for 10 min. To separate 40S and 60S ribo-
somal subunits by fractionation, ribosomes were loaded onto a 5%-20% sucrose gradient (50 mM HEPES-KOH (pH 7.4), 500 mM
KCI, 5 mM MgCl,, 0.1 mM EDTA, 2 mM DTT) and centrifuged at 22500 rpm for 10 h at 4°C in a SW35Ti rotor. Ribosomal subunits were
fractionated and fractions for each subunit were combined and centrifuged at 30000 rpm for 14 h at 4°C in a type 70.1Ti rotor. Each
subunits were resuspended in 50 pl of storage buffer (20 mM HEPES-KOH (pH 7.4), 100 mM KOAc (pH 7.6), 2.5 mM Mg(OAc),,
250 mM sucrose, 2 mM DTT) and aliquots of subunits were snap frozen in liquid nitrogen.

Yeast Ribosome Co-Sedimentation Assay

For co-sedimentation assays, a 322 nt long a9 IRES FL RNA was in vitro transcribed from linearized pSP73-a9(IRES)-4xS1m(MCS)
plasmids linearized with EcoRV between the full-length a9 IRES and the 4xS1m aptamers to only generate a9 IRES FL RNA by run off
SP6 in vitro transcription as described in the 4xS1m pulldown section. For IRES-ribosome co-sedimentation reactions, 0.5 uM of
purified WT or hES9S rRNA-containing 40S subunit were mix with 1uM in vitro transcribed, refolded RNA in a volume of 25 ul in re-
action buffer (20 mM HEPES (pH7.6), 150 mM KCI, 5 mM MgCl,, 2 mM DTT) and incubated for 5 min at 37°C. Ribosome-RNA com-
plexes were loaded on a 5 mL 5%-20% sucrose gradient (20 mM HEPES (pH7.6), 150 mM KClI, 5 mM MgCl,, 2 mM DTT) and centri-
fuged at 35000 rpm for 3 h in a SW60 rotor. Fractions were collected by the Density Gradient Fraction System (Brandel, BR-188). To
each fraction, 500 pg of a spike-in RNA (here: UTR-Nluc) was added to internally control for RNA extraction efficiency by RT-qPCR.
RNA was extracted from each fraction by the phenol/chloroform method followed by isopropanol precipitation. Purified RNAs were
reverse transcribed using iScript Supermix (Bio-Rad, 1708840) and the mRNA amount for the spike-in and IRES RNAs (Nluc KL585/
86; native KL641/42, 125 nt PCR product) in WT and hES9S samples was quantified by gPCR as given in the RT-gPCR section.

Generating CRISPR/Cas9-edited mouse embryonic stem cell lines

Genome editing of E14 ESCs were achieved by using CRISPR/Cas9 nuclease-mediated recombination (Doudna and Charpentier,
2014). A mouse ES cell lines harboring a homozygous P4(M5) allele at the respective endogenous Hoxa9 locus was generated by
CRISPR/Cas9-mediated genome engineering (Zuris et al., 2015). Guide RNAs (gRNAs) were designed for cleavage as close as
possible to the position of the 4-nt M5 mutation in P4 using the CRISPR design tool in benchling (http://benchling.com). Individual
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gRNAs were subcloned into the pX459-pSpCas9(BB)-2A-Puro-V2.0 plasmid (Ran et al., 2013) (Addgene plasmid #62988) encod-
ing Cas9 from S. pyogenes a 2A-puromycin cassette as a selectable marker. Low passage number mESCs were transfected with
1.5 ng of pX459-gRNA plasmid and 0.5 ug of Single-Stranded Oligo Donor (ssODN, 5 uM) in 12-well plates with 1.0 x 10° cells per
well using 5 pL Lipofectamine 2000 (Invitrogen, 11668027) following manufacturer’s instructions. The ssODNs were designed to
have 30 or 60 nt overhangs 5' and 3’ of the editing site. sgRNA guide sequences and ssODN repair templates used are detailed in
Table S3. 24 h after transfection, the cells were subjected to puromycin-selection at final 1 pg/mL and 24 h later, the media was
changed to new puro-containing media. The next day, cells were recovered for a day in media without puromycin. 24 h later, the
cells were seeded at low density (500 and 3000 cells) on 10 cm plates. 6-7 days after plating, single colonies were picked and
replica plated onto two 96-well plates. One of the two plates was used for subsequent genotyping and sequencing analyses. After
5-6 days, PCR genotyping was performed to identify the isogenic cell lines that are homozygous for the P4(M5) mutation. The
primers for genotyping are listed in Table S3. The confirmed clones were expanded and used for RA-treatment and polysome-
fractionation/RT-qPCR experiments.

Sucrose Gradient Fractionation Analysis in mESCs

For sucrose gradient fractionation of mMESC lysates of cells treated with RA for 60 h, a similar protocol as for yeast and in (Simsek
et al., 2017). The selected homozygous clones for M5 and WT cells were subjected to a total of 60 h (2.5 days) of 33 nM retinoic
acid (RA) treatment, with replacement of fresh RA-containing media every 12 h. Briefly, ca. 2.5 x 10°® mES cells (WT and M5-edi-
ted clone D6) were seeded into 0.1% gelatin pre-coated 10 cm dishes. 4 h after seeding, cells were treated with 33 nM retinoic
acid (RA, Sigma, R2625) in DMSO in ESC media 60 h prior to harvest and polysome analysis. Fresh media with RA was provided
every 12 h. For Cycloheximide treatment (CHX) (Sigma-Aldrich, C7698-1G) treatment, ESCs were incubated at 0.1 mg/mL for
3 min at 37°C. ESCs were lysed in polysome lysis buffer (25 mM Tris-HCI pH 7.5 (Ambion, AM9850G, and Ambion, AM9855G),
150 mM NaCl (Ambion, AM9759), 15 mM MgCl, (Ambion, AM9530G), 1 mM DTT (Ambion, 10197777001), 8% glycerol (Sigma-
Aldrich, G5516), 1% Triton X-100 (Sigma-Aldrich, T8787), 0.2 mg/mL Cycloheximide (CHX) (Sigma-Aldrich, C7698-1G), 100 U/
mL SUPERase In RNase Inhibitor (Ambion, AM2694), 25 U/mL TurboDNase (Ambion, AM2238), Complete Protease Inhibitor
EDTA-free (Sigma-Aldrich, 11836170001) in nuclease-free water (Thermo Fisher Scientific, 10977015)). For ca. 10 x 10° ESCs,
400 pL of lysis buffer was used to lyse the cells for 30 min on a rotator at 4°C vortexed 3x every 10 min. After lysis, nuclei
were removed by two consecutive centrifugations at 800 g, 5 min at 4°C followed by one centrifugation at 8000 g, 5 min, and
one centrifugation at 20817 g, 5 min. RNA concentrations were measured using Nanodrop UV spectrophotometer (Thermo Fisher
Scientific) and normalized amounts of RNA were layered onto a linear sucrose gradient (10%-45% sucrose (Fisher Scientific, S5-
12) (w/v), 25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 15 mM MgCl,, 1 mM DTT, 100 mg/mL CHX in nuclease-free water and centri-
fuged in a SW41Ti rotor (Beckman) for 2.5 h at 40,000 rpm at 4°C. Fractions were collected by Density Gradient Fraction System
(Brandel, BR-188) with continuous Ao measurement. After collection of polysome fractions in 2 mL safe-lock tubes (Eppendorf),
RNA of all fractions was individually extracted using Acid-Phenol:Chloroform, pH 4.5 (with IAA, 125:24:1) (Ambion, AM9722). To
each fraction we added 500 pg in vitro transcribed Rluc-Fluc RNA as a spike-in control and detected using Rluc-specific primers.
100 ng of total RNA from each fraction was reverse-transcribed to cDNA using iScript Reverse Transcription Supermix kit (Bio-
Rad, 1708841) and gPCR was performed as described in the gPCR section. Relative mRNA levels were summed across all frac-
tions analyzed and presented as percentage of this total. All RT-gPCR primers are listed in Table S3. In addition, we quantified the
area under the curve between free fraction, light and heavy polysomes to assess the translation rate of an mRNA based on its
distribution in the gradient.

Data Sources

For the 40-way multiple sequence alignment (MSA) and conservation analysis of ES9S and surrounding 18S rRNA sequence, the
following 18S rRNA sequences were retrieved for eukaryotic species from the NCBI database as data sources and aligned by Mul-
tiple Alignment using Fast Fourier Transform (MAFFT, MView, EMBL-EBI webtools) with default settings: mouse (Mus musculus;
GenBank: NR_003278.3), human (Homo sapiens; M10098.1), chimpanzee (Pan troglodytes; Sequence Read Archive (SRA):
PRJNA189439 and SRP018689 (Prado-Martinez et al., 2013)), gorilla (Gorilla gorilla; PRINA189439 (Prado-Martinez et al., 2013)),
orangutan (Pongo abelii; XR_002913762.1, predicted (pred.), and PRINA189439 (Prado-Martinez et al., 2013)), bonobo (Pan panis-
cus; PRJINA189439 (Prado-Martinez et al., 2013)), macaque (Macaca mulatta; NR_146166.1), guinea pig (Cavia porcellus;
XR_002788481.1 (pred.)), sheep (Ovis aries; KY129860.1), cat (Felis catus; XR_002738341.1 (pred.)), flying fox (Pteropus vampyrus;
XR_002778881.1), horse (Equus caballus; NR_046271.1), swine (Sus scrofa; NR_046261.1), rabbit (Oryctolagus cuniculus;
NR_033238.1), naked mole-rat (Heterocephalus glaber; PRIUNA72441 and SRP007995); chinese hamster (Cricetulus griseus;
NR_045132.1), marmoset (Callithrix jacchus; NR_146325.1); cow (Bos taurus; NR_036642.1), rat (Rattus norvegicus;
NR_046237.1), chicken (Gallus gallus; AF173612.1), Clownfish (Amphiprion ocellaris; XR_002748043.1 (pred.)), Japanese rice fish
(Oryzias latipes; XR_002874070.1 (pred.)), Southern platyfish (Xiphophorus maculatus; XR_002752479.1 (pred.)), Rainbow trout (On-
corhynchus mykiss; XR_002474306.1 (pred.)), African clawed frog (Xenopus laevis; X02995.1), zebrafish (Danio rerio; NR_145818.1),
lancelet (Branchiostoma floridae; M97571.1), sea squirt (Ciona intestinalis; AB013017.1), tick (Ixodes cookei; L76351.1), sea urchin
(Strongylocentrotus purpuratus; L28055.1), purple false brome or stiff brome, grass (Brachypodium distachyon; XR_002961462.1
(pred.)); wheat (Triticum aestivum; AY049040.1); clementine (Citrus clementina; XR_002904493.1 (pred.)); thale cress (Arabidopsis
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thaliana; NR_141642.1); sea anemone (Nematostella vectensis; AF254382.1); hydra (Hydra magnipapillata; HQ392522.1); yeast
(Saccharomyces cerevisiae; J01353.1, Saccharomyces pombe; X58056.1); red tree sponge (Amphimedon compressa;
EU702409.1); and roundworm (Caenorhabditis elegans; NR_000054.1).

QUANTIFICATION AND STATISTICAL ANALYSIS

In all figures, data was presented as mean, SD or SEM as stated in the figure legends, and *p < 0.05 was considered significant (ns: p
>0.05; *p < 0.05; *p < 0.01; ™*p < 0.001; **p < 0.0001). A: given that two continuous datasets are different enough such that they
are not overlapping, we cannot calculate p value with Brunner-Munzel test. Blinding and randomization were not used in any of the
experiments. Number of independent biological replicates used for the experiments are listed in the figure legends. Tests, two-tailed
unpaired Student’s t test if not stated otherwise, and specific p values used are indicated in the figure legends. In all cases, multiple
independent experiments were performed on different days to verify the reproducibility of experimental findings. For mouse exper-
iments, embryos from multiple litters were used to avoid litter-specific bias.
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Figure S1. The short stem-loop P4 in the Hoxa9 5’ UTR is sufficient for recruitment
of the ribosome and acts as a translational enhancer. Related to Figure 1, 2.

(A) RT-PCR analysis of the Hoxa9 IRES-like element using cDNA from stage E11.5 FVB embryo
mRNA and primers specific for the most 5’ region of the IRES in the 5° UTR and for the CDS
region (see Table S3). Sequencing of the single PCR product confirms the a9 IRES sequence as
annotated.

(B) Schematic representation of the mouse Hoxa9 secondary structure model of the 180 nucleotides
(nt) long Hoxa9 IRES-like element RNA (termed a9 IRES..) (Xue et al., 2015) containing four
pairing elements P1-P4 and a putative pseudoknot (PK), and P4 (red) highlighted. Numbers refer
to nucleotide positions within the Hoxa9 5 UTR.

(C) Secondary structure model of the P4 stem-loop and substitution mutations mapped onto the P4
structure. Numbers refer to nucleotide positions within the Hoxa9 5’ UTR. P4 stem mutations were
introduced either in one strand to disrupt P4, or as compensatory mutations in both strands to restore
P4. P4 mutants active in mediating IRES-like activity in the context of the fusion to the native
spacer (P4-native) or the actin(inv) 5° UTR sequence (P4-actin(inv)) (normalized Fluc/Rluc< 0.5
A.U.) are labeled "+", moderately active mutants (Fluc/Rluc< 0.5, > 1.0 A.U.) are labeled "+/-",
and inactive mutants (Fluc/Rluc> 0.5 A.U.) are labeled "-". Sequence critical for IRES activity is
highlighted in yellow. Adapted from Figure 1C.

(D) The same substitution mutations as in (C) were mapped onto the linear P4 sequence, together
with the IRES-like activity (+, +/—, —) of the corresponding reporter mRNAs in context of the native
spacer or the actin(inv) sequence.

(E) Secondary structure models of WT P4 and P4(M5) were based on SHAPE structure probing
(Xue et al., 2015) and prediction of structural changes induced by the 4 nt M5 mutation (green)
using Vienna RNAfold (http://rna.tbi.univie.ac.at) and visualized using VARNA (http://varna.lri.fr)
with default settings.

(F) The effect of the P4 substitution mutations in the P4-native context, as displayed in the reporter
schematic, on IRES-like activity was measured by transiently transfecting mouse C3H/10T1/2 cells
with the corresponding bicistronic reporter genes containing no insert in the intergenic region (pRF,
empty vector), a9 IRES FL, P4, native or a fusion of P4 mutants M1-M11 with the native spacer
downstream of P4 (labelled M1-M11). Cells were harvested after 24 hours for protein lysates and
subjected to the luciferase activity assay. Luciferase activity analysis was carried out as in Figure
1E. Relative luciferase activity was expressed as a Fluc(IRES)/Rluc(cap-initiation) ratio and
expressed as average IRES activity + SEM, n = 3-8; ns, not significant. FL, full-length.

(G) Bicistronic reporter assay as described in (E), and as displayed in the reporter schematic, using
P4-actin(inv) fusion constructs testing P4 mutants M1-M11. Relative luciferase activity was
expressed as average IRES activity + SEM, n = 3-5.

(H) Schematic representation of the mouse Hoxa9 IRES-like element, including P4 and the “native”
spacer of 130 nt between P4 and the AUG. Spacer length requirements for P4 IRES-like activity
were tested by insertion of spacers of different lengths, the native spacer, the inverse actin 5 UTR
sequence (actin(inv)), or the HBB 5 UTR (HBB), downstream of P4 in a bicistronic reporter
mRNA. Rluc, renilla luciferase; Fluc, firefly luciferase. FL, full-length. Partially reproduced from
Figure 1B, D.

(I) Luciferase activity analysis in C3H/10T1/2 cells was carried out as in Figure 1E. Relative
luciferase activity is expressed as a Fluc(IRES)/Rluc(cap-initiation) ratio normalized to respective
Fluc/Rluc mRNA levels and given as average IRES activity + SEM, n = 5-9; ns, not significant.



(J) Cap inhibition by elF4E-binding drug 4EGI-1 uncouples cap-dependent translation from P4-
mediated translation enhancer function. Schematic of m'G-capped Fluc and Nluc reporter mRNAs
and inhibitor function. See also Figure 2E.

(K) Luciferase activity analysis in C3H/10T1/2 cells was carried out as in Figure 2F. Luciferase
activity values that correspond to the data in Figure 2F are expressed as normalized Fluc or Nluc
luminescence given as average luminescence + SEM, n = 4; ns, not significant; actin(inv), untreated
was set to 1.
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Figure S2. The Hoxa9 IRES-like element binds to the 40S ribosomal subunit via P4
and to the 80S ribosome. Related to Figure 3.

(A) In vitro transcribed RNAs fused to 4xS1m aptamers were coupled to SA-sepharose beads for
4xS1m pulldown using untransfected C3H/10T1/2 cells as input. Coupled beads were incubated
with cell extracts, washed and eluted using RNase A to release RNA-bound proteins. Input and
unbound samples were taken before and after incubation of RNAs with beads. After incubation
with extracts and wash steps, and before RNase A-elution, a “bound” fraction of the beads for each
sample was saved. To monitor coupling efficiency, 10% of the input, unbound, and bound RNA
fraction of each sample was resolved by 4% denaturing polyacrylamide/TBE/urea PAGE and
visualized by SYBR Gold. Representative of n = 2 is shown. Corresponds to Figure 3B.

(B) Correlation plot of TMT-MS/MS data from C3H/10T1/2 cells. Comparison of the pair of
individual TMT-MS/MS samples (two replicate samples per RNA a9 P4 bait). Scatter plot of log»
fold change (FC) relative to the aptamer control (4xS1m) for a9 P4, colored by protein group (see
legend) and Pearson correlation coefficient for the whole data set and for RPs and other proteins.
See also Figure 3D, Table S4.

(C) 4xS1m pulldown with a9 IRES - and P4-4xS1m as well as control constructs was performed
as described in panel (A). Analysis of RNA fractions of beads after RNase A-treatment (RNase-
beads) confirm complete digestion of coupled RNAs on beads. Representative of n = 3 is shown.
Corresponds to Figure 3E.

(D) The same 4xS1m pulldown experiment was carried out as described in panel (A), except that
stage E11.5 FVB mouse embryos were used to generate cellular extracts. Analysis of RNA fractions
of beads after RNase A-treatment (RNase-beads) confirm complete digestion of coupled RNAs on
beads. Representative of n = 3 is shown. Corresponds to Figure 3F.

(E) Protein groups for analysis of reproducibility of TMT-MS/MS data in (F) and (G).

(F) Correlation matrix of TMT-MS/MS data from stage E11.5 FVB mouse embryos. A matrix
comparing every possible pair of individual TMT-MS/MS samples (three replicate samples per a9
IRES130 RNA bait). Scatter plots of log> fold change (FC) relative to the aptamer control (4xS1m)
for a9 IRESis0, colored by protein group (E) and Pearson correlation coefficient for the whole data
set is shown. See also Figure 3G, Table S5.

(G) Correlation matrix of TMT-MS/MS data from stage E11.5 FVB mouse embryos as in (F) for
three replicate samples per HCV IRES RNA bait. See also Figure 3G, Table S5.
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Figure S3. Cryo-EM classification and refinement of the a9 IRES FL in complex with
40S and 80S. Related to Figure 4.

(A) Cryo-EM image classification and refinement for the a9 IRES FL-40S subunit complex.
Schematic representation of the 2D and 3D classification steps used to obtain the a9 IRES FL-40S
subunit complex. Corresponds to Figure 4A.

(B) Density of the 40S subunit head in complex with the a9 IRES FL filtered to local resolution
and color coded by local resolution value.

(C) Fourier shell resolution curve of the final 3D reconstruction of the a9 IRES FL-40S subunit
complex head density indicating an overall resolution of 3.9 A.

(D) Cryo-EM image classification and refinement for the a9 IRES FL-80S subunit complex.
Schematic representation of the 2D and 3D classification steps used to obtain the a9 IRES FL-80S
subunit complex. Corresponds to Figure 4B.

(E) Density of the 80S ribosome in complex with the a9 IRES FL filtered to local resolution and
color coded by local resolution value.

(F) Fourier shell resolution curve of the final 3D reconstruction of the a9 IRES FL-80S subunit
complex head density indicating an overall resolution of 4.4 A.
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Figure S4. Cryo-EM classification and refinement of the Hoxa9 IRES-P4 in complex
with 40S and 40S control. Related to Figure 4.

(A) Processing scheme of the of P4-40S and 40S control cryo-EM datasets with similar number of
particles upon 2D classification. Red squares indicate P4 density protrusions in P4-40S dataset
which are not visible in the 40S control dataset.

(B) Processing scheme of the of whole P4-40S cryo-EM dataset. Further processing steps included
multibody refinement, followed by a 3D classification on a P4 sub-region using a tighter mask.
Surface representation of a final reconstruction, filtered to 7A resolution, clearly shows RNA
features of the P4 on the 40S (colored orange) which are absent in control reconstruction of a 40S
ribosomal subunit from human cells. Corresponds to Figure 4C-E.

(C) Density of the 40S ribosomal subunit in complex with Hoxa9 IRES P4 element filtered to local
resolution and color coded by local resolution value.

(D) Fourier shell resolution curve of the Hoxa9 IRES P4-40S head reconstruction indicating an
overall resolution of 4.1 A.
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Figure S5. Plasmid shuffling and yeast strain characterization. Related to Figure 5.

(A) Viability of engineered yeast strains containing hES9S in their 18S rRNA was assayed in the
NOY401 strain harboring a temperature-sensitive RNA polymerase I allele (pol I). The plasmid
encoding hES9S-rDNA contains a uracil (URA3) marker. hES9S-rDNA expression is controlled by
a GAL-promoter. Induced expression on galactose plates at restrictive temperature (37°C) supports
growth of cells that can survive based on plasmid-provided rRNA. A URA3 plasmid and a yeast
WT rDNA plasmid serve as negative and positive controls, respectively. All rDNA plasmids
contain 18S and 25S rRNA tags. Representative of n = 3 is shown.

(B) (Right) Schematic of the plasmid shuffling approach to generate yeast strains (NOY890) that
contain a homozygous knock-out of the rDNA locus and generate ribosomes exclusively from
plasmids. Adapted from Figure SE. (Left) Plasmid exchange from URA3 (WT) to LEU?2 (tagged
WT or hES9S)-plasmids in isolates is tested by growth on drop-out plates. Successful plasmid
shuffling results in growth of isolates on SD-LEU2, and SD+5-FOA but not on SD-LEU/URA.
Exemplary clones of WT and hES9S-containing rRNA strains were streaked out on respective
plates and their growth was documented.

(C) RT-PCR analysis using ES9S-specific primers that span ES9S allow analysis of expression of
WT or hES9S 18S rRNA due to a PCR product of 7 nt difference in length between WT and hES9S
(ES span PCR). Similarly, the presence of the 18S tag can be distinguished from WT rRNA (18S
tag PCR). Total RNA for cDNA synthesis or plasmid DNA was extracted from clones and used for
RT-PCR. Plasmid-derived PCR products serve as controls. PCR products were resolved by 12%
native PAGE and stained with SYBR Gold. Three clones (NOY890) used in this study are
presented. 2 ug total RNA of WT and hESOS strains was resolved on a 1.2% denaturing agarose
gel to assess rRNA processing. A 10 bp DNA ladder (Invitrogen) was loaded as reference.

(D) Yeast cells (NOY401) for the viability assay (A) were harvested at OD,, = 1.0 after overnight
induction in galactose-media at RT and subjected to total RNA extraction (n = 3, SD). For the
viability assay, RT-qPCR analysis using specific primers for rRNA tags and endogenous rRNA
assesses the degree of processing from premature to mature rRNA for 18S and 25S. For yeast strain
characterization after plasmid shuffling and isolation of clones, this tag/endogenous rRNA ratio
assesses the substitution rate of WT with tagged-WT or tagged-hES9S ribosomes present in isolated
strains. For NOY890 strains, for 33 and 26 tagged WT and hES9S ribosomes, respectively, one
endogenous plasmid-derived WT 40S ribosome is left in the cell.

(E) Same RT-PCR analysis as in (C) was performed using ES9S-specific primers that span ES9S
(ES span PCR) and primers for the 18S tag (18S tag PCR) for the characterization of the hES9S-
variant strains VA-VC. Plasmid DNA was extracted from clones and used for RT-PCR. Plasmid-
derived PCR products serve as controls. Two clones (NOY890) used in this study are presented. A
10 bp DNA ladder (Invitrogen) was loaded as reference.

(F) Viability of engineered yeast strains containing hES9S-VA, -VB, or -VC in their 18S rRNA
was assayed in the NOY401 strain harboring a temperature-sensitive RNA pol I as in (A). A yeast
WT rDNA plasmid serve as positive control. All rDNA plasmids contain 18S and 25S rRNA tags.
Representative of n = 3 is shown.

(G) Yeast cells (NOY401) for the viability assay (F) were harvested at OD,,, = 1.0 after overnight
induction in galactose-media at RT and subjected to total RNA extraction (n = 3, SD) as in (D). For
the viability assay, RT-qPCR analysis using specific primers for rRNA tags and endogenous rRNA
assesses the degree of processing to mature rRNA for 18S and 25S. For NOY890 strains after
plasmid shuffling, for 22, 17 and 24 tagged hES9S-VA, -VB and -VC ribosomes, respectively, one
endogenous plasmid-derived WT 40S ribosome is left in the cell.
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Figure S6. Purification of WT and hES9S 40S ribosomal subunits from yeast and
4xS1m pulldown of yeast WT and hES9S ribosomes with IRES-like elements.
Related to Figure 4, 6, 7.

(A) Purification scheme for 40S ribosomal subunit isolation from WT and hES9S yeast strains
(NOY890) by sequential sucrose cushion (1.) and gradient centrifugation (2. and 3.). First,
ribosomes from yeast cell lysates derived from either WT or hES9S humanized yeast strains were
pelleted by ultracentrifugation on a sucrose cushion (1.), the ribosome pellet is loaded onto a 10-
45% sucrose gradient (2.) and the 80S ribosomal fractions are treated with high salt and puromycin
to split them into 40S and 60S. A second 5-20% gradient fractionation (3.) of individual subunits
separated 40S subunits from free mRNA and proteins, 60S, and large particles.

(B) SDS-PAGE analysis and SYPRO-Ruby staining of purified 40S ribosomal subunits from WT
and hES9S yeast strains indicates similar purity and ribosomal protein (RP) enrichment in both 40S
fractions (10-35 kDa range). See also corresponding WB analysis in Figure SF.

(C) A similar 4xS1m pulldown experiment was carried out as described in Figure S2A, except that
tagged-WT or tagged-hES9S ribosome expressing yeast strains were used to generate cellular
extracts. Input and unbound RNA samples were taken before and after incubation of RNAs with
beads. To monitor coupling efficiency, 10% of the input and unbound RNA fraction of each sample
was resolved by 4% denaturing polyacrylamide/TBE/urea PAGE and visualized by SYBR Gold
staining. Representative of n = 3 is shown. Corresponds to Figure 6B. Low Range ssRNA Ladder
(NEB) was loaded for reference.

(D) The extended data for the WB in Figure 6B and the corresponding RNA gel in (C) demonstrates
the improved specificity of the RNase A elution over elution of the beads by SDS-containing
sample buffer (SDS) in the 4xSIm pulldown experiment. PGK1 serves as a negative control.
Representative of n = 3 is shown.

(E) A similar 4xS1m pulldown experiment as described in (C) was performed with the focus on the
hES9S-variant VA-VC comparison and 4% urea PAGE analysis of RNA input and unbound
samples. Corresponds to Figure 6D.

(F) A similar 4xS1m pulldown experiment with the focus on the Hoxa IRES-like comparison and
4% urea PAGE analysis of RNA input and unbound samples was performed as described in (C).
Corresponds to Figure 6E.

(G) Alignment of full-length Hoxa IRES-like element sequences. IRES lengths are given in nts.
The P4 in a9 is indicated in red.

(H) Alignments of the P4-3’ motif (indicated in yellow) to individual full-length Hoxa IRES
sequences.

(I) A similar 4xS1m pulldown experiment with the focus on the comparison of P4 to P4(MS5) and
4% urea PAGE analysis of RNA input and unbound samples was performed as described in (C).
Representative of n = 4 is shown. Corresponds to Figure 7B.
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Figure S7. Induction of HoxA genes in mESCs by retinoic acid treatment and
CRISPR/Cas9-editing of M5 into the HoxA9 gene. Related to Figure 7.

(A) For Hox gene induction, mES cells were treated with DMSO alone as a negative control (A) or
with 33 nM retinoic acid (RA) in DMSO (B, C). An RA concentration of 33 nM closely mimicked
physiological oscillation of Hox gene induction (De Kumar et al., 2015). Fresh media with RA was
provided every 12 hours and cells were harvested in 12 hour-intervals for 0-72 hours for time course
experiments, and subjected to RNA extraction and RT-qPCR. mRNA fold induction is expressed
as mRNA levels of Hoxa or NupLl as a control normalized to respective actin mRNA levels.
Sample DMSO, 0 hours was set to 1 for each mRNA, n = 2.

(D) Comparison of expression levels of Hoxa9 and NupL 1 mRNAs relative to actin mRNA in RA
or DMSO-treated mES cells, C3H/10T1/2 cells, and stage E11.5 FVB mouse embryos using
DNase-treated total RNA as input. Sample DMSO, 0 hours was set to 1, n = 1-2.

(E) RT-PCR analysis of the Hoxa9 IRES in the 5° UTR of Hoxa9 mRNA as induced by RA-
treatment. DNase-treated total RNA or mRNA as in (D) was used for RT using random hexamers
and primers flanking the IRES 5’ and priming off the a9 CDS 3’, respectively. This resulted in a
PCR product of 364 nts as indicated in the schematic. Bands indicated with asterisks were gel-
extracted and sequenced and confirm that the a9 mRNA induced upon 60 hours of RA-treatment
contains the IRES as annotated, identical to in mouse embryos and C3H/10T1/2 cells. For 0 and 60
hours of RA, two biological replicates were tested (1, 2). Primers are given in Table S3.

(F) Schematic of the targeted CRISPR/Cas9 genome editing of P4(M5) into the Hoxa9 locus in
mESCs using guide RNAs that cut very close to the M5 site and single-stranded DNA donor
templates (ssDNA) that have either 30 or 60 nt overhangs 5’ and 3’ of the 4-nt M5 mutation
(TATT). We used three different guide RNAs, of which sgRNA-1 was the most efficient (cut site
depicted). Two genotyping strategies were designed to characterize successful editing in isolated
clones after genomic DNA (gDNA) extraction. The first PCR amplifies only M5-edited regions
(M5-specific PCR, 219 nt, KL606/597) whereby the forward primer primes off the 4-nt M5
mutation and only yields a product if editing has occurred. The second PCR is a M5-spanning PCR
(IRES/CDS PCR, 364 nt, KLL596/597) that contains the edit site in the center and should always
yield a product and was used for sequence confirmation by Sanger sequencing using both outer
primers. This PCR strategy identified two positive clones in comparison to unedited WT cells (E14)
of which D6 is a homozygous clone generated with sgRNA-1 and the 60 nt-overhang ssDNA. The
chromatogram after Sanger sequencing is shown for clone D6 indicating scarless, homozygous
editing of M5 (TATT) into the Hoxa9 locus.



SUPPLEMENTAL TABLES

Table S1: Plasmids used in this study. Related to STAR Methods.
All plasmids used for in vitro transcription and mammalian transient transfection or yeast

transformation are listed in the table.

Table S1. List of plasmids

Plasmid Notes Reference
In vitro transcription constructs
pSP73 SP6 promoter, kindly provided by G. Stoecklin Promega

pSP73-4xS1m

p2880, kindly provided by G. Stoecklin

(Leppek and Stoecklin, 2014)

pSP73-4xS1m(MCS) This study
pSP73-a9(5 UTR)-4xS1m(MCS) This study
pSP73-a9(IRES)-4xS1m(MCS) This study
pSP73-a9(P3)-4xS1m(MCS) This study
pSP73-a9(P4)-4xS1m(MCS) This study
pSP73-a3(IRES)-4xS1m(MCS) This study
pSP73-a5(IRES)-4xS1m(MCS) This study
pSP73-a9(IRES)180-4xS1m(MCS) This study
pSP73-a11(IRES)-4xS1m(MCS) This study
pSP73-HCV IRES-4xS1m(MCS) This study
pSP73-a9(P4(M5))-4xS1m(MCS) This study
Mammalian cells
Expression constructs
pRF SV40 promoter, kindly provided by D. Ruggero
pRF-HCV IRES kindly provided by D. Ruggero
pRF-EMCV IRES kindly provided by D. Ruggero
pRL SV40 promoter, Renilla luciferase Promega
pGL3 SV40 promoter, Firefly luciferase Promega
pGL3-HBB (Xue et al., 2015)
pRF-a9 5' UTR (Xue et al., 2015)
pRF-a9-IRES FL (Xue et al., 2015)

pFLB (pcDNA3-Fluc-B-globin)

p2524, CMV promoter

(Ozgur et al., 2010)

pRF-actin mouse B-actin 5 UTR This study
pRF-a9-IRES1s0 This study
pRF-actin-a9-IRES1so This study
pRF-a9-IRESg-actin This study
pRF-a9-IRES1go(M5)-actin This study
pRF-a9-P3 This study
pRF-a9-P3-actin This study
pRF-a9-P4 This study

pRF-a9-P4-actin

This study



pRF-a9-P4(M5)-actin
pRF-a9-P4-native
pRF-a9-P4(M1-M11)-native
pRF-a9-native

pRF-actin(inv)
pRF-a9-P4-actin(inv)
pRF-a9-P4(M11-M11)-actin(inv)
pGL3-FLB-stop
pGL3-FLB-stop-TIE
pGL3-FLB-stop-TIE-a9 IRES FL
pGL3-FLB-stop-TIE-native
pGL3-FLB-stop-TIE-P4-native
pGL3-FLB-stop-TIE-P4(M5)-native
pGL3-FLB-stop-TIE-HCV

RNA transfection
pcDNA3.1-5'UTR-3xHA-Nluc
pcDNA3. 1-actin(inv)-3xHA-Nluc
pcDNAS.1-P4-actin(inv)-3xHA-Nluc
pcDNAS3.1-P4(M5)-actin(inv)-3xHA-Nluc
CRISPR/Cas9 genome editing
pX459-pSpCas9(BB)-2A-Puro-V2.0
pX459-a9(M5)-sgRNA-1

Yeast

rDNA constructs

pNOY102

pNOY102-18S25Stag
pNOY102-18S25Stag-hES9S
pNOY102-18S25Stag-hES9S-VA
pNOY102-18S25Stag-hES9S-VB
pNOY102-18S25Stag-hES9S-VC
pNOY373

pNOY373-18S25Stag
pNOY373-18S25Stag-hES9S
pNOY373-18S25Stag-hES9S-VA
pNOY373-18S25Stag-hES9S-VB
pNOY373-18S25Stag-hES9S-VC
Expression construct

pRS316

P4 mutagenesis series M1-M11

mouse B-actin 5’ UTR, inverse sequence

P4 mutagenesis series M1-M11
based on pGL3-(EcoRV)

46 nt scrambled UTR, kindly provided by C. Howard

URAS3, 2u, Gal7-rDNA-WT rRNA, amp

URAS3, 2u,Gal7-rDNA-tagged rRNA

URAS3, 2u, Gal7-rDNA-tagged rRNA-hES9S
URAS3, 2u, Gal7-rDNA-tagged rRNA-hES9S-VA
URAS3, 2u, Gal7-rDNA-tagged rRNA-hES9S-VB
URAS3, 2u, Gal7-rDNA-tagged rRNA-hES9S-VC
LEU2, 2y, Pol1-rDNA-WT rRNA, amp

LEU2, 2y, Pol1-rDNA- tagged rRNA

LEU2, 2y, Pol1-rDNA- tagged rRNA-hES9S
LEU2, 2u, Pol1-rDNA- tagged rRNA-hES9S-VA
LEU2, 2u, Pol1-rDNA- tagged rRNA-hES9S-VB
LEU2, 2u, Pol1-rDNA- tagged rRNA-hES9S-VC

URA3, CEN

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

(Osuna et al., 2017)

This study
This study
This study

Addgene #62988
This study

(Nogi et al., 1991)
(Fujii et al., 2009)

This study
This study
This study
This study
(Nemoto et al., 2010)
This study
This study
This study
This study
This study

Addgene #77145




Table S2: Yeast strains used in this study. Related to STAR Methods.
All yeast strains used and/or generated for this study are listed in the table.

Table S2. List of yeast strains

Strain Genotype and Notes Reference
NOY401 MATA rpa190-3 ura3-1 leu2-3 trp1-1 can1-100 (1";3%‘) etal,
NOY401 MATA rpa190-3 ura3-1 leu2-3 trp1-1 can1-100 carrying pNOY102- This stud
WT rRNA WT rRNA::URA3 uay
NOY401 MATA rpa190-3 ura3-1 leu2-3 trp1-1 can1-100 carrying pNOY102- This stud
tagged-hES9S tagged rRNA-hES9S::URA3 y
NOY401 MATA rpa190-3 ura3-1 leu2-3 trp1-1 can1-100 carrying pNOY102- This stud
tagged-hES9S-VA  tagged rRNA-hES9S-VA::URA3 y
NOY401 MATA rpa190-3 ura3-1 leu2-3 trp1-1 can1-100 carrying pNOY102- This stud
tagged-hES9S-VB  tagged rRNA-hES9S-VB::URA3 udy
NOY401 MATA rpa190-3 ura3-1 leu2-3 trp1-1 can1-100 carrying pNOY102- This stud
tagged-hES9S-VB tagged rRNA-hES9S-VC::URA3 y
KAY488 MATA ura3-1 leu2-3,112 his3-11 trp1-1 ade2-1 can1-100 (Nemoto et
(NOY890) rdnaAA::HIS3 carrying pRDN-hyg::URA3 al., 2010)
NOY890 MATA ura3-1 leu2-3,112 his3-11 trp1-1 ade2-1 can1-100 This stud
WT rRNA rdnaAA::HIS3 carrying pNOY373-WT rRNA::LEU2 uay
NOY890 MATA ura3-1 leu2-3,112 his3-11 trp1-1 ade2-1 can1-100 This stud
tagged-hES9S rdnaAA::HIS3 carrying tagged pNOY373-rRNA-hES9S::LEU2 y
NOY890 MATA ura3-1 leu2-3,112 his3-11 trp1-1 ade2-1 can1-100 This stud
tagged-hES9S-VA  rdnaAA::HIS3 carrying tagged pNOY373-rRNA-hES9S-VA::LEU2 y
NOY890 MATA ura3-1 leu2-3,112 his3-11 trp1-1 ade2-1 can1-100 This stud
tagged-hES9S-VB  rdnaAA::HIS3 carrying tagged pNOY373-rRNA-hES9S-VB::LEU2 y
NOY890 MATA ura3-1 leu2-3,112 his3-11 trp1-1 ade2-1 can1-100 .

This study

tagged-hES9S-VC

rdnaAA::HIS3 carrying tagged pNOY373-rRNA-hES9S-VC::LEU2




Table S3: DNA Oligonucleotides used in this study. Related to STAR Methods.

All DNA oligonucleotides used for cloning, RT-PCR, and RT-qPCR are listed in the table. F,
forward primer; R, reverse primer.

Table S3. DNA oligonucleotides

Name Sequence Description

qPCR primer
KLO050 TGGAGAATAACTTCTTCGTGGA Rluc gPCR F
KLO51 TTGGACGACGAACTTCACC Rluc gPCR R
KL052 AAGAGATACGCCCTGGTTC Fluc qPCR F
KLO53 TTGTATTCAGCCCATATCGTTTC Fluc gPCR R
KLO56 GCCAACCGTGAAAAGATGAC mouse B-actin F
KLO57 CATCACAATGCCTGTGGTAC mouse B-actin R
KLO75 GAAGGCTCATGGCAAGAAGG rabbit B-globin qPCR F
KLO76 ATGATGAGACAGCACAATAACCAG rabbit B-globin gPCR R
KL318 TGCAAACTCCTTGGTCACAC y-UsnRNA1(SNR19) gPCR F
KL319 CAAACTTCTCCAGGCAGAAG y-UsnRNA1(SNR19) gPCR R
KL320 CCATCATGAAGTGTGATGTC y-actin1 qPCR F
KL321 GACCTTCATGGAAGATGGAG y-actin1 gPCR R
KL412 CATGGCTGCAACACTTACACAGCA mouse NupL1 gPCR F
KL413 ATTGCAAGCCAGTGCCAATACCTG mouse NupL1 gPCR R
KL109 AAAAACAACCCAGCGAAGGC mouse Hoxa9 qPCR F
KL110 ATCGCTTCTTCCGAGTGGAG mouse Hoxa9 qPCR R
KL400 GGGAGCCGCGGTCTGA mouse Hoxa3 qPCR F
KL401 ACATGGAGGGAGCCATTTTTCA mouse Hoxa3 gPCR R
KL402 GAAGAAGATCCACGTGAGCG mouse Hoxa4 qPCR F
KL403 GGGTCAGGTAGCGGTTAAAGT mouse Hoxa4 qPCR R
KL404 GCGCAAGCTGCACATTAGTC mouse Hoxab qPCR F
KL405 TCAGGTAGCGGTTGAAGTGG mouse Hoxab qPCR R
KL406 GGCCACACTGAGGACAAGG mouse Hoxa11 qPCR F
KL407 GAACTCTCGCTCCAGCTCTC mouse Hoxa11 gPCR R
KL585 CCGTATGAAGGTCTGAGCGG Nanoluc qPCR F
KL586 CAGTGTGCCATAGTGCAGGA Nanoluc gPCR R
KL641 AGTGATTTACGCGTTATTGTTCTGCC native gPCR F
KL642 TGTAACAACTTGGTGGCACCAG native gPCR R

qPCR primer for rRNA detection
KL300 CTAGGCGAACAATGTTCTTAAAG pre-mature 25S rRNA F
KL301 GACCTCAAATCAGGTAGGAGTACCC mature 25S rRNA F
KL302 CACCGAAGGTACACTCGAGAGCTTC tagged 25S rRNA R
KL303 CACCGAAGGTACCAGATTTC endogenous 25S rRNA R
KL304 GCTTGTTGCTTCTTCTTTTAAGATAG pre-mature 18S rRNA F
KL305 TACAGTGAAACTGCGAATGGC mature 18S rRNA F
KL306 ATCTCTTCCAAAGGGTCGAG endogenous 18S rRNA R
KL307 CGAGGATTCAGGCTTTGG tagged 18S R

PCR primer for rRNA strain characterization and ES9S sequencing
KL314 GAACGAGACCTTAACCTACTAAATAGT ES9S-span RT-PCR F
KL315 AAACCGATAGTCCCTCTAAGAAGT ES9S-span RT-PCR R
KL316 GCTAATACATGCTTAAAATCTCGA 18Stag-span RT-PCR F
KL317 TTTTTATCTAATAAATACATCTCTTCCAA 18Stag-span RT-PCR R



KL394
KL473

KL474

KL596
KL597

KL598
KL599
KL604

KL605

KL596
KL606
KL597

KL583

KL584
KL589

KL588

24 nt
31 nt
33 nt
22 nt
24 nt

GTGGTGCTAGCGCGG
TCGATTCCGTGGGTGGTGG

TAGCGCGCGTGCAGC

IRES confirmation in mouse embryos and RA-treated mESCs
CTTCGTTGGCCACAATTAAAACAAACCAG

GCCCAGCAGGAAGGAGTC

CRISPR/Cas9-editing of P4(M5) and genotyping
CcaccGGGGCGGACACGTGACGCGCG

aaacCGCGCGTCACGTGTCCGCCCC

TTACGCGTTATTGTTCTGCCGGGCGGACACTATTCGCGCGTGGCCAATGGGGGCGCGGGC
GCCG
CACCGGGCCATTAATAGCGTGCGGAGTGATTTACGCGTTATTGTTCTGCCGGGCGGACAC
TATTCGCGCGTGGCCAATGGGGGCGCGGGCGCCGGCAACTTATTAGGTGACTGTACTTCA
CCccC

CTTCGTTGGCCACAATTAAAACAAACCAG

GCCGGGCGGACACTATT
GCCCAGCAGGAAGGAGTC

In vitro transcription DNA template primer
TCGAAATTAATACGACTCACTATAGGG
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT TTTTCTCGAGCGGC
TAATACGACTCACTATAGGGAGACTAGGCTTTTGCAAAAAGCTT
TCTAGAATTACACGGCGATCTTTCCGCC

Hybrid ES9S sequences
CCTACTAAATAGTGGTGCTAGCATTTGCTGGTTATCCACTTCTTAGAGG

CCTACTAAATAGTTACGCGACCCCCGAGCGGTCGGCGTCCCCCAACTTCTTAGAGG
CCTACTAAATAGTGGTGCTAGCCCCGAGCGGTCGGCCTGGTTATCCACTTCTTAGAGG
CCTACTAAATAGTGGTGCTAGGCGGCTGGTITATCCACTTCTTAGAGG
CCTACTAAATAGTGGTGCTAGCGCGGGCTGGTTATCCACTTCTTAGAGG

ES9S-VC-span RT-PCR F
18S rRNA-seq primer F

18S rRNA-seq primer R

a9 IRES primer (mouse) F
a9 CDS primer (mouse) R

a9(M5) guide-1 F
a9(M5) guide-1 R
30 nt overhang M5 template

60 nt overhang M5 template

a9 IRES primer F (364 nt)
M5-spec primer F (219 nt)
a9 CDS primer R

T7 IVT primer F

polyA IVT primer R
pGL3-T7 promoter F

IVT_Fluc_R

Yeast WT ES9S
hES9S
hES9S-VA
hES9S-VB
hES9S-VC
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