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DEVELOPMENTAL BIOLOGY

mRNA translational specialization by RBPMS presets the
competence for cardiac commitment in hESCs

Deniz Bartsch’>3, Kaustubh Kalamkar'*3, Gaurav Ahuja'*3, Jan-Wilm Lackmann?,
Jiirgen Hescheler?, Timm Weber®, Hisham Bazzi'~**, Massimiliano Clamer®, Sasha Mendjan’,
Argyris Papantonis®, Leo Kurian'?>3#

The blueprints of developing organs are preset at the early stages of embryogenesis. Transcriptional and epi-
genetic mechanisms are proposed to preset developmental trajectories. However, we reveal that the compe-
tence for the future cardiac fate of human embryonic stem cells (hESCs) is preset in pluripotency by a
specialized mRNA translation circuit controlled by RBPMS. RBPMS is recruited to active ribosomes in hESCs to
control the translation of essential factors needed for cardiac commitment program, including Wingless/Inte-
grated (WNT) signaling. Consequently, RBPMS loss specifically and severely impedes cardiac mesoderm speci-
fication, leading to patterning and morphogenetic defects in human cardiac organoids. Mechanistically, RBPMS
specializes mRNA translation, selectively via 3’UTR binding and globally by promoting translation initiation.
Accordingly, RBPMS loss causes translation initiation defects highlighted by aberrant retention of the EIF3
complex and depletion of EIF5A from mRNAs, thereby abrogating ribosome recruitment. We demonstrate
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how future fate trajectories are programmed during embryogenesis by specialized mRNA translation.

INTRODUCTION

Embryonic development relies on precise and coordinated cell fate
decisions, a complex process that sculpts an entire organism from a
single totipotent cell (I-4). The success of developmental cell fate
decisions requires timely, specific, accurate, and efficient rewiring
of the regulatory proteome to support rapid cellular identity
changes (5-7). In this regard, most research efforts over the past
decades have concentrated on morphogen signaling, epigenetic,
and transcriptional mechanisms (8—12). However, selective transla-
tional control is arguably the primary determinant of regulatory
protein abundance in mammals and thus proposed as a central reg-
ulator of embryonic cell fate decisions (6, 13—17). Yet, how the de-
velopmental transcriptome is selectively translated to authorize cell
fate decisions is a fundamental question that remains
largely unclear.

The relevance of translational control in embryonic cell fate de-
cisions is highlighted by the following evidence and concepts. While
poorly understood, mRNA abundance does not reflect protein
abundance at the systems level across evolution, especially during
cell fate decisions (6, 18, 19). Regulation at the level of translation
would allow an accurate and restricted subcellular abundance of
fate-regulatory proteins, thus enabling spatiotemporal precision in
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gene function without a need for de novo mRNA synthesis (20). In
addition, because translation is the most energy-demanding cellular
process, decoupling mRNA abundance from protein abundance via
selective translational control would ensure rapid and efficient re-
sponses during early embryogenesis when energy availability is rate-
limiting (21). In support of this notion, studies using mouse embry-
onic stem cells (mESCs) proposed an immediate and substantial in-
crease in protein synthesis upon induction of differentiation,
indicative of a systems-wide yet poorly understood reprogramming
of the “translatome” (22, 23). In vivo studies in mice have suggested
that, at the exit from pluripotency, the mesoderm lineage is partic-
ularly susceptible to translational control, while the regulatory
mechanisms remain unclear (24, 25). Recently, an elegant proteo-
mics-based study analyzing ribosome composition using tagged ri-
bosomal subunits in mESCs suggested a role for proteins associated
with ribosomal complexes [loosely termed “ribosome-associated
proteins” (RAPs)] in the selective control of translation, while the
role of RAPs in humans remains to be investigated (26).

Together, despite the proposed prominent role of translational
control in the developmental cell fate decisions, a systematic
systems-wide understanding of the regulators, the molecular mech-
anism(s), and the principles by which the developmental transcrip-
tome is differentially translated in time and space to allow cell fate
specification remain largely elusive, especially in humans (27). We
address these outstanding questions using human embryonic stem
cell (hESC)—-based cell fate decision models as a paradigm.

RESULTS

ARC-MS identifies proteins recruited to translationally
active ribosomes during mesoderm commitment

We hypothesized that the competence for embryonic cell fate deci-
sions is translationally controlled by cell fate—specific RAPs, which
control the selective and privileged translation of developmental
regulators. However, the identification of functionally relevant
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RAPs recruited to ribosomes is challenging due to a number of
reasons. Current methods used for identifying RAPs (i) either
require the generation of engineered ribosomal proteins (27), (ii)
suffer from contamination of unrelated protein complexes (26),
or (iii) cannot distinguish between translationally active and inert
ribosomes (22, 23). During early embryogenesis, a substantial frac-
tion of ribosomes are inert and ribosomal proteins are generated in
excess (22). Therefore, prioritizing RAPs recruited to active ribo-
somes could be beneficial for identifying those that are functional
in a cell fate-, context-, or stimulus-specific manner.

To cumulatively address such bottlenecks in the faithful identi-
fication of RAPs, we established active ribosome capture—mass
spectrometry (ARC-MS), a versatile and easy-to-implement
method tailored for the identification of RAPs recruited to transla-
tionally active ribosomes (Fig. 1A, detailed protocol in Materials
and Methods). Briefly, ARC-MS involves labeling of de novo syn-
thesized proteins via a brief pulse (5 min) of cell-permeable, “click-
able” methionine analog [i.e., a derivative of noncanonical L-
azidohomoalanine (AHA)], followed by the stable anchoring of
labeled nascent peptides to ribosomes using an anisomycin deriva-
tive (28). Active ribosomal complexes are isolated by “clicking”
nascent peptides harboring AHA directly to dibenzocyclooctyne
beads. Next, RAPs, along with ribosomal proteins and translation
factors, are biochemically separated from de novo synthesized
nascent proteins (which remain covalently linked to the beads)
and quantitatively detected independently via liquid chromatogra-
phy—-tandem mass spectrometry (LC-MS/MS) (Fig. 1A, workflow).
RAPs are identified by filtering out known ribosomal proteins,
translation factors, and de novo synthesized proteins (detected in-
dependently after on-bead digestion of peptides). Because of the
short AHA pulse labeling, ARC-MS captures active ribosomal com-
plexes at the early stages of translation, arguably the rate-limiting
and most regulated stage of protein synthesis, further increasing
the probability of identifying functional RAPs. The ability to exper-
imentally separate de novo synthesized proteins from ribosomal
complexes allows added stringency in the identification of RAPs.

As proof of principle for the systematic identification of RAPs
regulating cell fate decisions, we focused on the transition from plu-
ripotency to mesoderm. We reasoned that the discord between
active ribosomes and ribosomal abundance in pluripotency and
the documented susceptibility of mesoderm lineage to translational
control renders this transition as an ideal platform for identifying
cell fate-regulating RAPs using ARC-MS. Therefore, we performed
ARC-MS in hESCs (d0) and hESC-derived mesoderm (d2) (fig.
S1A) and only significantly detected proteins found in all three rep-
licates [with log, label-free quantification (LFQ) > 25 in all repli-
cates, false discovery rate (FDR) < 0.01] were considered for
further analysis (fig. S1B and table S1, sheet 1 contains data for all
proteins detected by ARC-MS at d0 and d2). To ensure successful
and specific isolation of ribosomal complexes, we first calculated the
intensity distribution of ribosomal proteins. They were the most
abundant among the detected proteins (Fig. 1B). Ribosomal pro-
teins, translational initiation, and elongation factors constituted
the majority of top enriched proteins, demonstrating successful iso-
lation of active ribosomes (Fig. 1, B and C). The even distribution of
ribosomal proteins on active ribosomes in both pluripotency and
mesoderm exemplified the faithful isolation of ribosomal complex-
es (Fig. 1C). Notably, a few ribosomal protein isoforms (e.g., RPL3L,
RPL26L1, and RPL27L) and translation factors (e.g., EIF3 complex)
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showed differential enrichment, indicating functional heterogeneity
in line with recent studies (29-31).

Next, we filtered out ribosomal proteins and known translation
factors to identify RAPs recruited on active ribosomes. In total, we
identified 770 such RAPs in hESCs and hESC-derived mesoderm
progenitors (table S1, sheet 1). Indicating direct cross-talk and
synergy between the different stages of the mRNA life cycle and ri-
bosomes, RAPs included proteins known to regulate pre-mRNA
splicing, mRNA processing, stability, transport, or export apart
from known translation regulators [Fig. 1D and table S1, sheet 2
for details on all Gene Ontology (GO) terms]. We identified pro-
teins previously suggested to bind ribosomal complexes to selective-
ly regulate translation, such as FXR1, LIN28A, LARP1, ATXN2,
DDX1, and PKMI1 (Fig. 1E) (26, 27). Notably, we identified
various known regulators of embryonic development, energy me-
tabolism, protein homeostasis, and components of morphogen sig-
naling central to embryonic cell fate decisions on active ribosomes,
including mediators of Wingless/Integrated (WNT) signaling
(Fig. 1E). Previous reports using mESCs reported membrane pro-
teins, centrosomes, clathrin complexes, and the Vault complex to be
present as potential contaminants upon isolating ribosomal com-
plexes to study associated proteins (26). However, components of
these complexes were scarce in ARC-MS data and were duly filtered
out, although we cannot completely rule out transient interactions
or shuttling of factors between complexes, which might be func-
tionally relevant (fig. S1G). Thus, ARC-MS allows for the robust
identification of RAPs recruited on actively translating ribosomes.
Our hESC-to-mesoderm RAPs align with emerging hypotheses
derived from bacteria, yeast, and mice that, rather than constitutive
protein synthesis factories, ribosomes can act as control hubs for
cellular decision-making (26, 32, 33).

Cell fate—specific recruitment of RAPs on active ribosomal
complexes was revealed by ARC-MS

We identified 88 proteins to be preferentially recruited to active ri-
bosomes in hESCs [fold change (FC) > 2, FDR < 0.05] as opposed
to 54 in the mesoderm, and 628 were present in both states (Fig. 1F
and table S1, sheet 1). RBPs were the largest class of proteins (~50%)
among them (Fig. 1F, bottom). Considering the direct role of RBPs
in the regulation of translation, we focused on RBPs recruited onto
active ribosomes for further investigation (27). Among those shared
between hESCs and mesoderm progenitors included known trans-
lational regulators, including LIN28A, IGF2BP1, STAU1, PABPCI,
FUS, and TIA1 (34-36). Mesoderm-specific ones were among the
least known for their direct role in controlling selective translation,
and it included RBPs such as LSM2, DARS, and HTATSF1
(Fig. 1G). Because we were interested in identifying regulators of
selective translation controlling the transition from pluripotency
to the mesoderm, we focused on RAPs enriched on ribosomes in
hESCs. RBPMS (RNA binding protein with multiple splicing) was
among the top enriched RBPs recruited to active ribosomes in
hESCs (d0) along with known regulators of selective translation,
like FXR1, G3BP2, YTHDF2, TIAL1, and ATXN2. This consoli-
dates that our identification and prioritization criteria yielded
bona fide translational regulators (Fig. 1G and table S1, sheet 4)
(27, 36). RBPMS has never been reported as a regulator of transla-
tion but has been proposed to be a potential regulator of embryo-
genesis, making it an ideal candidate for further investigation
(37, 38).
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Fig. 1. ARC-MS identifies proteins re-
cruited to translationally active ribo-
somes during mesoderm commitment.
(A) Schematic of ARC-MS workflow. ARC-
MS was performed in hESCs (d0) and
hESC-derived mesoderm progenitors (d2).
(B) Violin plots depicting intensity-based
absolute quantification (IBAQ) values of
ribosomal proteins and all identified pro-
teins from ARC-MS data from hESCs versus
mesoderm progenitors. (C) Heatmap
showing the enrichment of ribosomal
proteins and translation factors (EIFs and
EEFs) detected by ARC-MS in hESCs and
mesoderm progenitors. (D) GO-based
functional enrichment analysis for pro-
teins (excluding ribosomal proteins and
translation factors) reliably identified by
ARC-MS. (E) Heatmap depicting log, LFQ
of significantly enriched representative
proteins recruited on active ribosomes
from major GO term categories identified
by ARC-MS. (F) Venn diagram summariz-
ing the distribution of proteins on active
ribosomes in hESCs and mesoderm pro-
genitors. Identified proteins, categorized
based on molecular function, are depict-
ed as a percentage of the total in the bar
graphs below. (G) Heatmap displaying the
enrichment of RBPs identified by ARC-MS
between d0 and d2. (H) Schematic outline
of the underlying strategy used for TS-MS.
(1) Overlap of proteins enriched at d0 and
d2 ARC-MS with proteins detected via TS-
MS in hESCs. (J) Distribution of proteins
recruited on active ribosomes selectively
in hESCs identified by ARC-MS that are
overlapping with TS-MS on indicated ri-
bosomal fraction. (K) Confirmation of
RBPMS enrichment in ribosomal fractions
by polysome profiling followed by im-
munoblotting. RPL7A, RPS6, and

G3BP1 = controls. (L) RBPMS is predomi-
nantly a cytosolic protein in hESCs, eval-
uated by Western blot analysis upon
nuclear/cytosolic fractionation, G3BP1,
and TUBA cytosolic control, LAMINB1
nuclear control. (M) Residence of RBPMS
on ribosomal complexes confirmed by
polysome profiling upon treatment with
the indicated translation inhibitors. Error
bars represent +SEM; P values are calcu-
lated using Student'’s t test; biological
replicates n = 3.

To independently verify the recruitment of identified proteins to
ribosomal complexes, we sought a global analysis of proteins that
differentially associate with ribosomal complexes. To achieve this,
we isolated ribosomal fractions from hESCs corresponding to 408,
80S (monosome), and polysomes (light polysome fraction and
heavy polysome fraction) by polysome profiling and subjected
them to LC-MS/MS [translation state mass spectrometry (TS-
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MS)] (Fig. 1H, detailed protocol in Materials and Methods). The
occurrence of the different ribosomal proteins in their expected
fractions across all the samples indicated that the isolated fractions
represented the presumed ribosomal complexes (fig. S1C). After the
removal of ribosomal proteins and known translation factors, we
identified 1408 proteins on ribosomal complexes, of which 600
were RBPs in line with our findings from ARC-MS (table S1,
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sheet 7). Similarly, proteins identified by TS-MS belonged to similar
functional categories as ARC-MS (fig. S1, D to F). Next, by inter-
secting the data from ARC-MS and TS-MS, we identified 65 pro-
teins that are selectively recruited to ribosomal complexes in
hESCs (Fig. 1I). RBPMS was also among the identified RBPs by
TS-MS, thus confirming its recruitment on ribosomal complexes
at the state of pluripotency (Fig. 1J).

RBPMS is preferentially recruited to active ribosomes

in hESCs

Our candidate RAP in hESCs, RBPMS, is evolutionarily conserved
across vertebrates and carries a single RNA recognition motif (37,
39). While it has been suggested as a potential regulator of embry-
onic development based on studies in xenopus and zebrafish, as well
as binucleation of cardiomyocytes in mice, the function of RBPMS
in human embryonic cell fate decisions, ribosome association, and
translational control remains unknown (38, 40, 41). In line with a
role in the regulation of translation, RBPMS sediments with ribo-
somal fractions and is enriched on the 40S ribosomal subunit
(Fig. 1K), similar to G3BP1I, a regulator of selective translation
known to associate with the 40S ribosomal subunit (42). It is also
predominantly cytosolic in hESCs. Three isoforms of RBPMS are
expressed in hESCs, of which two of the cytosolic isoforms
account for the majority of the protein (Fig. 1L).

To validate the association of RBPMS with ribosomal complexes,
we used the following orthogonal approaches. We reasoned that if
RBPMS associates with the translation machinery in hESCs, then
upon treatment with specific translation inhibitors, it should
show a characteristic shift in sedimentation commensurate to the
inhibited step of translation. First, we used the specific translation
initiation inhibitor harringtonine (2 pg/ml for 30 min). RBPMS was
depleted from polysomes and concomitantly enriched in initiation
fractions. The characteristic changes in the enrichment of bona fide
components of the translation machinery, EIF4G, PABP, and
RPL13 serve as controls (Fig. 1M, top two panels). We next
treated hESCs with an inhibitor of elongation, puromycin (1 pg/
ml for 1 hour), to induce translational arrest. This led to the redis-
tribution of RBPMS across fractions (Fig. 1M, third panel). Last, we
used ribonuclease (RNase) I (5 U, 30 min) treatment, which led to
the disruption of ribosomal complexes and the accumulation of
RBPMS in the 40S fraction (Fig. 1M, last panels). This suggests
the role of RBPMS in mediating translation initiation. To our
knowledge, there are no other complexes that would show a
similar sedimentation profile as ribosomal complexes and simulta-
neously show such characteristic change upon treatment with spe-
cific translation inhibitors. Considering its enrichment on the 408
complex in steady state and upon various treatments with transla-
tion inhibitors, notably upon RNase I, we can rule out contamina-
tion by nascent RBPMS polypeptides. Thus, RBPMS is an active
RAP in hESCs.

RBPMS loss causes global translation inhibition without
affecting self-renewal in hESCs

To investigate the functional role of RBPMS, we generated a com-
plete CRISPR-Cas9—mediated knockout in hESCs (hereafter
RBPMS-KO) by targeting the exon-intron boundary of exon 1
with two guide RNAs (gRNAs) (Fig. 2A and fig. S2A). Exon 1
was specifically targeted because it is shared between all annotated
isoforms of RBPMS; thus, its disruption will ensure the complete
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loss of RBPMS. Homozygous deletion of this exon-intron boundary
disrupted the natural open reading frame of RBPMS, resulting in a
complete loss of expression, which we confirmed both at the RNA
and protein levels (Fig. 2B and fig. S2B). Considering the recruit-
ment of RBPMS on active ribosomes in hESCs, we next examined
global translation in RBPMS-KO compared to wild type (WT) using
polysome profiling. We observed a severe reduction in the abun-
dance and distribution of ribosomal complexes in RBPMS-KO
hESCs where heavy polysomes (the most translationally active frac-
tion) were nearly absent (Fig. 2C). This was followed by a 50% re-
duction in global de novo protein synthesis, reflected in the
substantial reduction of newly synthesized proteins detected by
short-term puromycin labeling evaluated using either an anti-puro-
mycin antibody or fluorescent azide—conjugated O-propargyl-pu-
romycin (OPP) to avoid any detection biases (Fig. 2D and fig. S3,
A and B). We used an independent RBPMS-KO clone (RBPMS-KO
cl.2) to confirm these data (fig. S2, E to G) further. This severe global
inhibition of translation upon loss of RBPMS did not alter the levels
of pluripotency markers or self-renewal factors (fig. S2, C and D)
over a period of >20 passages. Critically, the global nascent tran-
scriptional output of RBPMS-KO hESCs was only marginally affect-
ed (fig. S3C). Similarly, mitochondrial integrity (fig. S3, D and E),
overall mitochondrial metabolism (fig. S3G), and cell cycle (fig.
S3F) remain largely unaffected, while glycolysis was marginally af-
fected (fig. S3H) in RBPMS-KO. Together, our data reveal that loss
of RBPMS exclusively inhibits mRNA translation without affecting
other fundamental molecular processes in hESCs.

RBPMS loss in pluripotency selectively impedes cardiac
mesoderm specification

Because RBPMS loss abrogated translation homeostasis in hESCs,
we reasoned that its loss would hamper cell fate decisions enabling
lineage commitment, a process heavily dependent on the de novo
synthesis of fate commitment factors. To investigate the role of
RBPMS in this process, we used a defined and directed differentia-
tion method toward the three primary germ layers: ectoderm, me-
soderm, and endoderm, recapitulating the early embryonic cell fate
decisions (Fig. 2E) (43).

Loss of RBPMS severely and specifically inhibited mesoderm
commitment without affecting endoderm and ectoderm differenti-
ation (Fig. 2F and fig. S4, A to D). It abolished the ability of hESCs to
effectively activate TBX-T (BRACHYURY), a master regulator of
mesoderm commitment, and MESP]I, a key early cardiac mesoderm
marker (Fig. 2, F to H, and fig. S2G) (44, 45). In addition, upon me-
soderm induction, RBPMS-KO cells still expressed pluripotency
factors aberrantly (fig. S4F), indicative of the inability of RBPMS-
KO cells to efficiently exit pluripotency and undergo mesoderm
lineage commitment upon mesoderm instructive morphogen sig-
naling. To confirm that mesoderm commitment defects due to
RBPMS loss were not a result of disrupted timing, we analyzed
the expression dynamics of key mesoderm markers at close inter-
vals. Markers such as T and MIXLI, as well as WNT signaling me-
diators, failed to activate in RBPMS-KO cells over the course of
24 hours of mesoderm induction (fig. S4E) (46—48).

Next, we tested whether the impaired differentiation of RBPMS-
KO hESCs toward the mesodermal lineage detrimentally affects ter-
minal fate choices. In this regard, we chose defined differentiation
to cardiomyocytes because it is a robust, high-efficiency method al-
lowing near-synchronous differentiation to a functional terminal
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Fig. 2. RBPMS loss causes global A CRISPR-Cas9 targeting strategy B Validation of RBPMS KO D

translation inhibition in hESCs 5 Global protein synthesis
. . hg19: Chrg — 0 kb oF 15

without affecting self-renewal & : Cross-inking

303x 108 304 x10°
Lo

H

30 min OPP labeling
in gmw\h medium

Q_Q

and selectively impedes cardiac
mesoderm specification. (A)
Schematic representation of RBPMS

~ Forward primer
~ Reverse primer RBPMS ‘

x gRNA 1

IF microscopy
(WTvs. RBPMS KO)

o

OPP-labeling
_ of nascent Alexa Flour
pmypepuaes cncx skt dye %

hESCs

22 kDa

od
o

locus in humans and the CRISPR-
Cas9-based targeting strategy used

to generate homozygous RBPMS-KO

(B) confirmed via immunoblot. (C) C
Loss of RBPMS impedes translation 80S
in hESCs, indicated by representa-
tive polysome profiles of RBPMS-KO
hESCs with respect to isogenic WT
along with quantification of the area
under the indicated ribosomal frac-
tions on the right. (D) De novo 25 N
protein synthesis is inhibited upon - RBPMS KO hESCs N |
RBPMS loss, evaluated by measur- 8 12 s 20 2
ing puromycin incorporation on

nascent polypeptides in RBPMS-KO
compared to WT by measuring
uptake of OPP (quantifications on
the right). (E) Schematic of lineage
differentiation approaches used to
determine the competence of
RBPMS-KO hESCs to undergo
germline commitment. (F) Meso-
derm commitment is severely im-
paired upon loss of RBPMS as
indicated by reverse transcription- G
quantitative polymerase chain re-
action (RT-gPCR) for TBX-T (meso- = BEFMB KO
derm) and MESP1 (cardiac 84 kba
mesoderm), as well as (G) Western
blot for TBX-T (quantification on the
right). (H) Representative images of 0 <
MESP1 staining upon mesoderm ¥
induction of RBPMS-KO hESCs ¢
compared to WT (quantification on
the right). (I) Immunofluorescence
images for cardiac-specific ACTN2
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malized expression levels of indi-
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Schematic summarizing the cardiac
differentiation efficiency along the
cardiac corridor for WT and RBPMS-
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to terminally differentiate to cardi-
omyocytes upon RBPMS loss. Error
bars represent £SEM; P values cal-
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fate (43, 47). Loss of RBPMS severely affected the formation of
cardiac progenitor cells while aberrantly retaining signatures of plu-
ripotency (fig. S5J). RBPMS-KO cells failed to properly activate key
genes defining cardiac identity, including aberrant expression of
cardiac-specific transcription factors and sarcomeric genes, and to
produce cardiomyocytes in contrast to WT cells that constantly
yielded homogeneous populations of cardiomyocytes (Fig. 2I and
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fig. S2, H, I, and G). In addition, RBPMS-KO cells failed to
produce cardiomyocytes across the “cardiac corridor” (Fig. 2J),
which is a bone morphogenetic protein (BMP)/WNT concentration
grid for testing the ability of pluripotent stem cells to give rise to
cardiomyocytes.

Last, to test whether the loss of RBPMS in pluripotency affects
only the cardiac mesoderm or other closely related lineages, we
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systematically tested the ability of RBPMS-KO hESCs to differenti-
ate into paraxial mesoderm, endothelium, definitive endoderm, and
mesenchymal stem cells. We observed only a marginal effect in par-
axial mesoderm differentiation, while the RBPMS-KO showed a
higher propensity to commit to definitive endoderm, indicated by
the significantly higher expression of SOX17 and FOXA2 (fig. S5, E
to G). Furthermore, RBPMS loss did not affect the differentiation to
endothelial or mesenchymal lineages (fig. S5, H and I). Thus, we
conclude that RBPMS is essential for accurate cell fate decisions, al-
lowing cardiac mesoderm commitment and cardiac differentiation
of hESCs.

RBPMS is essential for cardiac mesoderm patterning and
morphogenesis in human cardioids

Development of cardiomyocytes in the heart requires complex,
rapid patterning and morphogenesis events in the cardiac meso-
derm and the developing heart [events that cannot be recapitulated
using directed two-dimensional (2D) differentiation methods] (46).
To understand whether loss of RBPMS in hESCs impedes cardiac
mesoderm patterning, morphogenesis, and 3D organization (mo-
lecularly less understood processes in humans compared to
cardiac cell fate decisions), we resorted to a recently introduced
human cardiac organoid (cardioid) model (Fig. 3A and fig. S5, A
to C). Cardioids closely recapitulate otherwise hard-to-study cellu-
lar complexity, patterning, and stratification of a developing human
heart, including the molecular contributions from intercellular sig-
naling and morphogenetic events, like chamber formation.

To investigate the effects on cardiac mesoderm patterning and
cardiac morphogenesis by RBPMS loss in hESCs, we generated car-
dioids from RBPMS-KO along a closely spaced time window
between mesoderm commitment and cardiomyocyte specification
(Fig. 3B) and compared them to those derived from isogenic WT
hESCs. RBPMS-KO cardioids were consistently smaller, lacking
lumen and chambers, which often collapsed prematurely and disin-
tegrated before reaching cardiac specification stages in line with
their mesoderm commitment defects influencing patterning and
morphogenesis (Fig. 3, B and C).

To further evaluate the role of RBPMS in cardiac mesoderm pat-
terning, we analyzed cardiac mesoderm—stage cardioids (d3.5). We
focused on the distribution of cardiac mesodermal cells, lumen for-
mation, and the WNT-BMP signaling axis that is central to cardiac
mesoderm patterning and morphogenesis (46, 47, 49). First, WTs
displayed a large lumen; RBPMS-KO often had multiple small
lumens, which later did not fuse (Fig. 3C). Second, indicating
severe impairment in WNT signaling dynamics, the p-catenin
levels were low in RBPMS-KO, indicating severe impairment in
WNT signaling dynamics (Fig. 3C, top). In WT d3.5 cardioids,
the regions close to the periphery displayed a mosaic distribution
of cells in terms of nuclear/cell membrane localization of -
catenin (Fig. 3C, top inset 1), while in the dense inner regions,
cells displayed uniform nuclear localization of B-catenin (Fig. 3C,
top inset 2). B-Catenin was only present in small patches in
RBPMS-KO and was near-exclusively localized to the cell mem-
brane (Fig. 3C, top insets 1' and 2'), indicating aberrant distribution
and cardiac mesoderm patterning defects. In support of this, cells
positive for HAND1 expression (a key WNT-BMP target marking
cardiac mesoderm) were severely depleted in RBPMS-KO cardioids
(Fig. 3C, middle, insets 1, 2, and 1', 2). The limited number of
HANDI1-positive cells in the RBPMS-KO scenario was distributed
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along the inner lumen compared to WTs. In WT cardioids, the
inner part of the cardioids showed a mosaic distribution of
HANDI-positive and HAND1-negative cells (Fig. 3C, middle,
inset 1), while toward the periphery, the cells were evenly
HAND1-positive (Fig. 3C, middle, inset 2). However, such a dis-
tinction was absent in RBPMS-KO, which only showed patches of
HANDI-positive cells near the collapsed lumens (Fig. 3C, middle,
insets 1" and 2"), following the aberrant distribution and subcellular
localization of B-catenin. This points to severe cardiac mesoderm
patterning defects in RBPMS-KO. In agreement with the inability
of RBPMS-KO to generate cardiomyocytes efficiently, the few
RBPMS-KO cardioids that survived specification showed severe de-
pletion of cardiomyocytes compared to corresponding WT
(Fig. 3D), which was accompanied by a near lack of expression of
cardiac-specific transcription factors and sarcomere genes (Fig. 3E).
Together, our data reveal that RBPMS is central to cardiac meso-
derm patterning and cardiomyocyte specification of hESCs.

RBPMS is essential to activate the regulatory program
instructing cardiac mesoderm
To carefully evaluate why RBPMS-KO fails to commit to cardiac
mesoderm, we performed a whole-transcriptome analysis of
RBPMS-KO compared to WT [n = 3 biological replicates,
poly(A)-selected mRNAs, paired-end 150-base pair (bp) stranded
libraries, ~50 x 10° clean reads per sample] in a closely spaced
window of mesoderm commitment differentiation (Fig. 3F and
table S2, sheet 1). The time points were chosen to evaluate the tran-
scriptional differences at the stage of pluripotency (0 hours), upon
receiving the mesoderm commitment cue (3 hours), early meso-
derm (6 hours), and upon mesoderm commitment (48 hours).
First, at the transcriptome level, RBPMS-KO and WTSs were
comparatively similar except for 275 differentially expressed genes
[log,FC > (+/-) 1, P value adjusted < 0.05], arguing that the strik-
ing difference in the global translation upon RBPMS loss is not due
to changes in mRNA levels. In addition, the differentially expressed
genes did not have a direct connection to translational control or
mesoderm/cardiac mesoderm commitment (Fig. 3F, graph below,
and table S2, sheet 1). We observed the most significant change in
developmentally relevant gene expression signature at the 48-hour
time point, aligning the cardiac mesoderm differentiation defect.
Notably, GO term analysis on differentially expressed genes re-
vealed that RBPMS-KO cells, upon mesoderm induction, were
unable to activate the WNT signaling network, as well as those reg-
ulating gastrulation, mesoderm, cardiac cell fate commitment, and
heart morphogenesis (Fig. 3G and table S2, sheet 2). In contrast,
RBPMS-KO cells retain aberrant pluripotency gene expression
while also activating definitive endodermal and ectodermal genes
upon mesoderm induction (Fig. 3G). Pluripotency factors, includ-
ing OCT4, NANOG, ESSRB, and ZFP42, failed to be silenced in
RBPMS-KO even after 48 hours, while primitive streak (e.g., TBX-
T and MIXLI), early mesoderm, paraxial mesoderm, and cardiac
mesoderm markers (e.g., EVX1, PDGFRB, MESP1, HANDI,
TBX6, MSX, and FOXCI) were significantly down-regulated com-
pared to corresponding WT (Fig. 3H). Notably, RBPMS-KO aber-
rantly activates early endodermal (e.g., FOXA2 and GDF3) and
ectodermal genes (e.g., OTX2) upon mesoderm induction, suggest-
ing that RBPMS loss disturbs germ layer decisions in hESCs
(fig. S5D).
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Fig. 3. RBPMS is essential for
cardiac mesoderm patterning and
morphogenesis in human cardi-
oids. (A) Schematic of cardioid gen-
eration method. (B) Loss of RBPMS
impairs cardioid formation at early
stages of cardiogenesis as indicated
by bright-field images taken at indi-
cated days during cardiac induction.
(C) Whole-organoid confocal
imaging for HAND1, CTNNB, and
phalloidin at cardiac mesoderm
stage cardioids (d3.5) derived from
RBPMS-KO and WT hESCs. Stitched
images of the whole organoid ac-
quired by 63x objective are shown.
(D) Whole-organoid imaging for car-
diomyocyte-specific ACTN2 in WT
and RBPMS-KO cardioids (d10.5). (E)
RT-qPCR analysis for mRNA levels of
cardiac-specific transcription factors
and sarcomeric proteins in the indi-
cated samples, performed on cardi-
oids at d10.5. (F) Systematic
identification of differentially ex-
pressed genes at indicated early and
late time points during mesoderm
induction upon RBPMS loss (FC + 2, P
< 0.05, n = 3) evaluated by RNA-seq,
represented as a bar graph. (G) GO-
based analysis of genes down-regu-
lated and up-regulated at 48 hours
after mesoderm induction indicates
defects in mesoderm and cardiac
mesoderm cell fate specification and
WNT signaling in RBPMS-KO cells
w.r.t WT. (H) Heatmaps showing the
expression of cell fate markers (first
two panels) and the components of
WNT and BMP signaling in pluripo-
tency and upon mesoderm induc-
tion of WT and RBPMS-KO. (1)
Absence of RBPMS impairs WNT sig-
naling activity, indicated by active p-
catenin levels, and BMP signaling,
indicated by pSMAD1/5, upon
cardiac mesoderm induction of WT
and RBPMS-KO. Error bars represent
+SEM; P values calculated using Stu-
dent's t test (*P < 0.05, **P < 0.01,
***¥P < 0.001, and ****p

< 0.0001; n = 3).
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To derive molecular insights into why RBPMS-KO cells fail to
efficiently generate cardiac mesoderm, we evaluated the key mor-
phogen signal transduction machinery programming cardiac meso-
derm, namely, WNT, BMP, transforming growth factor (TGF), and
NOTCH (Fig. 3H and fig. S5D). Notably, a substantial number of
genes involved in both canonical and noncanonical WNT signaling
(e.g., WNT3, WNT8A, WNT3A, FZD7/8, CINNBI, TCF7, DK.K.1,
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FZD1/2, WNT5A, WNT5B, and ROR2) failed to be activated in
RBPMS-KO upon mesoderm induction. Similarly, the key media-
tors of BMP, NOTCH, and TGF signaling also failed to be activated,
while the inhibitors of BMP signaling (e.g., CHRD) were aberrantly
expressed in RBPMS-KO at the 48-hour time point (Fig. 3H and fig.
S5D). This goes hand in hand with the reduced active -catenin
levels as well as reduced phosphorylation of SMADI1/5 in
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RBPMS-KO upon cardiac mesoderm induction (Fig. 3I). Of note,
cardiac mesoderm is particularly sensitive to the duration and
timing of WNT-BMP signaling axis compared to other mesodermal
lineages (8, 47, 50, 51). Thus, we reason that the severe impairment
of cardiac mesoderm specification, patterning, and subsequent car-
diogenesis defects observed in RBPMS-KO is due to this severe im-
balance in WNT, BMP, and TGF signal transduction components
upon mesoderm induction. Collectively, RBPMS is essential for
hESCs to activate the gene regulatory network and signal transduc-
tion machinery specifying cardiac mesoderm.

mRNAs encoding cardiac mesoderm-instructive gene
regulatory network are targeted by RBPMS via

3'UTR binding

The repertoire of mRNAs targeted and regulated by RBPMS in
hESCs is currently unknown. To comprehensively and stringently
identify the network of mRNAs regulated by RBPMS in hESCs,
we used enhanced ultraviolet (UV) cross-linking and immunopre-
cipitation of ribonucleoprotein complex followed by massively par-
allel sequencing (eCLIP-seq) (Fig. 4A and fig. S6, A and B) (52).
Following the removal of polymerase chain reaction (PCR) dupli-
cates and normalization relative to size-matched input (SMI) con-
trols from four independent replicates, we compiled transcriptome-
wide, nucleotide-resolution, and high-confidence binding maps
displaying >80% overlap of target mRNAs between replicates
(Fig. 4B; fig. S6, C to E; and table S3, sheet 1). Only statistically sig-
nificantly enriched targets (fold enrichment over SMI > 2, P < 0.05)
present in all four replicates were considered for further analysis.

RBPMS was predominantly found to bind 3’ untranslated
regions (3'UTRs) of mRNAs (Fig. 4C and table S3, sheet 2) on a
bipartite CAC motif (Fig. 4D and fig. S6F). RBPMS showed a
higher degree of enrichment in the 3'UTR of target mRNAs com-
pared to other regions, supported by normalized peak enrichment
(Fig. 4C). This was further evident when calculating RBPMS peak
distribution in metagene plots, which showed substantial 3"'UTR
bias (Fig. 4E), and in the representative loci of SFRPI and
SFRP2 (Fig. 4H).

Indicative of the direct role of RBPMS in regulating cardiac me-
soderm fate of hESCs, the functional annotation of 3'UTR-bound
mRNA targets revealed significant enrichment for key mediators
of gastrulation, WNT signaling, as well as cell surface and secreted
proteins involved in developmental signaling (Fig. 4F and table S3,
sheet 3). Furthermore, the curation of 3'UTR targets based on high
signal-over-input enrichment followed by grouping based on their
molecular and developmental functions revealed that RBPMS
targets mRNAs involved in early embryonic cell fate decisions
and cardiac mesoderm development. This included regulators of
WNT signaling (e.g., FZD7, GSK3A, SFRPI, and SFRP2), gastrula-
tion and embryogenesis (e.g., FOXHI1, MYH9, YAPI, BMP4,
SMARCDI, and SP2), morphogenesis (e.g., FGFR1, MSN, IGFIR,
and NLN), and cardiac cell fate commitment/cardiac identity
(e.g., ARIDIA, KDM6B, MYLI12B, and TPM1I) (Fig. 4G). In addi-
tion, mRNAs encoding translational regulators were also bound
by RBPMS at their 3'UTR (e.g., CELF1, EEF2, EIF5A, IGFBPI,
and LIN28A), thereby offering an explanation of how the loss of
RBPMS affects global translation in hESCs (Fig. 4G). The 3'UTR
targets of RBPMS encode proteins mostly localized to all subcellular
locations, with a bias for membrane and secreted proteins (fig. S6G
and table S3, sheet 4). Together, we found that RBPMS directly
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targets a network of mRNAs encoding central regulators of early
embryonic cell fate decisions, especially those critical for mesoderm
instructive morphogen signaling, core components of the transla-
tion machinery, and regulators of mRNA translation.

RBPMS controls mRNA translation of factors that are
essential to initiate cardiac mesoderm commitment

To determine how the loss of RBPMS causes translation inhibition
in hESCs and prevents cardiac mesoderm commitment, we first
applied translation state RNA sequencing (TS-seq) to investigate
transcriptome-wide changes in the occupancy of ribosomal com-
plexes upon RBPMS loss in hESCs. To this end, transcripts associ-
ated with ribosomal complexes (the 40S, 80S, light, and heavy
polysomes) were isolated after ribosome fractionation, enriched
for poly-adenylated transcripts, and subjected to transcriptome se-
quencing in parallel with total RNA from RBPMS-KO and isogenic
WT hESCs (Fig. 5A). To correct for technical variability and allow
data normalization, two different sets of spike-ins were added to
each fraction of our three biological replicates, after lysis and after
polysome fractionation, respectively. We obtained 20 million to 30
million clean reads per ribosomal fraction per replicate to ensure
reliable quantification of ribosome occupancy differences in low-
to medium-expressed transcripts.

The loss of RBPMS resulted in severe translational inhibition
(Fig. 2), which makes the evaluation of changes in ribosome occu-
pancy on specific mRNAs cumbersome. Therefore, a two-step re-
gression-based clustering approach was used to identify
meaningful differences in ribosome occupancy after normalization
with dual spike-in controls. This approach allows for the identifica-
tion of clusters of transcripts that were significantly different in their
distribution of ribosomes, taking into account their occupancy
across ribosomal complexes in the RBPMS-KO hESCs in compari-
son to isogenic WTs.

We identified 8 mRNA clusters harboring >5500 mRNAs that
exhibit a significant difference in their translation status following
RBPMS-KO. Notably, upon RBPMS loss, ribosomal complexes
were severely depleted in six clusters that harbored most of the
translationally affected transcripts, while two clusters showed en-
richment (Fig. 5B and table S4, sheet 2). Translationally repressed
genes were crucial ones for cardiac cell fate commitment and
protein and mRNA metabolism (Fig. 5E), while translationally ac-
tivated genes were involved in neurogenesis and endoderm and ec-
toderm development (fig. S7B and table S4, sheets 5 and 9).
Integrative analysis of transcriptomics and TS-seq data revealed
that transcripts only showing transcriptional changes were not di-
rectly implicated in morphogen signaling or cardiac mesoderm de-
velopment, the processes detrimentally affected by the loss of
RBPMS (fig. S7A and table S4), in agreement with our transcrip-
tome analysis of RBPMS-KO versus WT hESCs (Fig. 3F and table
S2, sheet 7).

Next, we investigated the translation status of RBPMS targets we
identified in hESCs in relation to where it binds on the mRNAs
(binding coordinates). In line with the prominent 3'UTR binding
on developmentally relevant genes, a substantial number of
3'UTR-bound RBPMS targets were depleted from ribosomes in
RBPMS-KO (Fig. 5, C and I; fig. S7D; and table S4, sheets 3 and
4). Metagene analysis of translationally affected RBPMS targets re-
vealed that the transcripts bound by RBPMS at the 3'UTR are de-
pleted from ribosomes. In contrast, those bound at the 5'UTR,
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exons, and introns were not significantly affected. To further ensure
that the depletion of ribosomes from its 3'UTR targets in the
RBPMS-KO is not due to any indirect effects on mRNA levels, we
systematically compared the transcript levels of 3'UTR targets and
their ribosome occupancy upon loss of RBPMS. The substantial
majority of the 3'UTR targets were translationally repressed in
RBPMS-KO (Fig. 51, heatmap on the right), while the respective
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transcript levels of these targets remain largely unaffected (Fig. 51,
heatmap on the left). These data further reveal that RBPMS binding
at the 3'UTR determines the translational status of its target
mRNAs (Fig. 5D).

Translationally inhibited 3"UTR targets of RBPMS encode regu-
lators central to mesoderm specification, cell fate commitment, and
morphogen signaling, including WNT (Fig. 5F and table S4, sheet
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6). Because morphogen signaling, particularly by WNT, BMP/
NODAL, and fibroblast growth factor (FGF), defines mesoderm
commitment from pluripotency, we then investigated the ribosome
occupancy on mRNAs relevant to these processes (8, 46, 53, 54).
Notably, most WNT signal transduction components and those
of BMP/NODAL and FGF signaling were severely depleted from
active translational compartments upon RBPMS-KO (Fig. 5G and
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table S4). Of note, a subset of 3'UTR targets of RBPMS was trans-
lationally activated. They regulate processes not related to transla-
tion and cardiac mesoderm commitment (fig. S7C).
Unexpectedly, we observed a depletion of mRNAs encoding core
translation machinery, including translation initiation factors and
ribosomal proteins in RBPMS-KO (Fig. 5H and table S4).
However, only a few of these were directly bound by RBPMS.
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This could further explain the global inhibition of translation upon
loss of RBPMS (Figs. 2, D and E, and 5B). This supports a model by
which RBPMS selectively regulates the translation of its client
mRNAs through 3'UTR binding and globally influences translation
in an mRNA binding-independent fashion. Its role in general trans-
lation could be through its direct interaction with translation ma-
chinery as indicated by ARC-MS and its association with the 408
complex (Fig. 1, G and M). RBPMS does not affect transcript stabil-
ity (assessed for a selection of pluripotency factors and direct
RBPMS 3'UTR targets involved in WNT signaling following actino-
mycin D treatment to inhibit transcription; fig. S7E).

RBPMS was suggested to regulate splicing in smooth muscle
cells, extrapolated from targets identified by overexpression of
RBPMS in human embryonic kidney (HEK) 293T cells, which do
not naturally express RBPMS (55). A cursory analysis revealed
minimal overlap between the targets reported in HEK293T cells
and those we identified in hESCs, implying cell type specificity.
Nevertheless, despite the 3'UTR binding bias in RBPMS eCLIP
data, we also detected low-affinity binding at introns (Fig. 4C and
table S3)

To address whether RBPMS contributes to splicing in both
hESCs (0 hours) and during mesoderm commitment (3, 6, and
48 hours after mesoderm induction), we computed splicing
changes in RBPMS-KO. Our sequencing depth (~50 million clean
reads/sample/replicate from stranded poly-A selected library, n =3
biological replicates) allowed reliable investigation in changes in
mRNA splicing (56, 57). Briefly, we determined y scores for WT
and RBPMS-KO at the state of pluripotency and along the meso-
derm commitment time course, denoting significant changes with
an FDR < 0.01. A minimum of 10 junction reads were counted to
compute inclusion/exclusion events to robustly call splicing
changes. Using a relaxed cutoff of Ay < —0.5 (inclusion) or
Ay > 0.5 (exclusion) to detect a maximum number of splicing
changes, we could only find minimal differences regardless of the
time point investigated. These few changes cannot explain the pro-
found effects on mRNA translation or cardiac mesoderm commit-
ment in RBPMS-KO cells (fig. S8, A and B, and table S5). In dO data,
none of the 3'UTR and 5'UTR targets of RBPMS were affected at the
level of splicing, while only two of its intronic and one of its exonic
targets were among the genes whose splicing was affected. Similar
trends were observed upon mesoderm induction time course, thus
confirming our initial hypothesis that RBPMS controls mRNA
translation without directly influencing mRNA splicing in hESCs
and during mesoderm commitment (fig. S8, A and B, and table S5).

Last, we confirmed that the depletion of ribosomal complexes
globally and from RBPMS 3'UTR targets results in a significant re-
duction in the abundance of corresponding proteins by performing
an in-depth whole proteome analysis using LC-MS comparing WT
and RBPMS-KO hESCs (Fig. 5, ] and K). Notably, 1404 proteins
were reduced in RBPMS-KO, while only 70 were increased, con-
firming that RBPMS is essential for protein homeostasis in
hESCs. Specifically, the protein levels of the 3'UTR targets of
RBPMS were significantly reduced in RBPMS-KO, including
WNT signal transduction components and mesoderm regulators
(Fig. 5K and fig. S7F), thus confirming the pivotal role of RBPMS
in controlling their protein abundance in hESCs.

Together, our data reveal that RBPMS is a central regulator of
mRNA translation in hESCs, primarily controlling the components
of mesoderm-instructive morphogen signaling, regulators of cell
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fate decisions, and mRNA translation (Fig. 5, E to G). Thus,
RBPMS primes the selective translation of factors essential to initi-
ate cardiac fate programming in hESCs, revealing that the compe-
tence for committing to the cardiac fate is predetermined by the
RBPMS-mediated translation circuit already instated in
pluripotency.

RBPMS specializes mRNA translation in pluripotency,
selectively via 3'UTR binding and globally by controlling
translation initiation and ribosome recruitment

Our data so far suggest that the role of RBPMS in translation could
be two-pronged: (i) as an activator of selective translation of meso-
derm instructive cell fate regulators via 3'UTR binding, and (ii) as a
general regulator of translation in hESCs via recruitment to ribo-
somal complexes.

Therefore, we asked whether RBPMS binding at the 3'UTR can
selectively control translation in hESCs. To this end, we first gener-
ated a destabilized dsRED-based reporter system carrying the
3'UTRs of two RBPMS targets, SFRP1 and SFRP2, inferred by
RBPMS eCLIP-seq in hESCs (Fig. 6A). The translation state and
protein levels of both SFRPI and SFRP2 are RBPMS dependent in
hESCs (fig. S7, D and G). As evidenced by time-lapse microscopy,
dsRED signal intensity was significantly reduced in RBPMS-KO
compared to WT hESCs (Fig. 6B). This reduction could be
rescued by ectopically expressing WT RBPMS, but not by RBPMS
mutant carrying a point mutation (K100E) abolishing the RNA
binding ability (Fig. 6B). To confirm the ability of RBPMS to selec-
tively control translation in a 3'UTR-dependent manner, we gener-
ated a set of dual luciferase-based bicistronic reporter constructs
with or without RBPMS binding sites in the 3'UTR (with SFRPI
or ACTB 3'UTR, respectively) (Fig. 6C, illustration). RBPMS loss
led to a significant reduction in luciferase activity for SFRPI-
3'UTR fusions, while ACTB-3'UTR and luciferase-only controls re-
mained unaffected (Fig. 6C). Collectively, these reporter-based
assays reveal that RBPMS selectively activates translation of
mRNAs carrying its binding sites at the 3'UTR.

To obtain a further mechanistic understanding of RBPMS-me-
diated global translational control, we first performed immunopre-
cipitation of RBPMS from hESCs, followed by proteomics analysis
after prolonged RNase I treatment (to avoid indirect RNA-mediated
associations) (fig. S9, A to C, and table S6, sheet 1). RBPMS co-pu-
rified with translational regulators, ribosomal proteins, and proteins
involved in endoplasmic reticulum (ER)—mediated translation, in-
cluding canonical regulators of translation initiation (fig. S9, C and
D). Notably, EIF3 complex components, EIF5A and EIF4G, along
with multiple ribosomal subunits, were specifically and significantly
enriched with RBPMS, suggesting that RBPMS can influence the
residence of key regulatory components on the translation appara-
tus of hESCs. This is in line with the enrichment of RBPMS on 40S
complexes upon treatment with translation inhibitors and RNase
(Fig. IM). Next, we evaluated the distribution translation initiation
factors interacting with RBPMS on the ribosomal complexes upon
RBPMS loss by polysome profiling followed by Western blotting
(fig. S9E). First, we specifically examined the enrichment of
EIF4G (that mediates the cross-talk of the 43S preinitiation
complex with EIF4F complexes) and of the poly(A)-binding
protein PABP. Both displayed comparable levels, indicating that
RBPMS loss does not influence the predisposition of mRNAs to
be translated (fig. S9E). However, a key component of the 43S
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Fig. 6. RBPMS specializes mRNA trans-
lation in pluripotency, selectively via
3'UTR binding and globally by con-
trolling translation initiation and ri-
bosome recruitment. (A) Schematic of
the reporter system and the experimental
workflow used to investigate the 3'UTR
binding motif-dependent regulation of
translation by RBPMS in hESCs. (B) RBPMS
activates translation of reporter mRNA
carrying RBPMS binding motifs in the
3'UTR, evaluated by time-lapse micros-
copy. (C) The presence of the RBPMS
binding motif is required for 3' binding—
dependent translation activation by
RBPMS evaluated using indicated lucifer-
ase-based bicistronic reporters. (D) Sche-
matic outlining the translation complex
profiling—based isolation of 40S and pre-
initiation complex (PIC), followed by pro-
teomics analysis in WT and RBPMS-KO
hESCs. (E) Translation complex profiling
traces of WT and RBPMS-KO hESCs
(shades represent SEM). 40S + PIC frac-
tions were subjected to LC-MS/MS. (F)
Proteins significantly changing in the
40S + PIC fraction between WT and
RBPMS-KO hESCs represented as volcano
plot. Dashed lines indicate significance
thresholds (—log;o P > 1.3 and log, FC +
2) (selected translation factors, ER pro-
teins, and RBPs are highlighted by
orange, green, and blue dots, respec-
tively). (G) Heatmap depicting differen-
tially enriched translation factors, RBPs,
and translation-associated ER proteins in
the 40S + PIC fraction between WT and
RBPMS-KO hESCs (significantly changing
proteins are highlighted in bold). (H) Il-
lustration of the PiggyBac-based strategy
used to reexpress RBPMS in RBPMS-KO.
Representative microscopy images in the
inlets before and after induction. Timely
reconstitution of RBPMS in RBPMS-KO
hESCs rescues (I) translation defects, (J)
protein synthesis defects, (K) translation
defect of representative 3'UTR target of
RBPMS, SFRP1, and (L) cardiac differen-
tiation defect. Quantification of the mi-
croscopy images on the right side as bar
graphs. Error bars represent +SEM; P
values calculated using Student's t test
(*P < 0.05, **P < 0.01, ***P < 0.001, and
**¥*p < 0.0001; n = 3).

preinitiation complex and a regulatory hub for global translation,
EIF2A, showed aberrant retention across ribosomal fractions fol-
lowing RBPMS loss (fig. S9E) (58). In addition, two key EIF3
complex components, EIF3E (involved in selective translation)
and EIF3H (reported to be involved in selective translation during
embryonic development), were aberrantly retained in polysomal
fractions and markedly depleted from the 40S complex in
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asked whether the loss of RBPMS disrupts the abundance and as-
sembly of translation initiation complexes on translationally
engaged mRNAs in hESC. To this end, we used translation
complex profiling (Fig. 6, D and E), a variant of polysome profiling
that is specifically designed to analyze translation initiation com-
plexes (62). To have an unbiased evaluation of the effect of the
loss of RBPMS on the translation initiation complexes, we subjected
the fraction containing 40S and the preinitiation complex to LC-
MS-based proteomics analysis (Fig. 6D and table S6, sheet 2).
The loss of RBPMS disrupted the composition of translation initi-
ation complexes, including the cap-binding complex, EIF2
complex, and EIF3 complex (Fig. 6G). Notably, components in-
volved in guanosine 5'-triphosphate exchange in the EIF2
complex were significantly depleted, while the majority of the
EIF3 complex where aberrantly retained on the initiation fractions
upon RBPMS loss. As observed by the polysome fractionation-
based analysis (fig. S9E), EIF5A was significantly depleted
(Fig. 6G). Notably, crucial mediators of ER-associated translation,
such as SEC61B and RRBP1, were significantly reduced due to the
loss of RBPMS. In addition, several RBPs, including RANBP2,
known to enhance the translation of secretory proteins, and the
components of RNA degradation machinery were depleted upon
RBPMS loss, while RNA helicases such as DHX57 and DDX46
were enriched in the absence of RBPMS (Fig. 6G). Thus, our data
show that loss of RBPMS causes translation initiation defects high-
lighted by aberrant retention of the EIF3 complex and depletion of
EIF5A from mRNAs, revealing its role in regulating global transla-
tion in hESCs. Collectively, our data confirm RBPMS as a functional
RAP essential for global translation in hESCs and a selective trans-
lation activator of target mRNAs via 3'UTR binding.

Next, to confirm that RBPMS determines the translation status
in hESCs, its competence to mesoderm and cardiac commitment,
and to rule out discrepancies stemming from genome engineering
“off-target” effects in RBPMS-KO hESCs, we knocked in an induc-
ible copy of RBPMS using PiggyBac transposon-based genomic in-
sertion (hereafter RBPMS-KO + RBPMS) (Fig. 6H). Timely
reexpression of the cytosolic isoform of RBPMS that is most abun-
dant in hESC:s (fig. S9G) in RBPMS-KO cells fully restored both ri-
bosome occupancy defects (Fig. 6I) and protein synthesis (Fig. 6]),
including SFRP1 protein levels, an RBPMS 3'UTR target, and WNT
signaling mediator (Fig. 6K). Notably, RBPMS reexpression also re-
stored mesoderm commitment capacity, now allowing RBPMS-KO
cells to generate terminally differentiated cardiomyocytes (Fig. 6L).
To assess whether the absence of RBPMS beyond initial mesoderm
induction influences terminal differentiation into cardiomyocytes,
we performed a controlled reconstitution of RBPMS, restricted
either to cardiac mesoderm commitment or during the entire dura-
tion of cardiac commitment. Reconstitution of RBPMS only during
the cardiac mesoderm stage was sufficient to rescue the cardiomyo-
cyte differentiation defects in RBPMS-KO (fig. SOH). Furthermore,
reexpression of RBPMS in RBPMS-KO could rescue the cardiac
commitment defects in our cardioid model (fig. S9I). However,
the expression levels and distribution of cardiomyocyte markers
could only be reinstated partially, compared to the WTs. In
summary, we show that the competence of hESCs to commit to
cardiac lineage program is preset by RBPMS-mediated selective
mRNA translation circuit.
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DISCUSSION

Appropriate abundance and balance of cell fate—determining mor-
phogen signaling components at the state of pluripotency is vital for
the ability of hESCs to undergo accurate lineage decisions. This is
especially important for mesoderm and cardiac mesoderm differen-
tiation and patterning, where early exposure to WNT-BMP-
NODAL signaling dosage encountered by cells committing to me-
soderm that transgresses the primitive streak is postulated to prede-
termine their ability to commit to future cardiac lineages both in
vitro and in vivo (8, 47, 50, 51, 63). How this unique predisposition
to a future terminal fate is molecularly regulated is currently
unknown. Our work reveals that the competence of hESCs for
future cardiac commitment is already predetermined at the state
of pluripotency in a specialized mRNA translational circuit con-
trolled by RBPMS. Highlighting its key role in early embryonic
cell fate decisions, RBPMS selectively primes the translation of reg-
ulatory components essential to initiate the cardiac commitment
program, especially WNT signaling. The RBPMS-mediated selec-
tive mRNA translation circuit licenses the abundance of “morpho-
gen signaling infrastructure” necessary to authorize cardiac
mesoderm in hESCs. Thus, RBPMS presets the future cardiac com-
mitment competence of hESCs by programming selective mRNA
translation. On the basis of our findings, we propose that RBPMS
is a translation specialization factor.

We propose translation specialization as a regulatory mechanism
that primes ribosomes to control translation temporally and/or spa-
tially for a set of mRNAs necessary for future events in response to
particular stimuli or fate transitions. This allows efficient division of
labor among the ~10 M ribosomes present in each cell, which are
tasked with synthesizing ~2 M proteins/min, so the flow of informa-
tion is streamlined and, as we show, specialized.

Mechanistically, on the one hand, RBPMS associates with com-
ponents of translation initiation complexes, and its loss abrogates
translation initiation and ribosome recruitment, primarily by dis-
rupting EIF2 and EIF3 complexes. RBPMS loss severely depletes
the translation apparatus of the key “surveillance” factor EIF5A.
These points to a role for RBPMS in shaping translation initiation
in hESCs as its absence leads to global inhibition of translation. On
the other hand, RBPMS selectively regulates translation of meso-
derm instructive signal transduction components in hESCs by
binding target 3'UTRs via its specific mRNA binding motif. Our
reporter assays showed that the insertion of RBPMS recognition el-
ements in the 3'UTR suffices for boosting translation. Thus, rein-
stating RBPMS levels rescues translation defects and restores the
cardiac mesoderm specification capacity of hESCs. Notably, not
all RBPMS targets are translationally repressed. This is not uncom-
mon for selective regulators of mRNA translation. For instance, the
loss of EIF3D, a translation factor enabling selective translation
upon stress, leads to both activation and inhibition of mRNAs in
a context-dependent manner, in addition to its role as a general
translation initiation factor (64, 65).

Same RBPs can affect distinct (or multiple) aspects of RNA pro-
cessing, including mRNA splicing, localization, and translation in a
cell type, developmental stage/context-dependent fashion (36, 57).
For example, QKI is a regulator of mRNA splicing in cardiomyo-
cytes, while it is reported to regulate translation/mRNA localization
in astrocytes and germline lineages (66, 67). Thus, it is also possible
that RBPMS controls distinct mRNA processing and regulatory
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mechanisms in a cell type/context-dependent fashion, as reported
in smooth muscle cells and recent mouse cardiomyocytes (41,
55). The mRNA targets of RBPMS and its proposed role in pre-
mRNA splicing in terminally differentiated mice cardiomyocytes
remain to be experimentally determined. In contrast, in hESCs,
we reveal its role as a RAP selectively recruited in active ribosomes
and controlling mRNA translation without directly influencing
transcription, mRNA splicing, or mRNA abundance.

In summary, we propose a model by which the state of pluripo-
tency is translationally poised for differentiation into future lineages
via specialized translation of the regulators of embryonic cell fate.
Our work reveals that cell fate—specific translation specialization
factors selectively program the translation of mRNAs encoding
key developmental regulators that are essential for initiating
future cell fate choices, akin to how pioneering transcription
factors program specific transcriptional networks allowing cell
fate decisions. Therefore, we reveal a pivotal role for translational
specialization in sculpting cellular identity during early develop-
mental lineage decisions and propose that ribosomes act as a unify-
ing hub for cellular decision-making rather than a constitutive
protein synthesis factory.

MATERIALS AND METHODS

Human pluripotent stem cells and culture conditions
HuES6 (genotype:female) cells [shared by B. Greber's laboratory,
Max Planck Institute for Molecular Medicine (Muenster,
Germany)], derived from inner cell mass of blastocysts, were used
for the in vitro differentiation experiments. Cardiomyocyte reporter
human-induced pluripotent stem cell (hiPS)C line, WTC MYL7-
GFP iPSC, was a gift from the Mendjan laboratory, IMBA Vienna.
Authenticated cell lines were provided by the indicated providers.
The work on human embryonic stem cells (hESCs) was done with
approval from the Robert Koch Institute (permission number: AZ:
3.04.02/0145). Human pluripotent stem cells (hPSCs) were main-
tained on Matrigel-coated six-well dishes in FTDA medium.
FTDA medium contains Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 supplemented with 1x penicillin/streptomycin/glu-
tamine, 1x insulin/transferrin/selenic acid, 0.1% human serum
albumin, lipid mix (1:100), FGF2 (50 ng/ml), TGFp1 (0.2 ng/ml),
50 nM dorsomorphin, and activin A (4 ng/ml). For passaging,
cells were washed with phosphate-buffered saline (PBS) and disso-
ciated with Accutase, supplemented with 10 uM ROCK inhibitor
(Y-27632) for 10 min at 37°C. Accutase was blocked with
DMEM/F-12, and the desired number of cells was centrifuged for
2 min at 300g at room temperature (RT). The cell pellet was resolved
in 2 ml of FTDA medium, supplemented with 10 uM Y-27632, and
pipetted onto fresh Matrigel-coated plates, followed by 24-hour in-
cubation at 37°C and 5% CO,. After 24 hours, the medium was
changed to 2.5 ml of fresh FTDA medium. Medium change was re-
peated daily with increasing FTDA volumes, until cells reached
confluency.

Methods details

RBPMS-KO using CRISPR-Cas9 in hESCs

For the generation of CRISPR-Cas9-mediated RBPMS-KO, gRNA
pairs targeting exon-intron boundary of exon 1 of RBPMS (rational-
ly designed accounting for off-target effects and tested for targeting
efficiency) were cloned into px330A and transfected into HuES6
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hESCs. Independent RBPMS-KO clones were selected, picked,
and expanded as we previously reported (43).

Generation of stable inducible RBPMS expression lines

For the generation of doxycycline-inducible RBPMS expression in
RBPMS-KO hESCs, PiggyBac-based transposon-mediated genomic
insertion was performed as we previously reported (43).
Mesoderm differentiation protocol

For mesoderm differentiation, we adapted the protocol (43). Briefly,
we seeded cells in FTA medium (FTDA without dorsomorphin)
supplemented with 10 uM Y-27632 (see maintenance of hPSCs),
which was lacking dorsomorphin. Upon reaching 70% confluency,
cells were treated with mesoderm induction medium [FTA + 5 uM
CHIR99021 and BMP4 (5 ng/ml)] for 24 hours at 37°C. Cells were
collected for downstream experiments 24 hours after mesoderm
induction.

Cardiomyocyte differentiation

Cardiomyocyte differentiation was performed as previously de-
scribed (43, 47).

Cardioid differentiation

For the generation of cardiac organoids (cardioids), media and con-
ditions were adapted from (49). Briefly, hPSCs were grown in FTDA
to approximately 70% confluency. For cardioid formation, 7500
cells per well were seeded into ultralow-attachment 96-well plates
(Corning) and centrifuged for 5 min at 200g. After 24 hours, cells
were induced with FLyABCH medium [Cardiac Differentiation
Medium (CDM) containing FGF2 (30 ng/ml; Proteintech), activin
A (50 ng/ml; Miltenyi Biotech), BMP4 (10 ng/ml; R&D Systems), 3
uM CHIR (Tocris), 5 uM LY294002 (Tocris), and insulin (1 pg/ml;
Roche)] for 36 to 40 hours. After this, cells were treated with
BFIIWPRa medium [CDM, containing FGF2 (8 ng/ml), BMP4
(10 ng/ml), 1 uM IWR-1 (Tocris), and 0.5 pM retinoic acid
(Sigma-Aldrich)] for 96 hours with medium change every
24 hours. Following this, medium was changed to BFI [CDM, con-
taining BMP4 (10 ng/ml), FGF2 (8 ng/ml), and insulin (10 pg/ml)]
for 48 hours with medium change after 24 hours. After 48 hours in
BFI, cells were kept in CDM + I (10 ug/ml of insulin) until being
harvested or used for imaging. For RNA isolation, three organoids
were pooled per replicate and transferred into 250 pl of TRIzol sol-
ution. For imaging, organoids were fixed for 15 min in 4% parafor-
maldehyde (PFA), washed three times in PBS, and kept in at 4°C
until further processing.

OPP and puromycin labeling

For OPP labeling, the reagents were prepared according to the man-
ufacturer’s instructions (Thermo Fisher Scientific). Cells were
seeded onto coverslips in FTDA. The following day, cells were
treated for 30 min at 37°C with 2 pM OPP added to the growth
medium. After 30 min, cells were washed with PBS and fixed by
3.7% PFA for 15 min at RT. Following fixation, cells were permea-
bilized with 0.5% Triton X-100 for 15 min at RT. Afterward, cells
were washed once with PBS and treated with OPP reaction cocktail
for 30 min. After 30 min, cells were washed once with rinse buffer,
and nuclei were stained using NuclearMask Blue Stain for 30 min at
RT in the dark. After washing, the cells were ready for imaging
analysis.

For puromycin labeling, cells were washed once with PBS, and
the medium was changed to growth medium containing puromycin
(0.5 pg/ml), while the addition of cycloheximide (0.1 ug/ml) was
used as a negative control. After 15- to 30-min incubation at
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37°C, cells were washed once with PBS and then harvested and
flash-frozen for Western blot or fixed with 4% PFA for immunos-
tainings, respectively.

Active ribosome capture mass spectrometry

For ARC-MS, the AHARIBO protein module (Immagina) was
adapted to simultaneously isolate both nascent peptides and ribo-
somes. Briefly, hESCs were grown in FTDA to 70% confluency,
washed once with PBS, and treated for 40 min with methionine-
free growth medium (Thermo Fisher Scientific) containing 10%
fetal bovine serum and 0.8 mM L-leucine to deplete methionine re-
serves. After 40 min, 10 pul of AHA reagent was added to the
medium and cells were incubated at 37°C for 5 min, following ad-
dition of 2.6 pl of sBlock for 5 min at 37°C. Afterward, cells were
placed on ice and washed once with 1 ml of cold PBS. PBS was
removed with a pipette, and cells were lysed using 40 pl of cold
lysis buffer using a cell scraper. Cell lysate was transferred to a
1.5-ml microcentrifuge tube, and cell debris was pelleted by centri-
fugation at 20,000g for 5 min at 4°C. The supernatant was trans-
ferred to a new tube and kept it on ice for 10 min. Absorbance
was measured by NanoDrop at 260 nm with lysis buffer as blank
subtraction. For the capture of active ribosome complexes, 0.4 ab-
sorbance units (AU) was transferred to a new tube and the volume
was adjusted to 100 pl with freshly prepared W buffer. To this, 100
ul of dBeads was added and the mixture was incubated for 60 min at
4°C on a rotating wheel. After 60 min, the supernatant was removed
and the beads were washed twice with UWS buffer. The supernatant
of these washes (containing active ribosomes and associated pro-
teins) was combined and stored at 4°C until MS preparation via sol-
ution digest. For validation of AHA capture, two more washes in
UWS were performed and beads were resuspended in 200 pl of dis-
tilled water. For proteomics analysis, an on-bead digestion was
performed.

Enhanced eCLIP-seq

Enhanced cross-linking with immunoprecipitation was performed
as previously described (52, 68). Briefly, hPSCs (20 million cells)
were UV-crosslinked (400 mJ/cm” constant energy), lysed in
iCLIP lysis buffer, and sonicated (BioRuptor). Lysates were
treated with RNase I (Ambion, AM2294) to fragment RNA, after
which RBPMS protein-RNA complexes were immunoprecipitated
using the indicated antibody. In addition to the RBP-IPs, a parallel
SMI library was generated for each sample; these samples were not
immunoprecipitated with anti-RBPMS antibodies but were other-
wise treated identically. Stringent washes were performed as de-
scribed in iCLIP, during which RNA was dephosphorylated with
FastAP enzyme (Fermentas) and T4 PNK (NEB, M0201S). Subse-
quently, a 3' RNA adaptor was ligated onto the RNA with T4 RNA
ligase (NEB, M0242S). Protein-RNA complexes were run on an
SDS—polyacrylamide gel electrophoresis gel and transferred to ni-
trocellulose membranes, and RNA was isolated off the membrane
identically to standard iCLIP. After precipitation, RNA was
reverse-transcribed with AffinityScript reverse transcriptase
(Agilent, 600107), free primer was removed with ExoSap-IT
(Thermo Fisher Scientific, 78201.1.ML), and a 3' DNA adaptor
was ligated onto the complementary DNA product with T4 RNA
ligase (NEB). Libraries were then amplified with 2x Q5 PCR mix
(NEB). Purified libraries were then sequenced via HiSeq 3000 (Illu-
mina) with 75-bp paired-end reads at the Cologne Center for
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Genomics (CCG) and analyzed using the eCLIP-seq data analysis
pipeline.

Microscopy imaging

Cells were seeded on Matrigel- or gelatin-coated coverslips or
chamber slides (Ibidi) in respective growth medium. For fixation,
cells were washed one time with PBS and fixed with 4% PFA for
10 min at RT. After fixation, the PFA was removed and the cells
were washed three times with PBS. Cells in each chamber were
treated for 10 min with 1% Triton X-100 (in PBS) for permeabiliza-
tion. Cells were then incubated with the blocking solution contain-
ing 2% bovine serum albumin (BSA) and 2% glycine in phosphate-
buffered saline with Tween 20 (PBS-T) or tris-buffered saline with
Tween 20 (TBS-T) for phosphor antibodies. After blocking, the
blocking solution was removed and cells were washed one time
with PBS-T/TBS-T. Cells were incubated with either single or
double primary antibodies (different host species) in 0.5% BSA in
PBS-T overnight at 4°C. Primary and secondary antibodies were in-
cubated for 1 hour at RT or overnight at 4°C. After incubation in the
secondary antibody, cells were washed with PBS, while 4',6-diami-
dino-2-phenylindole (DAPI) was added to the second wash. Anti-
bodies used were listed in Key Resources Table. After washing,
samples were rinsed with water and mounted with ProLong Gold
mounting solution. Images were acquired with Leica SP7 or SP8
confocal microscopes with 3x line averaging bidirectional scanning
using 63x oil objectives.

For live-cell imaging, 50,000 cells per well were seeded in 24-well
dishes coated with Matrigel (Corning). The fluorescence readout
was measured in IncuCyte S3. Sixteen areas in each well were
imaged every 1 hour over a period of 48 hours after transfection.

RNA-seq and analysis

RNA was sequenced in the CCG and prepared according to the Il-
lumina RNA Sequencing library preparation kit protocol. Libraries
were sequenced on HiSeq 3000 or NovaSeq Sequencers (Illumina),
with stranded paired-end reads of 75-bp read length (eCLIP-seq
and TS-seq) or 150 bp (for poly-A sequencing for the short time
course of mesoderm differentiation) with a depth of at least ~30
million reads per library for eCLIP-seq, ~25 million clean reads
per library after ribosomal RNA depletion for TS-seq, and ~50
million clean reads per library for poly-A sequencing.

Differential gene expression analyses were performed on the
RNA-sequencing (RNA-seq) data during indicated differentiation,
including total RNA-seq and poly-A RNA-seq. Reads were aligned
to the hgl9 genome using Star, with the Gencode annotation as the
reference transcriptome. Sequences aligned to tRNA and rRNA
genes were removed. Differential expression analyses and gene
quantification were performed with Deseq2. Differential expression
analyses and gene quantification were performed with Deseq2
(FDR < 0.01 and FC > 2). For analysis, genes filtered by Deseq au-
tomatic independent filtering for low normalized read counts were
discarded from analysis.

For TS-seq, reads were aligned and mapped in R using the kal-
listo package using hg19 as reference genome. For clustering, the R
package maSigPro was used (69). Number of clusters was manually
set to 8 to account for the most meaningful differences observed in
the dataset.

Significant differential alternative splicing was identified with
rMATS (version 4.1.2) (70). Analysis of inclusion level across time
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points was performed by recalculating percent inclusion (PSI) using
junction-spanning reads only, requiring the read extend at least
10 nucleotides into the exon regions on both sides of the junction.
Unless otherwise noted, at least 20 junction-spanning reads were
required for calculating PSI values and only events meeting these
criteria in at least two replicates were included in further analysis.

Quantification and statistical analysis

All data presented here are from at least three independent experi-
ments. Graphs were plotted using GraphPad Prism and R Stats
packages. Student's ¢ test was used to test for significance. Mean
values + SEM are shown. Differences between more than two
groups were tested by one-way analysis of variance (ANOVA) anal-

ysis. Symbols representing P value cutoffs in the figures, i.e., *, ™,

*

and "™, refer to P values of <0.05, <0.01, and <0.001, respectively.
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