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Abstract

Background Cell differentiation during development is orchestrated by precisely coordinated gene expression
programs. While some regulatory mechanisms are well understood, there is a significant room to explore unresolved
aspects of lineage choice and cell-fate decisions, as many events in these processes are still not fully elucidated. Given
that, gene expression is influenced not only by transcriptional control but also by post-transcriptional events. Here, we
described the presence of post-transcriptional regulation on gene expression during lineage commitment across all
three embryonic germ layers. We employed monolayer differentiation protocols to map early transcriptional and post-
transcriptional events in human embryonic stem cell specification. This approach included obtaining representative
populations from the three germ layers, followed by sequencing of both polysome-bound and total RNAs.

Results We characterized our model by its unique expression profile and the presence of specific markers for each
differentiation. RNA sequencing revealed a consistent pattern of gene upregulated and downregulated when com-
paring the transcriptome and translatome during the differentiation of all three germ layers. By comparing these
datasets, we identified genes subjected to post-transcriptional regulation in all germ layer differentiations and cat-
egorized the nature of this regulation. GO analysis demonstrated that polysome profiling serves as a complementary
technique, capturing nuances that may be overlooked when analyzing only the transcriptome. Finally, we directly
compared the transcriptome and translatome to identify genes actively recruited to the translation machinery, uncov-
ering unique features specific to each germ layer.

Conclusions Substantial post-transcriptional modulation was found during germ layer commitment, emphasizing
the translatome potency in capturing nuanced gene expression regulation. These findings highlight the post-tran-
scriptional regulation’s critical role in early embryonic development, offering new insights into the molecular mecha-
nisms of cell differentiation.
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Introduction

Since the beginning of the twentieth century, Experimen-
tal Embryology has tried to describe how an organism
is built up in terms of cellular changes, interactions, and
communication. In the last decades, Genetics and Molec-
ular Biology allowed the modeling of embryonic devel-
opment revealing the molecular mechanisms involved
in cell fate and tissue designation and composition [1].
Due to ethical issues, the usage of human early embryos
in studies for elucidation of developmental processes is
made difficult. Instead, human pluripotent stem cells,
like embryonic stem cells (hESC) lineages have been
shown to be an efficient tool to study early development
events [2]. hESC can be induced to differentiate in vitro
into cells of all three embryonic germ layers mimicking
human development and allowing the assessment of the
key mechanisms implicated in early cell fate commitment
[3].

Lineage choice and cell-fate decisions are modulated
by highly coordinated gene expression programs which
allow the expression of lineage-specific genes while
repressing unsuitable genes for that lineage [4]. Robust
gene expression analysis, therefore, enables the elucida-
tion of transcriptional mechanisms and epigenetic events
involved in the phenomena of cell fate commitment. It’s
known that the modulation of a complex and dynamic
pluripotency circuit is driven by a series of specific tran-
scription factors and epigenetic regulators which are
sufficient to hold the cells in a pluripotent state [5]. How-
ever, how the cells leave pluripotency and which mecha-
nisms are involved in the lineage choice is not clear and
researchers are trying to elucidate the phenomenon of
early lineage commitment by different approaches and
methodologies [6—8]. Most of the applied strategies pri-
marily emphasize transcriptional analysis, however, it
is widely recognized that gene expression regulation
extends beyond transcriptional control and is also modu-
lated by post-transcriptional events. Protein expression is
significantly influenced by these translational events [9].

Few studies explored the early lineage commitment
process at the post-transcriptional level [10-12]. In a pre-
vious study from our group, a strong post-transcriptional
regulation (PTR) was found to occur during the meso-
derm commitment of hESC [13]. These results aroused
the interest to understand whether this phenomenon of
PTR is restricted to mesodermal differentiation or com-
mon to the process of lineage choice across all three
embryonic germ layers.

Here, monolayer differentiation protocols were
employed to obtain representative populations of the
three germ layers to delineate early transcriptional and
post-transcriptional events during hESC specification.
Subsequently, polysome-bound and total RNAs were
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sequenced. Our results show a significant presence of
post-transcriptional modulation during germ layers
commitment. Furthermore, we highlighted the reliabil-
ity of the translatome in capturing nuances, revealing a
unique pattern in gene expression regulation. These find-
ings reinforce the crucial role of PTR in early embryonic
development, opening new perspectives to understand
the molecular mechanisms of cell differentiation.

Methods

Cell culture and induction of germ layers differentiation
Human embryonic stem cell, H1 line, was obtained from
WiCell Research Institute (Madison, WI, USA) under a
Materials Transfer Agreement (No. 18-W0416) with Car-
los Chagas Institute. The H1 hESC line is derived from
a male and exhibits a regular karyotype. Cells were cul-
tured on Matrigel-coated dishes using mTeSR-1 medium
(Stem Cell Technologies). The medium was replaced
daily until cells reached 70-80% confluence. Cells were
maintained in a 37 °C, 5% CO, incubator.

For endoderm differentiation, the cells were subjected
to a protocol adapted from Caruso and coworkers [14].
The cells were seeded at 5x10* cells/cm? in a 24-wells
plate pre-coated with Geltrex hESC-qualified (Thermo
Fisher Scientific) in StemFlex medium (Thermo Fisher
Scientific) with 10 uM Y27632 (Med Chem Express).
After 24 h, the medium was replaced to remove the
ROCK inhibitor. On the following day (DO), the medium
was changed to RPMI 1640 (Gibco) supplemented with
1% l-glutamine, 1% non-essential amino acids and 2%
B-27 minus insulin (Gibco). Induction was initiated by
adding 3 pM CHIR99021 (TOCRIS) and 50 ng/ml of
Activin A (B&D systems) during the medium replace-
ment. After 2 days (D2), the medium was replaced to the
base medium containing only 50 ng/ml Activin A (B&D
systems). On day 4 (D4), cells were collected for RNA
isolation.

For neuroectodermal differentiation, the cells were
subjected to a protocol adapted from Yan and cowork-
ers [15]. The cells were seeded at 2.5x10* cells/cm? in
a 6-wells plate pre-coated with Geltrex hESC-qualified
(Thermo Fisher Scientific) in StemFlex medium (Thermo
Fisher Scientific) with 10 uM Y27632 (Med Chem
Express). The next day (DO), the medium was changed
to Neural Induction Medium (Thermo Fisher Scientific)
containing 2% Neural Induction Supplement (Thermo
Fisher Scientific). Following the manufacturer’s instruc-
tions, the medium was changed on days 3, 5, and 7. On
D8, cells were collected for RNA isolation.

For mesoderm differentiation, the cells were subjected
to a protocol adapted from Lian and coworkers [16].
The cells were seeded at 10° cells/cm? in a Geltrex-pre-
coated 24-well plate in StemFlex medium (Thermo Fisher
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Scientific) with 10 pM Y27632 (Med Chem Express). In
the next two days the medium was daily replaced until
the culture reached 100% confluence. The monolayer
was induced to mesoderm differentiation in RPMI
1640 (Gibco) supplemented with 2% B27 minus insulin
(Gibco) and 12 pM CHIR99021 (TOCRIS). After 24 h of
induction, cells were collected for RNA isolation.

Polysome profiling

Polysome profiling was performed as previously
described [17]. Cells at undifferentiated and differenti-
ated stages were treated with 0.1 mg/mL cycloheximide
for 10 min or 10 mg/mL puromycin for 1 h at 37 °C. After
incubation, cells were detached and lysed in polysome
lysis buffer (15 mM Tris HCI, pH 7.4, 15 mM MgCl,, 0.3
M NaCl, 1% Triton X-100, 40 U/uL RNAse Out, 50 U/
uL DNAse). Lysis was performed for 10 min on ice, then
centrifuged at 12.000x g for 10 min at 4 °C. For both
cycloheximide and puromycin treatments, supernatants
were loaded on 10-50% sucrose gradients (BioComp
model 108 Gradient Master v.5.3) and centrifuged (SW40
rotor, HIMAC CP80WX HITACHI) at 270.000x g for
120 min at 4 °C.

Sucrose gradient fractions were isolated using the ISCO
gradient fractionation system (ISCO Model 160 Gradient
Former Foxy Jr. Fraction Collector) coupled to a UV light
for RNA detection, which recorded the polysome profil-
ing at 254 nm. A typical polysome gradient profile dis-
plays a pattern of peaks corresponding to various known
RNA ribosomes complexes. Fractions were identified
based on the peak distribution observed in the RNA
detection chart, then polysome fractions were pooled and
added to an equal volume of TRIreagent (Thermo Fisher
Scientific). Total RNA and polysome fractions RNA were
isolated by Direct-zol™ RNA kit (Zymo® Research), fol-
lowing the manufacturer’s instructions.

RNA-seq and data analysis

Total and polysome RNA-seq was performed using H1
hESC cell line in undifferentiated and germ layer dif-
ferentiated states. Quality assessment and trimming of
reads was done with FastQC and Trim Galore (v.0.4.0)
[18]. Reads were mapped to hg38/GRCh38 with HISAT2
(v.2.1.0) [19] and counted with HTSeq 174 (v.0.11.1)
[20]. Significantly differentially expressed genes were
calculated with DESeq2 175 (v.1.24.0) [21] with an
adjusted p-value cutoff of 0.01 and log,FoldChange cut-
off of 2. Gene Ontology (GO) analysis was performed
using enrichR [22]. Venn diagram was performed
using FunRich (v.3.1.3) [23]. RNA-seq data are avail-
able at NCBI Sequence Read Archive, accessing number
PRJNA1144790. Heatmaps were generated with heat-
map.2 function from the gplots package (v. 3.1.3.1), based
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on genes that passed an adjusted p-value cutoff of <0.05.
Hierarchical clustering of selected genes was performed
on both row and column using stats package (v. 4.4.1)
from base R, with scaling applied by rows and dendro-
grams reordered accordingly. Gene set enrichment analy-
sis (GSEA) was performed using GSEA Desktop (v. 4.3.3).
Gene sets were ranked based on a combined metric cal-
culated as the product of the log2 fold change (log2FC)
and the -logl0 of the adjusted p-value (-loglO(p-adj)).
Enrichment plots were generated using the Molecu-
lar Signature Database for Biological Processes with the
GSEA software.

cDNA synthesis and qPCR

c¢DNA synthesis was performed using Improm-II Reverse
Transcription System (Promega), following the manufac-
turer’s instructions. For polysomal samples, a GFP spike-
in (5 pg) was included in each reaction. Quantitative PCR
reactions were performed with GoTaq® qPCR Master
Mix (Promega). Analyses were carried out in QuantStu-
dio™ 5 Real-Time PCR System. GFP detection was used
for normalization in these samples. The primers are listed
in Supplementary Table 1.

Data and statistical analysis

Graphed data are expressed as meanz*SD. Statistical
analysis was performed with Prism 8.0 software (Graph-
Pad Software). For comparisons between two mean
values the student’s unpaired t-test was performed. A
p-value lower than 0.05 was considered statistically
significant.

Results

Transcriptome and translatome: similar distribution

with different gene profiles

To evaluate PTR during germ layer differentiation, we
induced a human embryonic stem cell (hESC) line to
independently differentiate into endoderm, mesoderm
or neuroectoderm. Polysome profiling was performed
to access transcripts under translation process, and
polysome-bound RNAs were collected. In parallel, total
RNA was isolated from the same samples. Both poly-
some-bound and total RNA were submitted to RNA-
sequencing (Fig. 1A). Polysome-profiling analysis did
not detect changes in the polysome fraction between the
germ layers, except for a slight decrease of RNA in endo-
derm samples, suggesting that polysome recruitment is
less prominent in endodermal cells. We also observed an
increase of RNA in the monosome fraction for the neu-
roectoderm samples compared to the other two differ-
entiated cell types, further supporting the differences in
translational activity among the germ layers (Figure S1A).
Initially, we evaluated the identity of polysome-bound
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(translatome) and total RNA (transcriptome) sets of
transcripts. Principal component analysis and heatmap
of gene expression profile revealed distinct clustering
of each germ layer in both the transcriptome and trans-
latome, indicating a unique set of expressed genes for
each differentiation pathway (Figure S1 B-D). When the
transcriptome was compared to the translatome within
the same germ layer, we observed distinctly clustered for
transcriptome and translatome samples, except for one
sample in the endoderm where the difference is more
subtle (Figure S1 E). This data suggests that the transcrip-
tome and the translatome in this experimental model
have distinct sets of representative genes.

To validate our differentiation datasets, we analyzed
the expression profile of each differentiation condition by
heatmap using genes with p-adjusted <0.05 at least one
differentiation comparing with undifferentiated state. We
confirmed the identity of each sample (Fig. 1B). Addi-
tionally, we verified the expression of specific marker
genes for each germ layer, based on their well-established
roles as key markers of germ layer specification in the
literature. Most of them are transcription factors, such
as TBXT, TBX6, GATA4, EOMES, SOX17, PAX8, NEU-
ROD1 and HOXA2 [24-29], confirming the success of
the differentiation process (Fig. 1C).

Lastly, we performed a gene set enrichment analysis
(GSEA) by comparing our dataset with the Molecular
Signature Database (MSigDB) for biological processes
(Fig. 1D). In the endoderm samples, we observed a posi-
tive enrichment score for terms such as “Digestive Tract
Morphogenesis’, “Glandular Epithelial Cell Differentia-
tion’; and “Pancreas Development’, all of which are asso-
ciated with tissues derived from this germ layer. In the
mesoderm samples, we identified positive enrichment for
“Mesoderm Morphogenesis’, “Somite Development’, and
“Mesoderm Development” indicating that mesoderm
has an early phenotype comparing with endoderm and
neuroectoderm dataset. In the neuroectoderm samples,
we found enrichment for terms like “Embryonic Skeletal
System Development’, “Midbrain Development’, and “Ear
Development’, confirming the commitment of these sam-
ples to ectoderm-derived cell types. Interestingly, across
all three germ layers, we observed a positive enrichment
score for at least one early developmental biological

(See figure on next page.)
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process, such as “Gastrulation’; “Embryo Development’,
and “Cell Fate Specification’, indicating that the cells,
while committed to their respective germ layers, remain
partially undifferentiated. Collectively, the results con-
firm the successful differentiation of the three germ
layers.

Next, we aimed to identify the genes that were regu-
lated during the three distinct differentiation protocols
in each transcriptome and translatome dataset. For this,
we identified the difference in expression profile of each
differentiation to the undifferentiated cells. Upon analyz-
ing the differentially expressed genes (DEG), a gene was
considered differentially expressed if it exhibited a fold
change (log2) >|1.5| and an adjusted p-value <0.05 rela-
tive to hESC. We observed a similarity in the distribu-
tion of DEGs between the transcriptome and translatome
across the three groups compared to the pluripotent
state, with slightly fewer DEGs in mesoderm samples
(Fig. 2A). In both total RNA and polysome samples, we
assessed gene expression profiles after germ layer com-
mitment. For total RNA, we identified 4,846 DEGs in
endoderm, being almost 51% up-regulated and 49%
down-regulated. In mesoderm, we found 2,254 DEGs,
with 32% up-regulated and 67% down-regulated. Lastly,
for neuroectoderm, we found 5,958 DEGs, with 56% up-
regulated and 43% down-regulated. In parallel, polysome
fraction analysis revealed 5,977 DEGs in endoderm, with
a similar proportion to total RNA showing 53% up-reg-
ulated and almost 47% down-regulated genes. The same
pattern was observed during the differentiation of the
other two embryonic germ layers. For mesoderm and
neuroectoderm, we found 2,592 and 5,722 DEGs, respec-
tively, in the polysome fraction. In polysome samples
of mesoderm, 42% of the DEGs were up-regulated and
58% were down-regulated, while in neuroectoderm, 35%
were up-regulated and 65% were down-regulated. The
proportion of DEGs being up- and down-regulated was
similar when comparing transcriptome and translatome
data in endoderm samples, however, in mesoderm we
detected an increase about 10% of up-regulated genes
in translatome. Interestingly, the opposite of mesoderm
was observed in the neuroectoderm, in this translatome
data we detected a decrease of DEGs being up-regulating
compared to the transcriptome. In addition, we analyzed

Fig. 1 Characterization of germ layer differentiation in hESCs. A Overview of the experimental design. hESCs are represented in magenta;
hESC-derived endoderm, mesoderm, and neuroectoderm cells are depicted in brown, green, and purple, respectively. B Heatmap showing

the expression profile (adjusted p-value <0.05) in each differentiation condition. Values are presented as normalized read counts. The color key
legend is displayed above the chart. C Heatmap of differentiation markers expression. Values are presented as normalized read counts. Gene names
are listed on the right. The color key legend is displayed above the chart. D Gene set enrichment analysis (GSEA) of up-regulated DEGs in total RNA
for each differentiation condition. The four enrichment plots were arbitrarily selected from the top twenty gene enrichment results
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the gene biotype of the up- or down-regulated genes in
transcriptome and translatome (Fig. 2B). Surprisingly,
we found a high percentage of IncRNA in both transcrip-
tome and translatome, with a similar distribution. Addi-
tionally, as expected, the majority of DEGs in our analysis
were categorized as protein coding.

To validate the efficiency of our technique in isolating
polysome-bound RNA, we selected three genes identified
in the translatome of the neuroectoderm from the poly-
some data. Therefore, we performed polysome profil-
ing after treatment with puromycin, which disassembles
polysomes, and compared it to polysome profiling under
normal conditions with cycloheximide, which stabilizes
RNA associated with ribosomal complexes (polysomes).
The genes were subsequently analyzed by qPCR. The dis-
assembly of polysomes was verified by measuring absorb-
ance at 254 nm (Fig. S2A-B), where a decrease in RNA
detection in the polysome fractions was observed post-
puromycin treatment. qPCR analysis further confirmed
that the genes identified by RNA-seq were indeed associ-
ated with the translation machinery (Fig. S2C).

Post-transcriptional regulation is present

during the differentiation process of all three germ layers
Although translatome and transcriptome exhibited a
similar distribution of up- and down-regulated genes, we
identified a distinct set of DEGs between them, suggest-
ing the potential involvement of PTR. To investigate the
occurrence of PTR, we then examined genes that exhib-
ited differential expression patterns in the transcriptome
and translatome data compared to the undifferentiated
cells. To categorize the type of regulation, we used the
classification described in Pereira et al., 2019. It is consid-
ered “Coordinate” regulation when the genes were up- or
down-regulated similarly in both polysome fraction and
total RNA. RNAs that were up-regulated in polysome
fraction but showed no change in total RNA (up-loaded),
or that were non-differentially expressed (non-DEG) in
polysome but were down-regulated in total RNA (down-
buffered), we considered, in both cases, as “post-tran-
scriptional positive” regulation. On the contrary, RNAs
that were down-regulated in polysome fraction but
showed no change in total RNA (down-loaded), or genes

(See figure on next page.)
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that were non-DEG in polysome but were up-regulated
in total RNA (up-buffered), we considered, in both cases,
as “post-transcriptional negative” regulation (Table 1). To
avoid categorizing narrowly up- or down-regulated genes
as non-DEGs, we applied a criterion requiring genes to
exhibit a fold-change <|1| to be considered non-DEGs.

Analyzing the distribution of genes within the cat-
egories, we observed both positive and negative post-
transcriptional modulation across all embryonic germ
layer groups (Fig. 3A). We identified genes that, despite
being up- or down-regulated in transcriptome, were not
recruited to the polysome RNA (green dots), indicating
buffered regulation during differentiation. Conversely, we
also observed cases where genes were non-DEG in total
RNA but showed fluctuations in their recruitment to the
translation machinery (yellow dots), suggesting a loaded
effect. When assessing the number of genes undergoing
changes in polysome recruitment, as expected, we found
that the majority of genes recruited to the polysome
were coordinated with an increase in the transcriptome
for all three germ layers, however, we found a substan-
tial number of genes post-transcriptionally regulated. In
the endoderm, post-transcriptional positive regulation
(PTPR) was observed in 447 genes under an up-loaded
effect and 230 genes under a down-buffered effect, while
for post-transcriptional negative regulation (PTNR),
we identified 343 and 34 genes under down-loaded and
up-buffered effects, respectively (Fig. 3B). Similarly, we
found both positive and negative regulations in the other
two germ layers. For the mesoderm, we identified 143
and 64 genes under up-loaded and down-buffered effects,
respectively, for PTPR, while 26 genes were down-loaded
and only 1 gene was up-buffered during PTNR. The same
pattern was observed in the neuroectoderm, where 207
genes were up-loaded and 85 were down-buffered in
PTPR, while 206 genes were down-loaded and 21 genes
were up-buffered in PTNR.

Analyzing the percentage of PTR across all DEGs iden-
tified during germ layer differentiation, we observed that,
while both positive and negative regulation were pre-
sent, the up-buffering category was the least prominent
across all germ layers. Overall, in negative regulation,
endoderm exhibited 9.02% of up-buffered and 90.98%

Fig. 2 Characterization of differentially expressed genes during differentiation into germ layers. A Volcano plots for each differentiation

protocol display data for the Total (transcriptome) and Polysome (translatome) fractions separately. The threshold in axis Y indicates adjusted
p-value=0.05 and in axis X indicates log2 fold change=|1.5|. Blue dots represent down-regulated genes, while red dots indicate up-regulated
genes compared to pluripotent hESCs. The charts on the right represent the percentage of up- and down-regulated genes among the identified
DEGs. The percentage of total DEGs is provided to each fraction. The number of total DEGs (log2FC >|1.5]; adjusted p-value <0.05) is shown

below each chart. B Identification of the gene biotypes of the DEGs. The proportion of protein coding genes, INcRNA and other types

among the Up- and Down-regulated DEGs in the three cell commitments. Absolute numbers are shown below the percentage. Color key legends

are present below the charts
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Table 1 Categorization of post-transcriptional regulation based on gene expression. Adapted from Pereira et al.,, 2019

Total Polysome Category Regulation Final Expression
‘ ‘ Up coordinate Positive
Coordinate
' ' Down coordinate Negative
- ‘ Up-loaded
Post-transcriptional positive Positive
' - Down-buffered
5 \ 4 Down-loaded
Post-transcriptional negative Negative
A - Up-buffered

Red arrows indicate up-regulated genes, blue arrows indicate down-regulated genes, dashes indicate non-DEG

of down-loaded. For mesoderm and neuroectoderm, we
found 3.70% and 96.30% of up-buffer effect, and 90.75%
and 9.25% of down-loaded, respectively. In positive
regulation, for endoderm we found 33.97% being down-
buffered and 66.03% being up-loaded. For mesoderm
and neuroectoderm, we found 30.42% and 29.11% of
down-buffer effect, and 69.08% and 70.89% of up-loaded
respectively (Fig. 3C). In addition to the observed differ-
ences between negative and positive PTR, these findings
suggest that PTR plays a role in early embryonic differ-
entiation. Notably, the mesoderm exhibited the lowest
number of DEGs subject to PTR, whereas the endoderm
displayed the highest number of DEGs under PTR.
However, the proportion of genes regulated by PTR was
similar across all germ layers. The lists of PTR-regulated
genes are provided in Additional Tables 1-3.

Translatome and transcriptome are complementary
in certain types of analysis
To evaluate the accuracy of transcriptome and trans-
latome data in capturing nuances during differentiation
processes, we performed a Gene Ontology (GO) analy-
sis of Biological Processes on the gene sets from each
group. Differences were observed between the analyses
of total RNA and polysome-associated RNA (Fig. 4A).
For the mesoderm and endoderm, we ranked the GO
terms using a combined score from EnrichR, which is
calculated by taking the log of the p-value from Fisher’s
exact test and multiplying it by the z-score of deviation
from the expected rank. This approach was used due to
the biological similarities between these two germ layers.
In the endoderm group, the term “Endoderm For-
mation” (GO:0001706) was exclusive to the poly-
some set, while the term “Endoderm Development”
(GO:0007492) ranked higher in the polysome set
compared to the total set. For the mesoderm, no sig-
nificant differences were observed between the two
data sets. Genes contributing to the main pathways in

this process, such as WNT signaling (GO:2,000,096;
G0:2,000,095), were identified in the analyses of both
data set. However, some embryogenic processes like
anterior/posterior axis and pattern specification are
present in polysome dataset.

In the neuroectoderm, the term “Nervous System
Development” (GO:0007399) was present in both total
and polysome data sets. Interestingly, the number of
contributing genes increased from 78 in the total set to
93 in the polysome set. On the other hand, some dif-
ferentiation-related terms, such as “Central Nervous
System Development” (GO:0007417), was top-ranked
in the polysome set. Conversely, terms like “Kid-
ney Development” (GO:0001822) and “Eye Develop-
ment” (GO:0001654) were found in the total set. These
results indicate that transcriptome and translatome
data highlight different biological processes during
differentiation.

We also analyzed down-regulated DEGs (Fig. 4B),
where more pronounced differences between polysome
and total RNA data sets were detected. While some
overlapping terms, such as “Regulation of Endothe-
lial Cell Chemotaxis to Fibroblast Growth Factor”
(GO:2,000,544) in the endoderm or “Potassium Ion
Transmembrane Transport” (GO:0071805) in the neu-
roectoderm, were found in both data sets, polysome
and total sets have a unique top-ranked terms.

Finally, we compared up- and down-regulated DEGs
common to all three germ layers (Figure S3). Similar
lists of terms were identified between the transcrip-
tome and translatome, with slight differences in the
number of contributing genes in the polysome set.
This analysis highlights the potential to detect distinct
biological processes by comparing transcriptome and
translatome data. In some cases, such as in the neuroe-
ctoderm, these datasets can complement each other,
providing a more comprehensive understanding of dif-
ferentiation processes.
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Direct comparison of the transcriptome and translatome
reveals unique patterns across the germ layers

Finally, we compared the transcriptome and translatome
for each germ layer after the differentiation. This direct
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Fig. 3 Post-transcriptional regulation in each germ layer. A Scatterplot showing the genes using fold change (log2) of Total and Polysome fraction.
Threshold in both axis X and Y indicate value of |1.5] and |1| marked as dotted line. Adjusted p-value of DEGs and correlation coefficient are shown
above the charts. Red and blue dots represent genes with coordinate regulation being up- and down-regulated respectively. Green dots represent
genes differentially expressed exclusively in total RNA. Yellow dots represent genes differentially expressed exclusively in polysome-bound RNA.
Purple dots represent genes with opposite expression pattern in total RNA and polysome-bound RNA. Grey dots represent genes with adjusted
p-value>0.05. B Table showing the number of genes present in total and polysome fraction comparing the categories of DEGs (log2FC=|1.5];
adjusted p-value <0.05). The colors of each square are the same as the previous scatterplot. C Proportion of genes in each regulation category
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comparison allowed us to identify whether specific genes

are actively recruited to or depleted from the translation

machinery. However, this analysis focuses exclusively on
the differentiated state, potentially overlooking whether
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Fig. 4 Gene ontology analysis of up- and down-regulated genes. A Gene ontology using the up-regulated genes (log2FC > 1.5; adjusted

p-value <0.05) comparing polysome and total genes sets for each differentiation. B Gene ontology using the down-regulated genes (log2FC<—1.5;
adjusted p-value <0.05) comparing polysome and total genes sets for each differentiation. Tables indicate the top five terms related to biological
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these genes played a significant role during the differen-
tiation process. For this analysis, we applied a threshold
of Log2FC >|1| with an adjusted p-value <0.05 to classify
a gene as enriched or depleted in the polysome fraction
(Fig. 5). Marked differences were observed between the
germ layers. In endoderm samples, approximately 450
genes were depleted from and 460 genes were recruited
to the polysomes. GO analysis revealed that the depleted
genes were associated with processes such as extra-
cellular matrix and structural organization, while the
recruited genes were involved in nucleic acid and DNA-
templated regulation.

In mesoderm samples, the differences between tran-
scriptome and translatome were less pronounced, with
only 22 genes recruited to polysomes. However, a con-
siderable number of genes (209) were depleted from
polysomes. Interestingly, GO analysis of the depleted
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genes highlighted processes similar to those observed
in the endoderm, including regulation of extracellu-
lar matrix organization and integrin pathways. In the
neuroectoderm, 176 genes were depleted from the
translation machinery, while 130 genes were recruited
to polysomes. GO analysis showed that the depleted
genes were enriched for processes related to transla-
tion, such as “Cytoplasmic Translation”, “Translation’,
and “Peptide Biosynthetic Process” In contrast, the pol-
ysome-recruited genes were associated with processes
involving post-translational modifications (PTMs),
such as “Regulation of Histone Modification’, “Posi-
tive Regulation of Protein K63-linked Ubiquitination’,
and “Positive Regulation of Protein Polyubiquitination’,
although the number of genes representing each term
was limited in this analysis. The list of genes identified
as recruited to and depleted from polysome were avail-
able in Additional Table 4.
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Fig. 5 Transcriptome and translatome comparison. Volcano plots for each differentiation protocol display the comparison between Total

RNA (transcriptome) and Polysome-bound RNA (translatome). The Y-axis represents the adjusted p-value, while the X-axis represents the log2
fold change (threshold =|1|). Blue dots indicate genes depleted from polysomes, red dots indicate genes recruited to polysomes, and black

dots represent genes with a log2 fold change <|1| and/or an adjusted p-value >0.05. The number of genes identified as depleted or recruited

to polysomes is displayed within each volcano plot. The Gene Ontology tables show the biological processes associated with the identified
genes: the table on the right highlights processes for genes recruited to polysomes, while the table on the left lists processes for genes depleted

from polysomes. Terms are ranked by p-value using EnrichR
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Discussion

During development, specific genes are expressed in
distinct cells, contributing to the establishment of cel-
lular diversity within an organism [30]. The gene expres-
sion program adheres to the central dogma of molecular
biology, wherein proteins are synthesized based on the
genetic information encoded in DNA, which is tran-
scribed into RNA molecules. However, it has been dem-
onstrated that there is a low correlation between the
detection of mRNA and the actual presence of corre-
sponding proteins [31-34]. Analyzing mRNA alone may
not accurately reflect protein levels, making it less robust
than approaches that consider translational regulation
alongside gene transcription [35]. Therefore, the scientific
community has discussed the analysis of the translatome
instead of the transcriptome to recapitulate the ulti-
mate gene expression [34—36]. To distinguish transcripts
actively being translated into proteins, a viable method is
to specifically target the RNA associated with cytoplas-
mic ribosomes. The polysome profiling technique offers
a robust method to achieve this distinction [17, 37, 38].

Here, we submitted a hESC cell line to three germ layer
differentiation processes and compared transcriptome
and translatome data. Our analysis revealed a pervasive
presence of post-transcriptional regulation in all three
embryonic layer differentiation. Additionally, our find-
ings demonstrate that analyzing translatome samples can
unveil previously undetected genes whether analyzed
only transcriptome. RNA-seq analysis of both polysome-
bound and total RNA provided insights into potential
differences between transcriptional and translational reg-
ulations. Interestingly, polysome-bound and total RNA
datasets showed similar distribution of DEGs. However,
comparison of the genes between both datasets revealed
that a substantial number of genes undergo dynamic
regulation during differentiation. Our findings align with
previous studies demonstrating dynamic changes in gene
recruitment to the translational machinery throughout
development models and differentiation processes [36,
39]. While specific genes being regulated varied between
differentiation protocols, the consistent proportion of
regulatory events across all embryonic layers suggests a
shared mechanism. This data addresses our question into
whether the post-transcriptional regulation previously
identified in mesoderm is a unique characteristic of this
particular developmental lineage or a broader phenom-
enon across commitment processes of embryonic germ
layers [13].

It is also worth emphasizing the significance of the
translatome in understanding the buffering mechanisms
that maintain the stability of protein levels, ensuring a
specific phenotype despite significant fluctuations in
mRNA levels. This phenomenon has been extensively
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studied in recent years and accounts for the phenotypic
diversity observed among species, individuals of the
same species, and different tissues within the same indi-
vidual [40]. In our study, we demonstrate that, during the
commitment of the three embryonic germ layers, trans-
lational regulation is present in these processes, similar
to what has been shown for other cellular signaling path-
ways involved in developmental processes [41].

The comparison between transcriptome and trans-
latome datasets has gained increasing interest in the
recent years, prompting further exploration [42—44]. It is
known that protein synthesis is a major regulator of gene
expression during differentiation processes [45]; there-
fore, the translatome has been used to identify genes
that impact these processes [35]. In our analysis of GO
using datasets from the transcriptome and translatome
of each differentiation group, we observed that the trans-
latome either includes a higher number of terms related
to the specific process or scores higher for those terms.
This evidence indicates that the translatome dataset can
accurately describe the process compared to the tran-
scriptome dataset, as supported by the fact that all genes
involved in the process overlap between both the total
and polysome RNA fractions.

While these GO terms generally reflect expected dif-
ferentiation pathways, some annotations may not fully
align with the classical germ layer fates. This is a known
limitation of GO term analysis, as certain genes, such as
GATA4, which has been linked to both cardiac devel-
opment and endoderm specification [27, 46, 47], or
EOMES, which has been described in both endoderm
and mesoderm [29, 48]. Therefore, in our analysis of the
endoderm and mesoderm—two layers with very similar
expression profiles—we used a combined score to group
terms. It has been reported that distinguishing between
these two layers during the early stages of differentia-
tion is challenging due to their similar cell types and gene
expression profiles, often referred to as endomesoderm
or mesendoderm in the literature [49-51]. In line with
this observation, in our gene set enrichment analysis
(GSEA), performed to validate our differentiated data-
sets, we identified terms like ‘Embryonic Skeletal System
Development’ in the neuroectoderm. This is likely due to
the expression of HOX genes, which are known to regu-
late both neural and skeletal development [52]. While the
skeletal system is primarily mesodermal in origin, certain
transcription factors involved in its development are also
expressed in ectoderm-related structures, such as the
apical ectodermal ridge [53].

Finally, we compared the transcriptome and trans-
latome profiles across each germ layer. This analysis
revealed the complexity of post-transcriptional regulation
in establishing germ layer identity, demonstrating distinct
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patterns of gene recruitment to, and depletion from, pol-
ysomes. In the endoderm and mesoderm, we observed
a pronounced depletion of genes associated with cell-
matrix formation and interaction, suggesting a functional
reprogramming that prioritizes intracellular processes
over cell-matrix communication. The extracellular
matrix (ECM) is known to play a crucial role in develop-
ment by anchoring cells, shaping tissue architecture, and
influencing cell migration [54, 55]. Our findings indicate
that genes involved in these processes are targets of PTR
in this model, highlighting the dynamic control of ECM-
related pathways after the differentiation. In contrast, the
neuroectoderm displayed depletion of genes associated
with cytoplasmic translation and recruitment of genes
involved in PTMs. This regulatory strategy suggests a
reliance on PTMs to fine-tune the activity of key pro-
teins in the neuroectoderm, consistent with prior studies
emphasizing the critical role of PTMs in neural lineage
specification and function [56, 57]. Collectively, these
results demonstrated the PTR as a mechanism that is dif-
ferentially orchestrated across germ layers to ensure their
proper specification and functionality.

Overall, it is evident that studying the translatome is
a key strategy for effectively and robustly mapping pre-
viously unknown gene expression programs involved in
development and cellular commitment. Some authors
assert that translational regulation is the most crucial
step in the processing of genetic information [58].

Conclusions

Our findings reveal a substantial post-transcriptional
modulation during germ layer commitment. Our analy-
sis identified genes involved in germ layer differentiation
that were not apparent in the transcriptome, emphasiz-
ing the robustness of polysome profiling for uncovering
post-transcriptional regulation. These data highlight the
presence of post-transcriptional mechanisms in early
embryonic development, offering new perspectives on
the molecular underpinnings of cell differentiation and
supporting future studies on the functions of the genes
identified during differentiation.
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