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SUMMARY

In ribosomopathies, perturbed expression of ribosome components leads to tissue-specific 

phenotypes. What accounts for such tissue-selective manifestations as a result of mutations in the 

ribosome, a ubiquitous cellular machine, has remained a mystery. Combining mouse genetics and 

in vivo ribosome profiling, we observe limb patterning phenotypes in ribosomal protein (RP) 

haploinsufficient embryos and uncover selective translational changes of transcripts controlling 

limb development. Surprisingly, both loss of p53, which is activated by RP haploinsufficiency, and 

augmented protein synthesis rescue these phenotypes. These findings are explained by the 

identification that p53 functions as a master regulator of protein synthesis, at least in part, through 

transcriptional activation of 4E-BP1. 4E-BP1, a key translational regulator, in turn, facilitates 

selective changes in the translatome downstream of p53, and thereby explains how RP 

haploinsufficiency may elicit specificity to gene expression. These results provide an integrative 

model to understand how in vivo tissue-specific phenotypes emerge in ribosomopathies.

Graphical Abstract

eTOC

Tiu et al. show that ribosomal protein (RP) haploinsufficiency in the developing mammalian limb 

leads to patterning defects driven in part by p53-mediated translational regulation through 

induction of 4E-BP1, a translational repressor. This finding integrates p53 and translational 

dysregulation into a cohesive in vivo model of RP haploinsufficiency.
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INTRODUCTION

Ribosomopathies are diseases characterized by mutations in ribosome components or key 

ribosome biogenesis factors that produce unexpected tissue-specific phenotypes. For 

example, Diamond Blackfan Anemia (DBA), which arises from haploinsufficiency of ~20 

different essential ribosomal proteins (RPs), converges upon a common set of poorly 

understood congenital birth defects such as craniofacial, digit, and limb abnormalities, as 

well as selective impairment of erythroid differentiation (Clinton and Gazda, 1993; Yelick 

and Trainor, 2015). While the disease phenotypes in DBA have been the topic of intense 

study, the mechanisms underlying them, particularly congenital birth defects, are still poorly 

understood.

Many studies suggest that in vivo phenotypes underlying ribosomopathies can arise from the 

activation of the stress-induced transcription factor p53. In particular, mutations in RPs are 

thought to lead to p53 stabilization and activation through a mechanism in which nucleolar 

stress and defective ribosome biogenesis result in inhibition of the major p53 negative 

regulator, Mdm2 (Deisenroth and Zhang, 2010; Dutt et al., 2011; Morgado-Palacin et al., 

2015; Narla and Ebert, 2010). p53 stabilization is thought to contribute to ribosomopathies 

through transcriptional activation of genes canonically involved in regulating cell 

proliferation and apoptosis (Deisenroth and Zhang, 2010). The role of p53 in generating 

these phenotypes is underscored when examining RP haploinsufficiency in vivo. Studies in 

both mice and zebrafish models of DBA have demonstrated that RP haploinsufficiency can 

lead to tissue-specific defects, which can be rescued by loss of p53 (Barlow et al., 2010; 

Danilova et al., 2008; McGowan and Mason, 2011; McGowan et al., 2008; Sulic et al., 

2005). While these findings highlight the role of p53 in the development of disease 

phenotypes, how p53-mediated global effects on cells, such as cell cycle arrest and 

apoptosis, can lead to tissue-specific developmental phenotypes remains a paradox.

Alternatively, it has been suggested that mutations in RPs may lead to translational 

dysregulation independent of p53 (Dalla Venezia et al., 2019; Khajuria et al., 2018). Despite 

this, changes to translation have been largely unexplored within in vivo developmental 

contexts associated with RP haploinsufficiency. A recent ex vivo cell culture study identified 

translational defects in hematopoietic cells upon knockdown of RPs mutated in DBA, and 

suggests that ribosome levels may play a role in this dysfunction (Khajuria et al., 2018). 

However, it is perplexing how this hypothesis accounts for complex in vivo phenotypes and 

how it can be reconciled with the known role of p53 in the etiology of ribosomopathy 

phenotypes.

Taken together, it remains a mystery what roles p53-dependent and - independent 

mechanisms play in the development of in vivo tissue-specific phenotypes associated with 

RP haploinsufficiency. Here, we genetically inactivate one allele of the core RP, Rps6 (eS6), 
in the developing mouse limb bud as a model system for investigating the complex 
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phenotypes linked to ribosomopathies. Strikingly, we find that Rps6 haploinsufficiency leads 

to selective limb phenotypes reminiscent of those observed in DBA. By combining 

comprehensive mouse genetics and in vivo ribosome profiling, we demonstrate that 

translational dysfunction plays a critical role in development of tissue-specific phenotypes 

upon Rps6 haploinsufficiency. Moreover, our ribosome profiling uncovered hundreds of 

transcripts which undergo differential translational regulation upon Rps6 haploinsufficiency. 

The majority of these transcript-specific translational changes are unexpectedly rescued by 

loss of p53, indicating that translational control and p53 activation are in fact coupled. To 

this end, we demonstrate that p53 in addition to its bona fide role in transcriptional 

regulation, is also a master regulator of protein synthesis. This function is, at least in part, 

mediated through p53-dependent induction of a key translational regulator, 4E-BP1 

(eukaryotic initiation factor 4E-binding protein 1), which is known to have a role in 

translational control of selective mRNAs (Thoreen et al., 2012; Truitt et al., 2015). Together 

this work provides an integrative model wherein mutations in core components of the 

ribosome activate p53 to directly lead to transcript-specific changes in cap-dependent 

translation by modulating 4E-BP1 expression.

RESULTS

RP haploinsufficiency leads to selective developmental phenotypes

To delineate how haploinsufficiency of an essential RP leads to tissue-specific phenotypes, 

we perturbed expression of Rps6 (Panić et al., 2006; Volarevic et al., 2000) in the developing 

mouse embryo. Rps6 loss of function has served as a model to study ribosomopathies, as 

conditional Rps6 hemizygosity within the hematopoietic compartment leads to erythroid 

phenotypes similar to that of other RPs mutated in ribosomopathies, such as DBA 

(McGowan et al., 2011). However, constitutive Rps6 haploinsufficiency is embryonic lethal 

(Panić et al., 2006). Therefore, to investigate how congenital defects arise in an in vivo 
context due to RP haploinsufficiency without affecting organismal viability, we turned to the 

developing limb bud. Developing limbs are a well-established model system for studying 

tissue patterning and are where defects emerge in ribosomopathies. Importantly, patients 

diagnosed with DBA have been characterized with limb defects including hypoplastic digit 1 

and radial abnormalities (Gazda et al., 2008; Hurst et al., 1991).

During development, limbs arise from a small bud of mesenchymal cells that includes 

chondrocyte progenitors, which serve as precursors to all the skeletal elements of the limb 

covered by a surface ectoderm. The apical ectodermal ridge (AER) is a morphologically 

distinct ectoderm surrounding the distal tip of the limb bud that serves as an important 

signaling center that promotes limb outgrowth and survival of the underlying mesenchyme 

(Zeller et al., 2009) (Figure 1A). The basic vertebrate limb skeleton derives from a 

cartilaginous model: a single proximal long bone within the stylopod segment (humerus; 

femur), followed by two long bones within the zeugopod segment (radius, ulna; tibia, fibula) 

and then the distal autopod segment comprising of wrist or ankle, and digits. Using two 

distinct and well-established Cre lines driven by the Prx1 promoter/enhancer (Logan et al., 

2002) or the Msx2 promoter (Sun et al., 2000), we conditionally deleted one allele of Rps6 
in either the limb mesenchyme or AER, reflecting the two major cell lineages that either 
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give rise to the limb cartilage template or control limb outgrowth and skeletal patterning, 

respectively. Within the forelimb of Prx1Cre;Rps6lox/+ embryos, a significant decrease of 

Rps6 mRNA and protein was detected as early as day 10.5 of embryonic development 

(E10.5) when Cre recombinase is broadly activated throughout the limb bud mesenchyme 

(Figure 1B; S1A; S4A–B) (Logan et al., 2002). At E17.5, Prx1Cre;Rps6lox/+ embryos 

demonstrated striking selective underdevelopment (hypoplasia) or loss (aplasia) of the radius 

compared to the ulna in addition to scapular hypoplasia; hypoplasia/absence of the proximal 

humerus; and selective hypoplasia/absence of digits 1, 2, 4, and 5 marked by reduced 

phalangeal numbers, with digits 1 and 5 exhibiting the most severe phenotypes (Figure 1D–

E; S1B–D; Table S1). Interestingly, the Prx1Cre;Rps6lox/+ phenotype is reminiscent of those 

found in DBA patients, as mentioned above (Gazda et al., 2008; Hurst et al., 1991). In 

contrast, the hindlimbs displayed a much milder phenotype consisting of a hypoplastic digit 

5 and a smaller, medially displaced patella (Figure 1F–G; S1E–J). Surprisingly, we did not 

observe any phenotype upon Rps6 haploinsufficiency in the AER both within the forelimb 

and hindlimb (see Msx2Cre;Rps6lox/+; Figure 1H–I; S1K–N). In comparison to the selective 

skeletal phenotypes observed in the Prx1Cre;Rps6lox/+ embryos, the lack of phenotype upon 

Rps6 haploinsufficiency in the AER in the Msx2Cre;Rps6lox/+ embryos further suggests 

tissue and context specific effects of RP haploinsufficiency.

p53 activation and decreased protein synthesis coincide with limb patterning defects

The selective radial and digit phenotypes in Prx1Cre;Rps6lox/+ embryos were observed as 

early as E12.5 by in situ hybridization of Sox9, the earliest marker of mesenchymal 

condensations, which prefigure cartilage elements, suggesting that these phenotypes result 

from defects in patterning prior to cartilage formation (Figure 1J). We hypothesized that the 

observed phenotypes may arise from either p53 activation or perturbed protein synthesis. 

Thus, we first asked if p53 is activated in E10.5 Prx1Cre;Rps6lox/+ limb buds, approximately 

one day after Cre-mediated Rps6 recombination in the limb mesenchyme. Indeed, we 

observed spatially homogeneous p53 activation and transcriptional upregulation of known 

p53 target genes (Figure 1K–L; Figure S1O) (Bowen et al., 2019; Brady et al., 2011). This 

was accompanied by increased apoptosis and mildly decreased cell proliferation that were 

not spatially restricted within the limb bud mesenchyme (Figure S1P–S). We also observed 

p53 activation in the ectoderm of Msx2Cre;Rps6lox/+ embryos (Figure S2A–B). Next, we 

measured changes in global translation in limb cells by quantifying incorporation of O-

propargyl-puromycin (OPP) into nascent peptides of freshly dissociated E10.5 limb 

mesenchymal cells (Figure S2C) (Signer et al., 2014). We observed reduced OPP 

incorporation in Prx1Cre;Rps6lox/+ versus control, indicating that protein synthesis is 

impaired upon Rps6 reduction (Figure 1M). Conversely, we did not observe a decrease in 

OPP incorporation in cells derived from the separated ectoderm layer of Msx2Cre;Rps6lox/+ 

limb buds (Figure 1N), despite p53 activation and decreased Rps6 mRNA levels in this 

tissue (Figure S2A–B). Taken together, these data suggest that both p53 activation and 

defects in global protein synthesis may be associated with limb patterning phenotypes upon 

Rps6 haploinsufficiency. Moreover, as Rps6 haploinsufficiency in the mesenchyme leads to 

a patterning phenotype and decreased protein synthesis whereas haploinsufficiency in the 

AER does not, this suggests that diminished protein synthesis may be an important driver of 

tissue-selective phenotypes upon RP haploinsufficiency.
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mTORC1 activation and loss of p53 rescue limb patterning defects

As both p53 activation and translational dysfunction accompany the Prx1Cre;Rps6lox/+ limb 

phenotypes, we turned to in vivo genetics to determine the contribution of decreased protein 

synthesis and/or p53 activation to phenotype (Figure 2A). First, we genetically modulated 

global protein synthesis by manipulating the mTOR pathway (Saxton and Sabatini, 2017). 

mTOR signaling functions are distributed between at least two distinct mTOR protein 

complexes: mTORC1 and mTORC2. One of the major functions of mTORC1 signaling is 

controlling protein synthesis levels by phosphorylating key translational regulators, which 

subsequently leads to upregulation of cap-dependent protein synthesis (Saxton and Sabatini, 

2017; Signer et al., 2014; Zhang et al., 2014) (Figure 2B). To address whether translation is 

implicated in phenotype upon Rps6 haploinsufficiency, we activated mTORC1 in the limb 

by conditionally inactivating the tuberous sclerosis complex (TSC), which specifically 

represses mTORC1 (Garami et al., 2003; Zhang et al., 2014), via genetic deletion of Tsc2. 

Remarkably, deletion of Tsc2 in developing limbs rescued the Rps6 haploinsufficiency 

radius patterning phenotype (Prx1Cre;Rps6lox/+;Tsc2lox/lox vs. Prx1Cre;Rps6lox/+;Tsc2+/+; 

Figure 2C–F; S3A–B). This phenotypic rescue is accompanied by a concurrent increase in 

protein synthesis (Figure 2G). While we only observed a partial rescue, this may be 

explained by the incomplete restoration of protein synthesis back to wildtype (WT) levels 

upon loss of Tsc2 (Figure 2G). In addition, loss of Tsc2 did not restore Rps6 levels nor did it 

abrogate the p53 activation induced by Rps6 haploinsufficiency (Figure 2H; S3A,C–D). 

Taken together, these results suggest that perturbed translation may contribute to the 

developmental patterning phenotypes observed upon Rps6 reduction.

To formally address the potential contribution of p53 activation to limb phenotypes upon 

Rps6 haploinsufficiency, we next genetically ablated p53. Surprisingly, deletion of p53 in 

the Prx1Cre;Rps6lox/+ background also resulted in the rescue of the limb phenotype (Figure 

3A–D; S3E–H). Together these findings show that either activation of the mTORC1 pathway 

with associated restoration of global protein synthesis or inactivation of p53 results in a 

genetic rescue of Rps6 haploinsufficient patterning phenotypes.

These findings raise the possibility that p53 activity and translational control may be 

unexpectedly coupled in the context of in vivo RP haploinsufficiency. In support of this, past 

studies in cultured cells have suggested that p53 may regulate translation (Kasteri et al., 

2018), for example by suppressing mTORC1 activity by activating Sestrin, a negative 

regulator of mTORC1 (Budanov and Karin, 2008; Loayza-Puch et al., 2013). However, in 

the context of Rps6 haploinsufficiency in vivo, we do not observe a significant difference in 

mTORC1 activity in Prx1Cre;Rps6lox/+ vs. WT E10.5 limb buds (Figure S4A–B). Therefore, 

we explored whether p53 regulates protein synthesis through a yet unknown mechanism 

(Figure 3E). Strikingly, loss of p53 rescues the protein synthesis defect observed upon 

reduction of Rps6 (Figure 3F). To determine whether p53 activation alone is sufficient to 

repress global protein synthesis, we assayed the incorporation of the methionine analog L-

Homopropargylglycine (HPG) into nascent peptides in primary mouse embryonic fibroblasts 

(MEFs) treated with two different p53 small molecule activators. Nutlin-3a specifically 

blocks Mdm2-mediated p53 destabilization, while doxorubicin (Doxo) induces genotoxic 

stress (Vassilev et al., 2004; Wang et al., 2004). Nutlin-3a and Doxo treatment led to a 
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decrease in global protein synthesis within 8 h of treatment (Figure 3G). Importantly, we did 

not observe a significant difference in apoptosis and only a modest decrease in cell 

proliferation after 8 h of Nutlin-3a treatment (Figure S4C–D). Collectively, these findings 

demonstrate that activation of p53 is required to repress protein synthesis upon Rps6 
haploinsufficiency and that p53-dependent control of translation occurs through an unknown 

mechanism independent of mTORC1 pathway activation.

p53 drives translational changes upon Rps6 haploinsufficiency

We next asked what transcripts may be selectively perturbed upon RP haploinsufficiency in 

a p53-dependent and -independent manner. To address this question, we performed ribosome 

profiling directly on E10.5 Rps6 haploinsufficient limb buds in a Trp53+/+ or Trp53−/− 

background (Figure 4A–B; S5) (Ingolia et al., 2011). We observed significant translational 

change for many transcripts upon Rps6 reduction (Figure 4A, Table S3). Most of these 

changes are rescued by loss of p53 (Figure 4B; S5E; Table S3–4). Interestingly, the 

translation efficiency (TE) changes of a smaller subset of differentially translated mRNAs, 

which included p53 regulators and cytoplasmic RPs (see below), were not dependent on p53 

(Figure 4B; S5F; Table S4).

Gene set enrichment analysis revealed that translationally repressed gene sets include those 

involved in limb development (Figure 4C; Table S5), which correlates with the observed 

phenotypes. Hence, the selective changes in translational control may account for the 

specificity in the limb patterning defects observed. For example, high confidence transcripts 

in these gene sets include Col2a1, Dicer1, Gli2, and Megf8 (Figure 4D; see Method Details 

for selection criteria). Col2a1 encodes for collagen type II alpha 1 chain, a cartilage 

component that lays the framework for skeletal development of most bones (Lee et al., 

1989). Dicer1, which encodes an RNase essential for miRNA maturation, is essential for 

proper limb maturation and survival of mesenchymal cells (Harfe et al., 2005). Furthermore, 

loss of Gli2, a component of the Sonic Hedgehog pathway, leads to shortened limbs with 

particular shortening of the radial bone (Mo et al., 1997), while mutations in Megf8 lead to 

limb developmental defects in humans (Twigg et al., 2012). In addition, translational 

repression of these select transcripts involved in limb development is p53-dependent, 

consistent with the requirement of p53 for the development of limb phenotypes upon Rps6 
haploinsufficiency (Figure S5E–F).

Translationally upregulated mRNAs were enriched in gene sets that included those 

containing cytoplasmic RPs (Figure 4C–D; Figure S5F; Table S5). In contrast to the p53-

dependent translationally repressed limb development transcripts, RP translational 

upregulation is p53-independent (50 RPs out of 64 p53-independent upregulated transcripts; 

Figure S5F; Table S4). Our in vivo results may thus represent a possible translational 

feedback mechanism to restore RP homeostasis when core RP expression is perturbed. We 

also observed p53-independent translational downregulation of the p53 negative regulator 

Mdm4 and of the RING finger-containing protein, Rnf10 (Figure 4D; S5F; see Discussion). 

Ribosome profiling results were validated using sucrose gradient polysome fractionation and 

RT-qPCR (Figure S6A–C). Taken together, these data demonstrate that complex translational 

remodeling occurs upon Rps6 haploinsufficiency that consists of a p53-dependent program 
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associated with transcripts that correlate with phenotypic changes and a smaller p53-

independent program that may mediate homeostatic responses to RP perturbations.

Next, we investigated what features may regulate differential translational sensitivity of 

transcripts to Rps6 haploinsufficiency. Previous studies have demonstrated that cis-features 

such as ORF length and 5’UTR structuredness contribute to translational control (Weinberg 

et al., 2016). Indeed, we find that translationally repressed transcripts upon Rps6 reduction 

have longer ORFs whereas transcripts that are upregulated in translation have shorter ORFs 

(Figure 4E; S6D). Additionally, repressed transcripts have more structured 5’UTRs whereas 

upregulated mRNAs tend to have less structured 5’UTRs (Figure 4E). Notably, the p53-

dependent, translationally repressed limb developmental genes (i.e. Col2a1, Dicer1, Gli2, 

and Megf8) have long ORF lengths and are predicted to have highly structured 5’UTRs 

(Table S6).

Given these observations, we asked whether the 5’UTRs of differentially translated mRNAs 

contribute to their translational regulation upon Rps6 haploinsufficiency. To this end, we in 
vitro transcribed and transfected Firefly luciferase reporter mRNAs harboring candidate 

5’UTRs alongside control Renilla luciferase mRNA into primary limb micromass cultures 

derived from Rps6lox/+ or Prx1Cre;Rps6lox/+ limb buds (Figure 4F). Primary limb micromass 

cultures are a well-established model system to study limb mesenchyme and cartilage 

formation that mimics many of the in vivo steps of cellular differentiation (Barna and 

Niswander, 2007). In comparison to two control 5’UTRs taken from transcripts whose 

translation was unaffected by Rps6 haploinsufficiency (Pkm and Cnot10), we observed 

reduced reporter activity driven by the 5’UTRs of translationally repressed transcripts upon 

Rps6 haploinsufficiency (Figure 4G). Importantly, the reporter activity from the Megf8 
5’UTR was rescued upon loss of p53 in the context of Rps6 haploinsufficiency, suggesting 

that the 5’UTR contributes to p53-dependent translational repression (Figure 4H). Overall, 

these findings demonstrate that 5’UTRs are important cis-regulatory elements that may 

contribute to differential translational sensitivity to RP haploinsufficiency.

p53 modulates translational control by upregulating 4E-BP1 expression

We next sought to determine how RP haploinsufficiency leads to p53-dependent 

translational remodeling (Figure 5A). Thus, we first investigated whether these translational 

changes depend on the transcriptional transactivation activity of p53. Indeed, in MEFs 

expressing the p53 transactivation dead mutant Trp53QM/QM (Brady et al., 2011), we did not 

observe a reduction in protein synthesis (Figure 5B; S7A) after treatment with Nutlin-3a or 

Doxo, suggesting that p53-dependent translational repression requires p53 transactivation 

activity. We therefore asked what p53 transcriptional targets may be responsible for these 

translational changes. Strikingly, we found that transcription of Eif4ebp1 (4E-BP1), which 

encodes a master regulator of cap-dependent translation (Lin et al., 1994; Sonenberg and 

Hinnebusch, 2009), is induced upon Rps6 reduction in embryonic limb buds in a p53-

dependent manner (Figure 5C–D). This upregulation was also reflected at the protein level 

(Figure 5E–F; S7B). This suggests that Eif4ebp1 may be a transcriptional target of p53. 

Notably, we did not observe transcriptional induction of the closely related homolog, 

Eif4ebp2 (Figure 5D), suggesting that this response was specific to Eif4ebp1. This increase 
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in 4E-BP1 RNA and protein levels was mirrored in NIH3T3 cells treated with Nutlin-3a 

(Figure 5G–I). Interestingly, we did not detect Eif4ebp1 upregulation despite p53 activation 

in the AER-containing ectoderm of Msx2Cre;Rps6lox/+ limb buds, which also did not 

demonstrate a phenotype or a reduction in protein synthesis (Figure 1H–I,N; S2A–B; S7C). 

This suggests that there may be additional tissue-specific regulatory mechanisms governing 

Eif4ebp1 expression.

To determine whether Eif4ebp1 is a direct p53 transcriptional target gene, we re-analyzed 

our previously generated genome-wide p53 ChIP-Seq data (Kenzelmann Broz et al., 2013). 

This data revealed a ~0.4 kb region in the first exon of Eif4ebp1 containing a putative p53 

binding site, which was validated by ChIP-qPCR (Figure 5J; S7D). This finding was specific 

to Eif4ebp1, and no candidate p53 binding site was found in the Eif4ebp2 locus (Figure 

S7E). When cloned into a luciferase reporter construct, the ~0.4 kb Eif4ebp1 fragment was 

sufficient to drive expression of luciferase upon p53 activation (Figure 5K; S7F). Mutation 

of the core p53 binding sequence (Eif4ebp1CATG-AGCT) abolished p53-dependent luciferase 

activity, revealing a genuine cis-regulatory element responsible for p53-dependent induction 

of Eif4ebp1 expression (Figure 5K).

The primary function of 4E-BP1 is to repress the major cap-binding protein, eukaryotic 

initiation factor 4E (eIF4E) by occluding eIF4G binding (Sonenberg and Hinnebusch, 2009). 

eIF4E is rate limiting for the translation of select mRNAs, including those with specific 

sequences or structures within their 5’UTRs. For example, highly structured 5’UTRs are 

more sensitive to eIF4E dosage as it enhances the unwinding of RNA secondary structures 

during ribosome scanning by eIF4A (Pelletier and Sonenberg, 1985; Pelletier et al., 2015). 

In addition, distinct 5’UTR sequences such as the cytosine rich motif (CERT) also confer 

specificity to eIF4E activity (Truitt et al., 2015). Thereby, increased expression of 4E-BP1 

inhibits the formation of the eIF4E translation initiation complex and alters the translation of 

eIF4E-sensitive transcripts (Figure 6A). To test whether p53 activation leads to 4E-BP1-

mediated translational repression, we first performed cap-binding assays to determine if 

there is increased binding of 4E-BP1 to eIF4E upon p53-activation. Indeed, we observed 

increased 4E-BP1-eIF4E binding in Nutlin-3a treated cells (Figure 6B) accompanied by a 

concurrent decrease in eIF4G binding, an initiation factor that promotes cap-dependent 

translation when bound to eIF4E (Figure 6B). Next, we measured whether p53-dependent 

repression of global protein synthesis requires 4E-BP (Figure 6C; S7G). As 4E-BP1 and 4E-

BP2 are functionally redundant, we first knocked-down both proteins to prevent 

compensation of 4E-BP1 by 4E-BP2 (Bi et al., 2017; Ding et al., 2018). 4E-BP1/2 

knockdown rescues to a large extent the global protein synthesis repression observed upon 

Rps6 reduction in Prx1Cre;Rps6lox/+ primary micromass cultures and in Nutlin-3a treated 

cells (Figure 6C–D). This effect was mirrored when 4E-BP1 was knocked-down alone in 

Nutlin-3a treated cells (Figure S7H).

Our previous results demonstrated that key limb development transcripts are translationally 

down-regulated in accordance with their 5’UTR features (Figure 4G). As a result, we asked 

if the 5’UTRs of translationally down-regulated transcripts upon Rps6 haploinsufficiency 

contribute to sensitivity of 4E-BP1-mediated translational regulation. To this end, we treated 

C3H/10T1/2 mesenchymal cells with 4EGI-1 (eIF4E/eIF4G interaction inhibitor 1), which 
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functionally acts a small molecule mimic of 4E-BP1 (see Method Details) (Sekiyama et al., 

2015), prior to transfection with RNA reporter constructs harboring 5’UTRs shown to be 

sensitive to RP haploinsufficiency (Figure 4D,G; 6E). We found that reporter constructs 

containing 5’UTRs whose translational regulation was p53-dependent (Megf8, Gli2, 
Col2a1) to be more sensitive to 4EGI-1 treatment compared to p53-independent 5’UTRs 

(Mdm4, Rnf10) or control 5’UTRs that do not change in TE in our ribosome profiling 

experiment (Pkm, Cnot10) (Figure 6E). Additionally, we asked whether 4E-BP1 is required 

for translational repression of RNA reporter constructs driven by 5’UTRs of p53-dependent 

transcripts upon p53 activation. Compared to control 5’UTRs (Pkm and Cnot10), we 

observed reduced reporter activity driven by the 5’UTRs of p53-dependent translationally 

repressed transcripts (Megf8, Gli2, and Col2a1) (Figure 6F). This repression is rescued upon 

knockdown of 4E-BP1, demonstrating that 4E-BP1 is required for p53-dependent 

translational repression of these mRNAs via their 5’UTRs. Together, these data further show 

that 4E-BP1-mediated translation regulation contributes to the selective p53-dependent 

translational changes observed upon Rps6 haploinsufficiency.

To further understand if 4E-BP1 upregulation is a general phenomenon associated with 

depletion of core RPs, we knocked down RPs commonly mutated in ribosomopathies such 

as DBA and 5q- myelodysplastic syndrome, Rps19 and Rps14, in primary limb micromass 

cultures and assessed p53 activation and Eif4ebp1 expression. As with Rps6 
haploinsufficiency, we found that p53 is activated and Eif4ebp1 expression is induced upon 

depletion of these RPs (Figure 7). Together, these results suggest a common pathway via the 

p53–4EBP1-eIF4E axis by which selective changes in translation occur upon ribosome 

perturbation, including in the context of RPs directly mutated in ribosomopathies.

DISCUSSION

Ribosomopathies caused by haploinsufficiency of essential RPs present with a variety of 

phenotypes including craniofacial, digit, and limb abnormalities, as well as selective 

impairment of erythroid differentiation. How such phenotypes, and in particular congenital 

birth defects, are produced from mutations in essential RPs has been an outstanding mystery. 

Studies investigating the role of p53 in ribosomopathies have found that p53 activation 

contributes to phenotypes in many model systems although it is unclear how p53 leads to 

such complex phenotypes (Danilova et al., 2008; Dutt et al., 2011; Jones et al., 2008; 

McGowan et al., 2008, 2011; Sulic et al., 2005). The few studies that have suggested that 

translation dysregulation plays a role in ribosomopathies typically hypothesized that these 

translational changes occur directly from impaired ribosome function independently of p53 

(Horos et al., 2012; Khajuria et al., 2018; Ludwig et al., 2014). Such studies knocked down 

RPs in ex vivo models to levels that are likely much lower than what would be 

physiologically expected in an RP haploinsufficient disease. It has therefore been difficult to 

capture a physiologically relevant change in translation underlying in vivo tissue 

phenotypes. Thus, while p53-dependent or -independent mechanisms have typically been 

considered to be mutually exclusive processes that underlie ribosomopathies, our work 

demonstrates that they are interconnected. In particular, we demonstrate an unexpected role 

of p53 in mediating much of the translation program downstream of RP haploinsufficiency. 

We show that p53 induces the transcription of 4E-BP1, which is the main negative regulator 
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of eIF4E-mediated cap-dependent translation (Lin et al., 1994; Sonenberg and Hinnebusch, 

2009). Thereby, one way which translational specificity can arise upon RP 

haploinsufficiency is through an intermediary pathway, the p53–4E-BP1-eIF4E axis, which 

links RP haploinsufficiency to selective changes in cap-dependent translation.

Our discovery that p53-mediated induction of 4E-BP1 underlies many of the translational 

changes upon RP haploinsufficiency also suggests mechanisms by which tissue specificity 

can emerge. Tissue specific phenotypes could emerge either through 4E-BP1-mediated 

selective translation of key developmental transcripts within tissues or through differential 

expression and activity of 4E-BP1 itself among different tissues. The 4E-BP1-eIF4E axis is 

a rate-limiting component of translation initiation with inherent selectivity (Duncan et al., 

1987; Pelletier et al., 2015; Truitt et al., 2015). As a result, 4E-BP1 induction may lead to a 

translational program in which perturbed translation of select transcripts, which are 

differentially sensitive to eIF4E activity, contribute to tissue-specific phenotypes. For 

example, upon Rps6 haploinsufficiency, we observe p53-dependent translational repression 

of key limb developmental transcripts that correlate with the observed limb phenotypes. In 

addition, we also observed that differential 4E-BP1 expression and response among different 

tissues may also contribute to cell and tissue-specific phenotypes upon RP 

haploinsufficiency. We demonstrate that although conditional Rps6 haploinsufficiency led to 

p53 activation in both the limb mesenchyme and AER, only the limb mesenchyme exhibited 

4E-BP1 upregulation, translation repression, and a phenotype. As a result, future studies 

characterizing tissue-specific 4E-BP1 expression and investigating mechanisms underlying 

such selectivity would provide further insight into tissue specificity in ribosomopathies.

Our findings demonstrating a role for p53-mediated induction of 4E-BP1 in translational 

control upon RP haploinsufficiency also suggest possible therapeutic strategies to treat 

ribosomopathies. Treatment with l-leucine, which upregulates translation via mTORC1 

activation, was shown to rescue developmental phenotypes in ribosomopathy models (Jaako 

et al., 2012; Payne et al., 2012). Given that our work demonstrates that in vivo phenotypes 

upon RP haploinsufficiency are driven in part by translational perturbation via the p53–4E-

BP1-eIF4E axis, more potent activators of cap-dependent translation and/or eIF4E activity 

may serve as enticing candidates to treat ribosomopathies.

Although most of the translational changes observed upon Rps6 haploinsufficiency were 

p53-dependent, we also observed a small number of p53-independent translational changes 

that included translational upregulation of many ribosomal proteins and translational 

repression of the p53 negative regulator Mdm4. We hypothesize that these changes represent 

possible post-transcriptional quality control mechanisms that allow cells to quickly respond 

to ribosome dysfunction. For example, translational upregulation of RPs upon 

haploinsufficiency of a specific RP would allow for increased RP production that may 

mitigate the effects of RP depletion. In fact, translation of Rps6 itself was upregulated (Table 

S3–4), suggesting that the phenotype may have been more severe with a further decrease in 

Rps6 protein levels had it not been for this feedback mechanism. Upregulation of RP 

translation was particularly unexpected given that ex vivo studies demonstrated a marked 

decrease in RP translation after RP depletion (Khajuria et al., 2018), suggesting that results 

from in vivo RP haploinsufficiency models may differ from RP knockdown in cultured cells. 
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Furthermore, translational repression of Mdm4, a negative regulator of p53 that cooperates 

with Mdm2 to suppress p53 activity (Marine et al., 2007), may serve as a rapid post-

transcriptional quality control sensor to activate p53 in the context of RP haploinsufficiency.

Ribosome biogenesis is one of the most energetically expensive programs in the cell. By 

coupling alterations in essential RP expression directly to cap-dependent translation, p53 

may ensure that a modified cellular translatome continues to support cellular growth and 

survival under suboptimal conditions. Interestingly, recent findings suggest that tissue 

selective RP haploinsufficiency phenotypes in Drosophila also largely occur indirectly via a 

regulatory response mediated by the bZip-domain protein Xrp1 rather than by a direct 

decrease in ribosome levels (Kongsuwan et al., 1985; Lee et al., 2018). As opposed to Xrp1 

in Drosophila, we show that p53 itself drives the majority of the translational changes in an 

in vivo mammalian model of RP haploinsufficiency. Whereas we demonstrate in our work 

that p53-dependent transcriptional control of Eif4ebp1 regulates at least a part of this 

translational response, it is likely that other yet-to-be defined p53 targets mediate other 

aspects of this translational program. Therefore, characterization of p53-dependent 

remodeling of the translational landscape is likely to yield greater insights and novel 

therapeutic strategies to target ribosomopathies.

LIMITATIONS OF THE STUDY

Our work demonstrates translational downregulation of mRNAs including those critical for 

proper limb development upon Rps6 haploinsufficiency. Although translationally perturbed 

limb development transcripts such as Col2a1, Dicer1, Gli2, and Megf8 could be associated 

with the specific limb phenotypes observed, it is unclear which of these transcripts actually 

contribute to phenotype. In fact, it is likely that translational perturbation of several 

transcripts combinatorially act to perturb proper limb development. Further combinatorial in 
vivo genetic interaction experiments would be required to elucidate which transcripts 

contribute to phenotype upon Rps6 haploinsufficiency.

Murine Rps6 haploinsufficiency recapitulates many of the cardinal phenotypes of 

ribosomopathies, including limb defects as demonstrated in this work, and blood 

developmental defects (McGowan et al., 2008, 2011). We selected this model given the 

strong phenotype that it produces (Panić et al., 2006). However, heterozygous loss of 

function mutations in Rps6 have not been identified in ribosomopathies, likely because of 

the severity of constitutive Rps6 haploinsufficiency in the developing embryo. Nevertheless, 

we do observe a conserved mechanism whereby reduction in RPs associated with 

ribosomopathies (Rps19 and Rps14) triggers p53 activation and subsequent upregulation of 

Eif4ebp1, suggesting that this is a more general mechanism that is not specifically linked to 

any single RP. Overall, this common pathway could explain how mutations in multiple RP 

genes converge upon similar phenotypes. Given that we focused on perturbation of one 

particular RP in the context of one particular tissue in mice, further work examining the in 
vivo role of 4E-BP1 in the manifestation of ribosomopathy phenotypes in other disease 

relevant tissues such as the hematopoietic compartment and in other RP haploinsufficient 

states in both human tissue samples and mice is an important future direction.
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STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Maria Barna (mbarna@stanford.edu).

Materials availability—All plasmids and DNA constructs generated in this study are 

available upon request. All antibodies, chemicals, cell lines, and most mouse lines used in 

this study are commercially available. All other unique materials are also available upon 

request.

Data and code availability—All custom codes are available upon request from the 

corresponding author. Data that support the findings of this study have been deposited in the 

Gene Expression Omnibus under accession number GSE135722.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse husbandry.—All animal work was reviewed and approved by the Stanford 

Administrative Panel on Laboratory Animal Care (APLAC). The Stanford APLAC is 

accredited by the American Association for the Accreditation of Laboratory Animal Care 

(AAALAC). All mice used in the study were housed at Stanford University. Mice were 

maintained on mixed backgrounds and the following previously described alleles were used: 

Rps6lox (Volarevic et al., 2000), Prx1Cre (Logan et al., 2002), Msx2Cre (Sun et al., 2000), 

Tsc2lox (Hernandez et al., 2007), Trp53null (Jacks et al., 1994), and RosamTmG/+ (Muzumdar 
et al., 2007). Rps6lox mice were generously provided by George Thomas (IDIBELL). 

Prx1Cre, Msx2Cre, and Tsc2lox mice were obtained from the Jackson Laboratories. 

Genotyping was performed using standard PCR protocols using primers described in 

aforementioned publications or on the Jackson Laboratories website. Common Cre primers 

were used to genotype Cre lines (http://mgc.wustl.edu/protocols/

pcr_genotyping_primer_pairs). The following primers were used for Rps6lox genotyping: 

Rps6lox_1 GCTTCTACTTCTAAGTCTGAGTCCAGTC, Rps6lox_2 

TCCTGCCGAGAAAGTATCCATCATG, and Rps6lox_3 

CTGCAGCCTTTTCTTTTAGCATACCTG. To generate embryos, a male mouse was housed 

with 1–2 females overnight. Female mice were considered pregnant at E0.5 on the day a 

vaginal plug was observed. Embryos were harvested from pregnant females that had been 

euthanized via CO2 exposure, according to APLAC-approved methods. Mice used for a 

given experiment were colony-matched. Mouse embryos for a given experiment were somite 

matched. Mouse embryos were harvested at E9.5, E10.5, E11.5, E12.5, E13.5, and E17.5. 

Biological sex was determined for embryos used in ribosome profiling experiments via PCR 

using primers targeting the Sry locus: Sry F - TTG TCT AGA GAG CAT GGA GGG CCA 

TGT CAA, Sry R - CCA CTC CTC TGT GAC ACT TTA GCC CTC CGA (https://

mgc.wustl.edu/protocols/pcr_genotyping_primer_pairs), with sex incorporated as batch 

variables in the analysis (see below in “Ribosome profiling analysis”). For all other 

experiments and phenotypic analyses, biological sex was not determined and data from male 

and female mice were pooled because no obvious difference was found between sexes.
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Cell Lines.—Primary MEFs were derived from E13.5 mouse embryos using standard 

protocols and cultured under standard conditions in DMEM supplemented with 2 mM L-

glutamine and 10% fetal bovine serum (FBS). Cells were used for experiments at passages 

2–5. NIH3T3 and C3H/10T1/2 cells were purchased from the American Type Culture 

Collection and grown under standard conditions in DMEM supplemented with 10% FBS 

and 2 mM L-glutamine. Cells were passaged 1:6 roughly every 2–3 days. All cell lines used 

in this study were mycoplasma-free. All cell lines were grown in humidified CO2 incubators 

at 37°C and 5% CO2. See below for limb micromass culture conditions.

METHOD DETAILS

Skeleton and cartilage staining.—Bone and cartilage staining of E17.5 embryos were 

performed as per standard methods. Skeletal images were acquired using a Zeiss SteREO 

Discovery.V8 microscope and a Zeiss AxioCam MRc5 camera with an external standard as 

scale. Skeletal elements were measured using the ImageJ Fiji plug-in with genotypes blinded 

during measurement.

Separation of limb ectoderm and mesenchyme.—Limb bud experiments were 

performed either on whole forelimbs consisting of both mesenchyme and ectoderm layers or 

on limbs enriched for mesenchyme with the ectoderm removed. Because mesenchyme 

isolation requires trypsinization and time to microdissect, we used whole limbs rather than 

isolated mesenchyme for several of our experiments, especially those that measured 

temporally sensitive processes such as translation (polysome profiles, ribosome profiling, 

etc.). For most cases, the main limitation of including un-recombined tissue might be the 

potential to decrease the sensitivity of our assays. As a result, hits we do find in whole limb 

experiments, such as those from the ribosome profiling experiment, likely represent strongly 

differentially translated targets.

For experiments in which the ectoderm was removed, the separation of the limb ectodermal 

jacket from the mesenchymal layer was done as previously described (Zeller et al., 1989). 

Briefly, forelimb buds of E10.5 or E11.5 embryos were dissected in 1×PBS. Dissected limb 

buds were then digested in 3% trypsin in 1×PBS for 25 min at 4°C with gentle shaking. 

Trypsin digestion was quenched by moving the limb buds to 10% FBS in PBS. The limb 

buds were then gently vortexed for 15 seconds to dislodge the mesenchymal and ectodermal 

layers. The ectodermal jackets were further removed from the individual limb buds under a 

dissecting microscope in 1×PBS using forceps. Separated samples were inspected visually 

before being moved to separate tubes. Samples were either flash frozen and stored at −80°C 

or used immediately.

For OPP labeling, dissected ectoderm was dissociated from the mesenchyme layer of E11.5 

forelimb buds by incubating in 1% trypsin at room temperature for 20 min. The ectoderm 

was then separated from the mesenchyme layer and resuspended in DMEM/F12, no phenol 

red, 10% FBS and labeled with OPP (20 μM) as described below.

In situ hybridization.—In situ hybridization for Sox9 at E12.5 was performed as per 

standard protocols (Lufkin, 2007) with modifications to achieve good probe penetration and 

signal. Digoxigenin (DIG) labeled RNA probes were generated from XhoI linearized T3 
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promoter Sox9 plasmid (gift from Chi-Chung Hui, University of Toronto). Fixed and 

rehydrated embryos were treated with 20 μg/mL proteinase K in PBS+0.1% Tween-20 

(PBST) for 35 minutes at room temperature. After post-fixation and subsequent washes, 

embryos were incubated overnight at 70°C with hybridization mix containing 0.5 μg/mL 

denatured DIG-labeled probe. After washes and pre-blocking, embryos were incubated 

overnight at 4°C with 1:2000 alkaline phosphatase-conjugated anti-DIG antibodies (Sigma/

Roche, 11093274910). After washes and prior to development, embryos were washed 2×20 

min with 100 mM NaCl, 100 mM Tris-HCl pH 9.5, 50 mM MgCl2, 0.1% Tween-20, 2 mM 

levamisole. Embryos were then developed with BM Purple AP substrate (Sigma/Roche, 

11442074001) at 4°C for >1 day until adequate signal to noise ratio was achieved. The 

reaction was then subsequently inactivated, post-fixed, and stored. Embryos were then 

imaged with a Leica MZ16 FA microscope with a Leica DFC480 camera with an external 

standard used for scale.

Vectors and in vitro transcription.—For generation of 5’UTR reporter constructs, 

sequences were obtained from ENSEMBL and isoforms were chosen based on alignment to 

the RNA sequencing results presented herein (Table S2). 5’UTR gene fragments were 

synthesized (Twist Biosciences) and cloned immediately upstream of a Firefly luciferase 

gene encoded in pGL3-FLB (Leppek et al., 2020). Each 5’UTR-FLuc construct was PCR 

amplified using primers flanking the 5’UTR and FLuc gene and incorporating a T7 RNA 

polymerase promoter at the 5’ end. PCR amplicons were column purified (NEB, T1030) and 

used as a template for in vitro transcription reactions with a mMESSAGE mMACHINE® 

T7 Transcription Kit (Ambion, AM1344) followed by the addition of a poly(A) tail using a 

Poly(A) Polymerase Tailing Kit (Lucigen, PAP5104H). In vitro synthesized capped and 

poly(A) tailed RNA was purified using PureLink RNA Mini Columns (Thermo Fisher, 

12183020). RNA integrity was confirmed via denaturing agarose gel electrophoresis.

For testing p53 transcriptional activity, a 423 bp gene fragment of Eif4ebp1 (Table S2) was 

amplified from genomic DNA of primary mouse embryonic fibroblasts and cloned in lieu of 

the minimal promoter sequence within pGL4.23[luc2/miniP]. All constructs were sequence 

verified.

siRNA-mediated knockdowns.—NIH3T3 cells were plated at a density of 1.0×105 

cells/well in a 6-well plate and allowed to attach for at least 6 h at 37°C. Cells were washed 

with 1×PBS before being transfected with 25 nM of non-targeting control siRNA #2 (siFluc; 

Dharmacon, D-001210–02-05) or siRNA target against 4E-BP1 and 4E-BP2 (Dharmacon) 

using Dharmafect Reagent I (Dharmacon, T-2001) as per manufacturer’s protocol. Cells 

were incubated for 16 h at 37°C in antibiotic-free media. Following incubation, the siRNA-

containing media was replaced with complete DMEM media (as described above) and cells 

were treated with either DMSO, Nutlin-3a, or Doxorubicin.

For siRNA treatment in micromass limb cultures, limbs from E11.5 embryos were dissected 

and cells dissociated as described. Subsequently, 1.5×106 cells were reverse transfected with 

25 nM siRNA as per manufacturer’s protocol using Dharmafect I (Dharmacon, T-2001) in 

Limb micromass media and plated in a 96-well plate. Cells were incubated for 20 h before 
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use in subsequent experiments. Note that siRNA knockdowns of Rps19 and Rps14 were 

performed in micromass cultures derived from wildtype C57BL/6J mice.

For si4E-BP1 knockdown and mRNA reporter experiments, NIH3T3 cells (5.0×104 cells/

well in a 12-well plate) were transfected with 25 nM of non-targeting control siRNA #3 

(Dharmacon, D-001210–03-05) or siRNA target against 4E-BP1 (Dharmacon) using 

Dharmafect I (Dharmacon, T-2001) as per manufacturer’s protocol. Cells were incubated for 

16 h at 37°C in antibiotic-free media. The next day, media was removed and cells were 

treated with either DMSO or Nutlin-3a (10 μM) in DMEM supplemented with 10% FBS for 

4h before being transfected with Firefly Luciferase reporter RNA (50 ng) and Renilla 

Luciferase control RNA (10 ng) as described below. Cells were incubated for a further 4 h in 

the presence of DMSO or Nutlin-3a at 37°C before being harvested for luciferase assays.

RT-qPCR quantification of RNA expression.—RNA from embryonic limbs or cell 

culture was extracted with TRIzol (Thermo Fisher, 15596026) as per manufacturer’s 

protocol followed by DNase I treatment for 30 min at 37°C. RNA was then purified via 

Zymo RNA Clean & Concentrator columns (Zymo Research). Subsequently, 100 ng of RNA 

was used for first strand cDNA synthesis using the iScript Supermix (Bio-rad, 1708841). 

cDNA was diluted 18-fold and 4 μL was used in a reaction for SYBR green detection with 

SsoAdvanced SYBR Green supermix (Bio-Rad, catalog no. 1725270) on a CFX384 

machine (Bio-rad). All primer sequences are available in Table S2. In general, Ct values 

were normalized to those of housekeeping genes and then to wildtype, DMSO, or siRNA 

controls. For Figure 1B: Expression was normalized to the geometric mean of housekeeping 

genes Actb, Tbp, Ubb, Exo5, Pkm2, and Nadk2 then to the mean of wildtype values. For 

Figure 1L: Expression was normalized to Actb and to the mean of wildtype values. For 

Figure 2H: Expression was normalized to the geometric mean of Actb and Tbp then to the 

mean of wildtype. For Figure 5D: Expression was normalized to the geometric mean of 

housekeeping genes Actb, Tbp, Ubb, Exo5, Pkm2, Nadk2 and mean of wildtype. Figure 5G: 

Expression was normalized to the geometric mean Actb and NupL1 and then to DMSO. For 

Figure 7: Expression was normalized to the geometric mean of TBP and NupL1 and then to 

siRNA control (siFluc).

Western blots.—Equal amounts of protein were resolved on either a 15% or a 4–20% 

Tris-glycine gradient SDS-PAGE gel and transferred to a polyvinylidene difluoride 

Immobilon-FL membrane (PVDF; Bio-rad). Membranes were blocked for 30 min at room 

temperature with 5% BSA in TBST (50 mM Tris, 150 mM NaCl, 1% Tween-20, pH 7.4). 

Blots were incubated for 24 h at 4°C with the following primary antibodies: mouse anti-

GAPDH (Cell Signaling, 97166), mouse anti-actin (Cell Signaling, 3700S), rabbit anti-Rps6 

(Cell Signaling, 2217L), rabbit anti-4E-BP1 (Cell Signaling, 9644S), rabbit anti-4E-BP2 

(Cell Signaling, 2845S), rabbit anti-phospho-p70 S6 Kinase (Cell Signaling, 9205S), rabbit 

anti-p70 S6 Kinase (Cell Signaling, 9202S), rabbit anti-phopsho-ULK1(Ser757) (Cell 

Signaling, 6888T), rabbit anti-ULK1 (Cell Signaling, 8054T), rabbit anti-p53 (Leica 

Biosystems, CM5), rabbit anti-TSC2 (Cell Signaling, 4308T), rabbit anti-eIF4G (Cell 

Signaling, 2498S), mouse anti-eIF4E (BD Transduction, 610269). All antibodies were used 

at a dilution of 1:1000 in 5% BSA-TBST, unless stated otherwise. Membranes were washed 
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3 times for 5 min in TBST before incubation for 1 h at room temperature with secondary 

antibodies: donkey anti-mouse (1:5000; GE Healthcare, NA931–1ML), or donkey anti-

rabbit (1:5000; GE Healthcare, NA934–1ML) coupled to Horseradish Peroxidase. 

Membranes were then washed 3 times for 5 min in TBST before detection using Clarity 

Western ECL Substrate (Bio-rad, 170–5061) and imaging on a ChemiDoc MP (Bio-rad, 

17001402). All blots were quantified using ImageJ v2.0.0.

Micromass cultures and RNA transfection luciferase assays.—E11.5 mouse 

limbs were harvested in DMEM/F12, no phenol red, 10% FBS, pen/strep. Cells were then 

dissociated in Dissociation Buffer (1% trypsin in HBSS without Ca+2 or Mg+2) and 

incubated for 30 min at 37°C. Single-cell suspensions were obtained by quenching the 

dissociation with Limb Media (DMEM/F12 HEPES, 10% FBS) and passing through a cell 

strainer. Cells were then pelleted and resuspended in Limb Media. Next, 1.0×105 cells were 

co-transfected with capped and poly(A)-tailed FLuc (100 ng) and RLuc reporter RNAs (10 

ng) using Lipofectamine 2000 (Thermo Fisher, 11668–019) before seeding into a single well 

of a 96-well Nunclon Delta Microplate (Thermo Fisher, 167008). Cells were incubated for 6 

h at 37°C before being harvested in 1× Passive Lysis Buffer and subjected to a Dual-

Luciferase Reporter Assay System as per manufacturer’s instructions (Promega, E1980) on a 

GloMax-Multi plate reader (Promega).

DNA transfection luciferase assays.—NIH3T3 cells were seeded at a density of 

1.0×105 cells/well in a 6-well plate and incubated at 37°C overnight. The following day cells 

were co-transfected with 2 μg of FLuc plasmid DNA and 20 ng of RLuc transfection control 

plasmid (pRL) per well using Lipofectamine 2000 (Thermo Fisher, 116688–019) and 

incubated for 16 h at 37°C. Cells were then treated with either DMSO, Nutlin-3a (10 μM), or 

Doxorubicin (0.2 μg/mL) for 8 h. Cells were harvested and lysed in 50 μL of 1×Passive 

Lysis Buffer. Lysate was cleared of debris by centrifugation at 10,000 RCF for 5 min, and 20 

μL of resulting supernatant was used to measure luciferase activity with the Dual-Luciferase 

Reporter Assay System (Promega, E1980) on a GloMax-Multi plate reader (Promega).

4EGI-1 treatment of 10T1/2 cells and luciferase assays.—Mechanistically, 4EGI-1 

binds with eIF4E to specifically disrupt association of eIF4G, a large scaffold protein that 

recruits the 40S ribosomal subunit, while promoting and stabilizing the binding of 4E-BP1 

(Sekiyama et al., 2015). 10T1/2 cells were seeded at a density of 4.0×105 cells/well in a 96-

well plate and incubated at 37°C overnight. The next day, cells were treated with 50 μM 

4EGI-1 (Sigma, 324517) or DMSO in DMEM supplemented with 10% FBS and 2 mM L-

glutamine and incubated for 4 h at 37°C. Following treatment, cells were co-transfected with 

capped and poly(A)-tailed FLuc (100 ng) and RLuc reporter RNAs (10 ng) using 

Lipofectamine 2000 (Thermo Fisher, 11668–019). Cells were then re-treated with 50 μM 

4EGI-1 or DMSO and incubated for a further 4 h at 37°C. After a total of 8 h of treatment (4 

h prior to transfection and 4 h after transfection), cells were harvested in 1× Passive Lysis 

Buffer and luciferase activities were measured using a Dual-Luciferase Reporter Assay 

System as per manufacturer’s instructions (Promega, E1980) on a GloMax-Multi plate 

reader (Promega).

Tiu et al. Page 17

Dev Cell. Author manuscript; available in PMC 2022 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



P53 transactivation domain mutated MEFs.—MEFs were derived from previously 

generated knock-in mice expressing p53 wild-type (Trp53LSL-WT/LSL-WT) or Trp53QM/QM 

(Trp53LSL−25,26,53,54/LSL−25,26,53,54) mutant (Brady et al., 2011). In these MEFs, expression 

of both Trp53 alleles is silenced through upstream transcriptional stop elements flanked by 

loxP recombination sites. To reactivate p53 expression, MEFs were infected with 

adenoviruses expressing Cre recombinase (Ad5 CMV-Cre) or empty virus (Ad5-CMV-

Empty) as control at an approximate multiplicity of infection of 100. Viruses were 

purchased from University of Iowa Viral Vector Core Facility. Infected cells were cultured 

for 48 hours at 5% CO2, 37°C before initiating drug treatments and HPG assay. Cells were 

treated with 0.2 μg/ml doxorubicin or 10 μM Nutlin-3a for indicated times (see below). High 

efficiency of recombination (>90% cells) was confirmed by immunostaining of p53. P53 

stabilization upon doxorubicin and Nutlin-3a treatment was confirmed by Western blotting 

using p53 CM5 antibody (Leica Biosystems).

Chromatin immunoprecipitation qPCR.—MEFs were grown in DMEM containing 

10% FCS and seeded at 7 × 106 cells per 10 cm dish one day prior to the ChIP experiment. 

After treatment with 0.2 μg/ml doxorubicin for 6h, cells were harvested to prepare chromatin 

for immunoprecipitation using p53 polyclonal antibodies (NCL-L-p53-CM5p; Leica 

Biosystems). ChIPs were performed essentially as described previously (Kenzelmann Broz 

et al., 2013). Chromatin-immunoprecipitated DNA was quantified by qPCR using SYBR 

Green and a 7900HT Fast Real-Time PCR machine (Applied Biosystems) and primers 

specific for Eif4ebp1 (Table S2). The signals obtained from the ChIP were analyzed by the 

percent input method.

Cap-binding assays.—NIH3T3 cells were seeded at a density of 1.0×106 in 10 cm tissue 

culture plates and incubated overnight at 37°C. Cells were then treated with DMSO or 

Nutlin-3a (10 μM) for 8 h. Subsequently, cells were harvested and washed twice with ice 

cold 1×PBS before being lysed for 30 min on ice with occasional agitation in Cap Lysis 

Buffer (10 mM Tris-HCl pH 7.5. 140 mM KCl, 4 mM MgCl2, 1 mM DTT, 1 mM EDTA, 

1% Nonidet P-40) supplemented with protease and phosphatase inhibitor for 30 min on ice 

with occasional agitation. Lysates were cleared via centrifugation at 10,000 RCF for 15 min 

at 4°C. Resulting supernatants were collected and protein concentration was determined 

using a BCA assay (Thermo Fisher). 250 μg of protein was pre-cleared using 50 μL of 

agarose beads (Jena Biosciences, AC-100S) in Cap Lysis Buffer for 30 min at 4°C with 

rocking. Next, the beads were pelleted at 1000 RCF and the supernatant was added to 50 μL 

of γ-aminophenyl-m7GTP (C10-spacer)-agarose beads (Jena Biosciences, AC-155S) in Cap 

Lysis Buffer overnight at 4°C with rocking. Supernatant was removed and the beads were 

washed twice with Cap Lysis Buffer followed by 1×PBS. Beads were then resuspended in 

100 μL of 1× SDS loading buffer and boiled for 5 min. 25 μL of each sample was used for 

SDS-PAGE and Western blot analysis for eIF4E, eIF4G, and 4E-BP1.

Proliferation and apoptosis assays.—Cell proliferation and apoptosis levels were 

measured using EdU (5-ethynyl-2´-deoxyuridine) incorporation and Annexin V staining, 

respectively. Briefly, 1.0×105 NIH3T3 cells were seeded in a 6-well plate and incubated 

overnight at 37°C. The following day cells were treated with DMSO or Nutlin-3a (10 μM) 
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for 4 or 8 h. For proliferation measurements, one hour before incubation was complete, cells 

were treated with 10 μM EdU using a Click-iT EdU Alexa Fluor 488 flow Cytometry Assay 

Kit (Thermo Fisher, C10425) and processed as per manufacturer’s instructions. For 

apoptosis measurements, cells were harvested, washed twice with Cell Staining Buffer, and 

labeled using a FITC Annexin V and propidium iodide staining kit as per manufacturer’s 

protocol (BioLegend, 640914). Both EdU- and Annexin V-labeled samples were analyzed 

on a LSRII flow cytometer (BD Biosciences) using software packages CellQuest and FlowJo 

v10.

For whole mount cell death assays, dissected embryos were incubated with 1 mL of 5 μM 

LysoTracker Red DND-99 (Invitrogen) in HBSS for 45 min at 37°C. Embryos were washed 

4X with HBSS and then fixed in 4% paraformaldehyde overnight at 4°C. Embryos were 

washed with PBS + 0.1% Tween-20 and then dehydrated stepwise into 100% methanol in 

which they were stored at −20°C. Prior to imaging, they were rehydrated stepwise into PBS 

+ 0.1% Tween-20 and imaged on a fluorescence microscope.

Immunofluorescence on cryosections.—Immunofluorescence on cryosections was 

performed per standard protocols. Mouse embryos were dissected and fixed in ice-cold 4% 

PFA for 1 hour, washed four times with PBS + 0.1% Tween-20, equilibrated in 30% sucrose 

0.1M potassium phosphate buffer, pH 7.4, embedded in O.C.T., and stored at −80°C. 

Embryos were sectioned transversely into 12 um thick sections using a Leica cryostat, and 

frozen on slides at −80°C until use. For immunofluorescence staining, all washes and 

incubations were done using blocking buffer (PBS with 1% goat serum and 0.1% Triton 

X-100). Sections were blocked for 1 hr in blocking buffer, incubated in primary antibody 

overnight at 4C, washed three times, incubated for 1 hr at room temperature with secondary 

antibody, and washed three more times before mounting. Primary antibodies were used at 

the following concentrations: 1:200 Leica anti-p53 (CM5P-L), 1:500 Sigma anti-phospho-

Histone H3 (06–570), 1:600 Cell Signaling Technology Cleaved Caspase-3 (9661S). Goat 

anti-rabbit AF568 secondary from Life Technologies (A11036) was used for all slides at 

1:500. Slides were imaged using a Zeiss EC 10x Plan-Neofluar Ph1 objective (NA = 0.3), 

and acquired using a CSU-X1 UltraVIEW Spinning disc with a Hamamatsu EM-CCD 

camera and Volocity software. Slides comparing the same antibodies were imaged using 

consistent imaging settings and processing. For phospho-Histone H3 quantification, total 

cell count in the limb bud from multiple embryos was quantified from DAPI staining with 

Spot Counter in ImageJ, and phospho-Histone H3 positive cells were counted manually. 

Images are representative of average percentages of phospho-Histone H3 cells in 

Prx1Cre;Rps6lox/+ and wildtype sections.

Measurement of global protein synthesis.—Briefly, O-propargyl-puromycin (OPP) 

labeling of embryonic limbs was done as follows. E10.5 embryos were dissected in filming 

media (DMEM/F12, no phenol red, 10% FBS). Forelimbs were removed and dissociated in 

Dissociation Buffer (1% trypsin in HBSS without Ca+2 or Mg+2) for 15 min at 37°C. 

Resuspended forelimb cells were used for downstream labeling and analysis. For OPP or L-

homopropargylglycine (HPG) labeling of cultured cells, primary MEFs or NIH3T3 cells 

were seeded at a density of 1.0×105 cells/well in a 6-well plate and allowed to attach 
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overnight. The following day, cells were treated with DMSO, Nutlin-3a (10 μM), or 

Doxorubicin (0.2 μg/mL) before metabolic labeling. For OPP incorporation, cells were 

labeled with 20 μM of OPP in DMEM plus drug for 30 min at 37°C. For HPG labeling, two 

hours before each timepoint, cells were methionine starved in Met dropout media (DMEM 

supplemented with 10% dialyzed FBS, 25 mM L-cysteine, 2 mM L-glutamine, no 

methionine) for 45 min at 37°C. Cells were then labeled with 50 μM HPG (Thermo Fisher, 

C10186) or 50 μM L-Met (control) for 1 h at 37°C. Following metabolic labeling, cells were 

harvested and washed with twice 1×PBS. Cell pellets were resuspended in Zombie Violet 

Live-Dead Stain (1:500 in PBS; BioLegend, 423113) and incubated for 15 min in the dark. 

Cells were then washed with Cell Staining Buffer (0.1% NaN3, 2% FBS in HBSS) before 

being fixed in 1% PFA for 15 min on ice. Subsequently, cells were permeabilized overnight 

at 4°C in Perm Buffer (0.1% Saponin, 0.1% NaN3, 3% FBS in PBS). The next day, cells 

were washed twice with Cell Staining Buffer (without 0.1% NaN3), labeled with an Alexa 

Fluor 555 Picolyl Azide dye (Thermo Fisher, C10642) and incubated for 30 min at room 

temperature in the dark. Labeled cells were washed and resuspended in Cell Staining Buffer 

before being analyzed on either a LSRII flow cytometer (BD Biosciences) or a NovoCyte 

Quanteon (Agilent Technologies) using software packages CellQuest and FlowJo v10.

Sucrose density gradients and RT-qPCR.—E10.5 mouse embryonic limbs were 

harvested in cold HBSS (Thermo Fisher, 14025–076) containing 100 μg/ml cycloheximide 

(CHX). Limb pairs from 3–4 embryos of a given genotype were pooled and lysed via 

vigorous pipetting and 30 minute incubation at 4°C in 175 μL lysis buffer (20 mM Tris-HCl 

pH 7.5, 150 mM NaCl, 15 mM MgCl2, 1 mM DTT, 8% glycerol, 1% Triton X-100, 100 

μg/ml CHX (Sigma-Aldrich, C7698–1G), 200 U/mL SUPERase RNase Inhibitor (Thermo 

Fisher, AM2696), 20 U/ml Turbo DNAse (Thermo Fisher, AM2238), and 1X Halt Protease 

and Phosphatase Inhibitor Cocktail (Thermo Fisher, 78442). Samples were centrifuged at 

1,300xg, 5 min and 10,000xg, 5 min to remove cell debris. Samples were then layered onto a 

15–45% sucrose gradient or 25–50% sucrose gradient containing 20 mM Tris-HCl pH 7.5, 

100 mM NaCl, 15 mM MgCl2, and 100 μg/ml CHX. 15–45% gradient was made on a 

Biocomp Model 108 Gradient Master. 25–50% gradient was made by sequentially freezing 

at −80°C a 5-step gradient (50%, 43,75%, 37.5%, 31.25%, 25% sucrose). Samples layered 

on gradients were spun on a Beckman SW-60 rotor at 35,000 RPM, 2.5 h, 4°C. After 

centrifugation, gradients were fractionated using a Density Gradient Fraction System 

(Brandel, BR-188). To normalize for fraction volume in subsequent RT-qPCR experiments, 

100 pg of in vitro transcribed RNA containing Renilla and Firefly luciferase (in vitro 
transcribed from the pRF-HCV vector) were added to each fraction. Equal volumes of 

fractions were then pooled as described in the text. RNA was then extracted by mixing 

samples with Acid-Phenol:Chloroform, pH 4.5 (with IAA, 125:24:1) (Thermo Fisher, 

AM9722), incubating at 65°C, 5 min, and subsequent centrifugation at 21,000xg, 10 min, 

RT. The aqueous phase was obtained, mixed 1:1 with 100% ethanol, and further purified 

using the RNA Clean & Concentrator-5 kit (Zymo Research, R1013). Samples were treated 

30 minutes with TURBO DNase per manufacturer protocol (Thermo Fisher, AM2238), and 

subsequently purified again using the RNA Clean & Concentrator-5 kit. Next, 20 ng of RNA 

was used for first strand cDNA synthesis using the iScript Supermix (Bio-rad, 1708841). 

cDNA was diluted 20-fold and 4 μL was used in a reaction for SYBR green detection with 
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SsoAdvanced SYBR Green supermix (Bio-Rad, catalog no. 1725270) on a CFX384 

machine (Bio-rad). All primer sequences are available in Table S2.

For analysis, the candidate transcript qPCR Ct value in each pooled fraction was normalized 

to that of the spike-in in vitro transcribed Renilla luciferase RNA. Normalized Ct values 

were converted from log to linear space, multiplied by the number of fractions combined per 

pool, and then normalized to the sum total across all pooled fractions for a given sample. 

These values were compared between genotypes for each fraction using a paired, two-tailed 

t-tests with samples paired based on day of collection and somite count.

Ribosome profiling of embryonic limb buds.—Ribosome profiling was performed as 

described before (Ingolia et al., 2012) with modifications. Details are described below. E10.5 

mouse embryonic limbs were harvested in cold HBSS (Thermo Fisher, 14025–076) 

containing 100 μg/ml cycloheximide (CHX). Choice of RNase was particularly important 

given that low input samples from a pair of E10.5 embryonic limbs were used. Although 

RNase I offers better codon resolution than RNase A/T1, RNase I has been shown to 

degrade ribosomes when used in high concentrations relative to input RNA whereas RNase 

A and T1 better maintain ribosome integrity at a greater range of concentrations despite only 

cutting single stranded RNA at C/U and G, respectively (Cenik et al., 2015). Given that 

E10.5 embryonic limbs yield low amounts of RNA, RNase A and T1 were used to prevent 

excess ribosome degradation.

Embryonic heads were collected for subsequent genotyping. Limb pairs from each embryo 

were lysed via vigorous pipetting and 30 minute incubation at 4°C in 215 μL buffer A (20 

mM Tris-HCl pH 7.5, 150 mM NaCl, 15 mM MgCl2, 1 mM DTT, 8% glycerol, 1% Triton 

X-100, 100 μg/ml CHX (Sigma-Aldrich, C7698–1G), 20 U/ml Turbo DNAse (Thermo 

Fisher, AM2238), and Complete Protease Inhibitor EDTA-free (Sigma-Aldrich, 

11836170001). Lysates were cleared via sequential centrifugation at 1,300g, 5 min and 

10,000g, 10 min at 4°C. For RNA input for RNA-Seq, 70 μL of lysate was diluted in 55 μL 

of water and stored at −80°C in 375 μL of TRIzol LS (Thermo Fisher, 10296010). For 

ribosome profiling, 120 μL of cleared lysate was treated with 0.5 μg RNase A (Thermo 

Fisher, AM2271) and 300 U RNase T1 (Thermo Fisher, EN0541) for 30 min, RT with gentle 

rocking. The reaction was stopped by the addition of 100 U SUPERase RNase Inhibitor 

(Thermo Fisher, AM2694). Ribosomes were enriched by adding 110 μL lysate onto 900 μL 

sucrose cushion buffer (1 M sucrose in buffer A containing 20 U/mL SUPERase RNase 

Inhibitor), and centrifuging in a TLA 120.2 rotor (Beckman) 70,000 rpm, 4 h, 4 °C. The 

ribosome pellet containing the ribosome footprinted Ribo-Seq library was resuspended in 

500 μL TRIzol.

Library preparation was adapted from previous protocols(Flynn et al., 2015; Ingolia et al., 

2012) and the ARTseq Ribosome Profiling Kit manual (Epicentre, Illumina). In summary, 

total RNA and ribosome footprints were extracted using the Direct-zol Micro Kit (Zymo, 

R2060) with in-column DNase I treatment. To have an adequate amount of RNA for 

subsequent steps, pairs of samples of the same genotype were pooled to generate a single 

replicate sample, brought up to 90 μL with water, and precipitated with 150 μL isopropanol 

overnight −80°C after addition of 10 μL 3 M NaOAc pH 5.5 and 1.5 μL 15 mg/mL 
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GlycoBlue Coprecipitant (Thermo Fisher, AM9515). The samples were then centrifuged at 

21,000g, 30 min, 4°C, supernatant was removed, and the RNA pellet was washed 500 μL 

cold 75% ethanol. Pellets were dried for 10 min, RT and resuspended in 15 μL nuclease free 

water. After extraction and precipitation, both ribosome footprinting and total RNA samples 

were depleted of rRNA using the Ribo-Zero Gold rRNA Removal Kit (H/M/R) (Illumina, 

catalog no. MRZG126) with the modification that the 50°C incubation was not performed 

for the ribosome footprinting samples. The samples were then column purified (RNA Clean 

& Concentrator 5, Zymo Research, catalog no. R1016) with the modifications that 2 

volumes of RNA Binding Buffer and 4.5 volumes of ethanol were added to ribosome 

footprinting samples to purify small RNAs and 1 volume of RNA Binding Buffer and 1 

volume of ethanol was added to total RNA samples to isolate RNA > 200 nt. Total RNA 

samples were then fragmented by partial alkaline hydrolysis. The samples were diluted to 

100 μL with 5 mM Tris-HCl, pH 7.5 and incubated with 100 μL 2x alkaline fragmentation 

buffer (100 mM Na2CO3 pH 9.2, 2 mM EDTA) for 20 minutes at 95°C. The reaction was 

neutralized with 440 μL STOP Buffer (70 μL 3 M NaOAc pH 5.5, 2 μL Glycoblue, and 370 

μL nuclease free water) and isopropanol precipitated overnight at −80°C.

Ribosome protected fragments and total RNA samples were then size selected by running 

the samples out on a 15% TBE-Urea polyacrylamide gel. Ribosome protected fragments 

were size selected between 28-nt and 34-nt as marked by RNA oligonucleotides oNTI199 

and oNTI265, respectively (Ingolia et al., 2011). Total RNA samples were size selected 

between 34–70 nt as marked by a 10 bp DNA ladder (Invitrogen, catalog no. 10821015). Gel 

slices were crushed and extracted at room temperature overnight in 400 μL RNA extraction 

buffer (300 mM NaOAc pH 5.5, 1 mM EDTA, 0.25% SDS) and isopropanol precipitated. 

Samples were then 3’dephosphorylated by denaturing at 65°C for 5 min and incubating with 

T4 PNK (NEB, catalog no. M0201S) in a 10 μL reaction (7 μL precipitated RNA, 1 μL 10x 

T4 PNK Buffer, 1 μL SUPERase Inhibitor, 1 μL 10 U/μL T4 PNK) at 37°C for 1 hour. The 

reaction was stopped through heat inactivation at 65°C for 20 min. To ligate adaptor, 

samples were then incubated with 0.5 μL of 50 μM Universal miRNA Cloning Linker (NEB, 

catalog no. S1315S) and denatured at 65°C for 5 min. The denatured sample was then 

incubated with 1 μL T4 RNA Ligase 2, truncated KQ (NEB, M0373S), 1 μL 10x buffer, 6 

μL 50% PEG 8000, and 1.5 μL water for 4.5 h at 25°C. Free adaptor was then removed by 

addition of 1 μL 10 U/μL 5’-Deadenylase (NEB, M0331S). 1 μL 10 U/μL RecJ Exonuclease 

(Lucigen/Epicentre, RJ411250). and 1 μL 20 U/μL SUPERase Inhibitor. Samples were then 

purified using Zymo RNA Clean & Concentrator-5 columns using the protocol above to 

preserve small RNAs (100 μL sample, 200 μL RNA binding buffer, 450 μL 100% ethanol).

To perform reverse transcription, 10 μL sample was incubated with 2 μL of 1.25 μM RT 

primer (see Table S2) and denatured at 65°C for 5 min. Reverse transcription (RT) was 

performed with primers containing sample barcodes and unique molecular identifiers. RT 

was performed with SuperScript III (Thermo Fisher, 18080–044) in a 20 μL reaction (48°C, 

40 min). RNA was then hydrolyzed by adding 2.2 μL of 1N NaOH and incubating for 20 

min at 98°C. Samples were then purified using Zymo RNA Clean & Concentrator-5 

columns (100 μL sample, 200 μL RNA binding buffer, 450 μL 100% ethanol). RT products 

were size selected and gel extracted from 10% TBE Urea polyacrylamide gels as described 

above instead that DNA extraction buffer was used for overnight extraction (300 mM NaCl, 
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10 mM Tris-HCl pH 8, 1 mM EDTA, 0.1% SDS). Eluate was then isopropanol precipitated 

overnight at −80°C overnight. Samples were then circularized with CircLigase (Illumina, 

CL4115K) in a 20 μL reaction (15 μL cDNA, 2 μL 10x CircLigase Buffer, 1 μL 1 mM ATP, 

1 μL MnCl2, 1 μL CircLigase) for 12 hours at 60°C and subsequently purified by Zymo 

RNA Clean & Concentrator 5 columns (100 μL sample, 200 μL RNA binding buffer, 450 μL 

100% ethanol) and eluted with 12 μL 10 mM Tris-HCl pH 8. 1 μL of library was used for 

PCR amplification with Phusion High-Fidelity DNA Polymerase (Thermo Fisher, catalog 

no. F530S) (98°C 30s, 98°C 10s, 65°C 10s, 72°C 5s) for 9–10 cycles (see Table S2 for 

primers). PCR product was PAGE purified from native 8% TBE polyacrylamide gels, 

extracted overnight using DNA extraction buffer, and isopropanol precipitated for > 2 h at 

−80°C. DNA was measured and quality controlled on the Agilent 2100 Bioanalyzer (High-

Sensitivity DNA) by the Stanford Protein and Nucleic Acid (PAN) Facility. Libraries were 

sequenced by the Stanford Functional Genomics Facility (SFGF) on the Illumina NextSeq 

500 (1×75nt).

Ribosome profiling analysis.—For analysis pre-processing, UMI-tools(Smith et al., 

2017) was used to extract sample barcodes and UMIs. Reads were demultiplexed, sample 

barcodes were removed, and reads were quality filtered (fastq_quality_filter -Q33 -q 20 -p 

70) using FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). The 3’ adapter sequence 

CTGTAGGCACCATCAAT was removed using cutadapt (Martin, 2011), and the 5’ end of 

each read was then removed using fastx_trimmer from FASTX-Toolkit. To remove reads 

that aligned to rRNA, tRNA, and snRNAs, reads were first aligned to these sequences using 

bowtie2(Langmead and Salzberg, 2012) (bowtie2 parameters: -L 18) and subsequently 

discarded. Filtered reads that did not align to rRNA/tRNA/snRNAs were then aligned using 

bowtie2 (bowtie2 parameters: --norc -L 18) to an GRCm38/mm10 transcriptome reference 

derived from UCSC/GENCODE VM20 knownCanonical annotations filtered for high 

confidence transcripts that contain at least one of the following: a Uniprot ID, a RefSeq ID, 

or an Entrez ID. PCR duplicates were then removed using UMI-tools. Ribosome protected 

fragments (RPFs) were then parsed for uniquely aligned reads, separated into read length 

groups, and ribosome A site positions were determined by offsetting the distance of the 5’ 

end of each read to canonical start sites in each length group and adding 4 

nucleotides(Ingolia et al., 2011). RNA-Seq reads were also parsed for uniquely aligned reads 

and were assigned to the center of each read. RPFs and RNA-Seq reads were then counted 

using the transcriptome annotations detailed above. Reads aligning to the CDS (with the first 

15 codons and last 5 codons removed) were used for RPF libraries, and reads aligning to the 

entire transcript were used for RNA-Seq libraries. Transcripts with counts per million (cpm) 

> 0.75 for at least 3 ribosome profiling libraries were retained for downstream analysis. RPF 

and RNA-Seq libraries were then normalized separately by the method of trimmed mean of 

M-values (TMM) using edgeR(Robinson et al., 2010).

Differential translation analysis was performed using voom(Law et al., 2014) and 

limma(Ritchie et al., 2015). The following design matrix was constructed (~0 + genotype 

and type of library (RPF vs. RNA) + replicate batch + sex). The corresponding contrast 

matrix comparing translational efficiency (RPF - RNA) for each of the pairs of genotypes of 

interest (e.g., Prx1Cre;Rps6lox/+;Trp53+/+ - Prx1Cre;Rps6lox/+;Trp53+/+, 
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Prx1Cre;Rps6lox/+;Trp53−/− - Prx1Cre;Rps6lox/+;Trp53−/−, etc.) was also constructed. The 

data was then voom transformed to remove mean-variance count heteroscedasticity. Using 

the design and contrast matrices mentioned above, linear models were fit to the data using 

limma with empirical Bayes moderation. Significant differentially translated genes were 

defined as those with FDR < 0.1 obtained using the Benjamini-Hochberg method. Note that 

although standard ribosome profiling cannot detect alterations in global protein synthesis, 

this technique can pinpoint relative changes in the translation efficiency (TE) of specific 

transcripts (McGlincy and Ingolia, 2017).

Gene set enrichment analysis was performed using Camera (Wu and Smyth, 2012) with 

mouse GO Biological Processes gene sets obtained from http://download.baderlab.org/

EM_Genesets/current_release/Mouse/Entrezgene/. Gene sets were filtered such that all 

genes in gene sets have expression values in the dataset. Gene sets were also filtered to only 

include those with > 10 and < 500 genes. Enriched gene sets were visualized using 

Enrichment Map (Merico et al., 2010) and Cytoscape. For feature analyses, UTR RNA 

folding energies were obtained from UCSC Genome Browser (foldUtr5 and foldUtr3). 

Normalized predicted structuredness is reflected by the change in free energy (ΔG) of the 

minimum free energy (MFE) structure normalized by feature length.

To select for high-confidence translationally repressed transcripts involved in limb 

development, transcripts were selected such that 1) the TE was significantly decreased in 

Prx1Cre;Rps6lox/+ vs. Rps6lox/+ embryos, and 2) the transcripts also had a significant 

decrease in RPF, which filters for transcripts whose changes in TE are driven primarily by 

ribosome footprints and not by changes in RNA transcript levels. The transcripts that then 

intersected with the significantly enriched limb-related GO categories (appendage 

development, appendage morphogenesis, limb development, and limb morphogenesis) were 

selected. This set of criteria would select for high confidence transcripts in these gene sets 

whose decrease in TE is primarily due to reduction in ribosome footprints and not to 

changes in transcript levels.

QUANTIFICATION AND STATISTICAL ANALYSIS

All measurements were sampled from individual biological replicates. Replicates for mouse 

embryo experiments consisted of individual limbs, individual embryos, or pools of embryos 

if material was limiting. Experiments consisted of multiple embryos from multiple litters. 

Unless otherwise stated, when groups of continuous data are compared, two-tailed t-tests 

with unequal variance were performed; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 

0.0001; for bar plots, error bars = SEM. For box-plots, center line, median; box limits, first 

and third quartiles; whiskers, max or min value no further than 1.5x interquartile range. 

Otherwise, statistical tests and definitions of significance are described in respective figure 

legends and methods for each experiment. No statistical methods were used to predetermine 

sample size.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Ribosomal protein (RP) haploinsufficiency in mouse limb causes patterning 

defects

• A p53-dependent translational regulatory program contributes to this 

phenotype

• p53 regulates translation through induction of 4E-BP1, a translation repressor

• Ribosome profiling reveals p53-dependent and -independent translational 

changes
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Figure 1. Rps6 haploinsufficiency in the developing limb bud mesenchyme leads to selective 
patterning defects marked by p53 activation and reduced global protein synthesis.
(A) Overview of forelimb development. AER, apical ectodermal ridge; h, humerus; r, radius; 

u, ulna.

(B) RT-qPCR of Rps6 mRNA from whole E10.5 forelimbs.

(C) Cre recombinase activity distribution in limb bud mesenchyme (Prx1Cre; orange), or in 

the overlying AER (Msx2Cre; green).

(D-I), E17.5 forelimbs and hindlimbs from WT (top row), Prx1Cre;Rps6lox/+ (middle row), 

and Msx2Cre;Rps6lox/+ (bottom row). Bone, red; Cartilage, blue. Numbers indicate digits. 

Arrow indicates absence of radius. Scale bars, 1 mm.

(J) Sox9 in situ hybridization of E12.5 forelimbs. Numbers indicate mesenchymal digit 

condensations. *Impaired digit development. Arrow indicates absence of radius. Scale bars, 

0.1 mm.

(K) Representative p53 Western blot in whole E10.5 forelimbs. n = 2 embryos each.

(L) RT-qPCR of p53 target genes in whole E10.5 forelimbs. n = 4 embryos (Rps6lox/+), n = 

5 embryos (Prx1Cre;Rps6lox/+).

(M) OPP MFI of cells dissociated from whole E10.5 Prx1Cre;Rps6lox/+ forelimbs 

normalized to WT. n = 5 embryos; MFI = median fluorescence intensity.

(N) OPP MFI of E11.5 Msx2Cre;Rps6lox/+ ectodermal cells normalized to WT. n = 8 

embryos.
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Figure 2. mTORC1 activation with corresponding augmented protein synthesis rescues Rps6 
haploinsufficiency phenotypes.
(A) Overview of potential pathways leading to developmental phenotypes upon Rps6 
haploinsufficiency, specifically p53 activation and translation dysregulation.

(B) Schematic of mTORC1 regulation and downstream effects.

(C-F) Representative E17.5 forelimbs of WT (Rps6lox/+) and Prx1Cre;Rps6lox/+ embryos in 

Tsc2 WT (Tsc2+/+) or Tsc2 conditional loss (Tsc2lox/lox) backgrounds. Arrow indicates 

absence of radius. Scale bars, 1 mm.

(G) OPP MFI of cells dissociated from whole E10.5 forelimbs normalized to WT. n = 7 

embryos, (Rps6lox/+;Tsc2+/+); n = 6 embryos, (Prx1Cre;Rps6lox/+;Tsc2+/+); n = 9 embryos, 

(Rps6lox/+;Tsc2lox/lox); n = 8 embryos, (Prx1Cre;Rps6lox/+;Tsc2lox/lox).

(H) RT-qPCR of p53 target genes from whole E10.5 forelimbs. n = 4 (Rps6lox/+, 
Prx1Cre;Rps6lox/+, Prx1Cre;Rps6lox/+;Tsc2lox/lox), n = 3 (Rps6lox/+;Tsc2lox/lox).
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Figure 3. p53 loss rescues Rps6 haploinsufficiency phenotypes, and p53 activation mediates 
translational changes upon Rps6 reduction.
(A-D) E17.5 forelimbs of WT and Prx1Cre;Rps6lox/+ embryos in Trp53 WT (Trp53+/+) and 

Trp53 null (Trp53−/−) backgrounds. Arrow indicates absence of radius. Scale bars, 1 mm.

(E) Potential pathways for p53-dependent translational control upon Rps6 
haploinsufficiency.

(F) OPP MFI of cells dissociated from whole E10.5 forelimbs normalized to WT 

(Rps6lox/+). n = 5 embryos.

(G) HPG MFI of mouse embryonic fibroblasts treated with Nutlin-3a or Doxo normalized to 

DMSO treated control. 8 h treatment, n = 4.
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Figure 4. Ribosome profiling reveals p53-dependent and -independent translation changes upon 
Rps6 haploinsufficiency.
(A-B) MA plot of change in translational efficiency (ΔTE) in whole E10.5 Prx1Cre;Rps6lox/+ 

vs. Rps6lox/+ forelimbs in Trp53+/+ (A) and Trp53−/− (B) backgrounds. red, ΔTE > 0; blue, 

ΔTE < 0; n = 3; FDR < 0.1. (C) Gene set enrichment analysis for transcripts changing in TE 

in E10.5 Prx1Cre;Rps6lox/+ vs. Rps6lox/+ forelimbs. node size, gene set size; edge size, gene 

set overlap; FDR < 0.1.
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(D) Relative change in ribosome footprints (red) and mRNA expression (gray) for select 

high-confidence transcripts (see Methods).

(E) Violin plots quantifying ΔTE relative to computationally predicted 5’UTR 

structuredness normalized to UTR length (ΔG MFE / 5’UTR length; see Methods) and 

relative to CDS length. Transcripts are stratified by direction of ΔTE (blue, down; red, up) 

and FDR; Mann-Whitney U test.

(F) Workflow of the primary limb micromass assay.

(G) Fluc/Rluc activity from RNA reporter transfection in whole E11.5 forelimb micromass 

cultures normalized to the geometric mean of control Pkm and Cnot10 5’UTR activities and 

WT (Rps6lox/+). Pkm and Cnot10 were chosen as controls given that they did not change in 

TE upon Rps6 haploinsufficiency (Table S3).

(H) Fluc/Rluc activity of Megf8 5’UTR RNA reporter transfected into whole E11.5 forelimb 

micromass cultures normalized to control Pkm 5’UTR activity and mean of WT (Rps6lox/+) 

or Trp53-null (Rps6lox/+;Trp53−/−) background.
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Figure 5. p53 activation leads to transcriptional upregulation of Eif4ebp1.
(A) Potential model of p53-dependent translational control upon Rps6 haploinsufficiency.

(B) HPG MFI of MEFs expressing WT or transactivation dead p53 (Trp53QM) treated with 

Nutlin-3a or Doxo normalized to mean of DMSO control expressing WT p53. 8 h treatment, 

n = 6.

(C) Eif4ebp1 expression from RNA-Seq of whole E10.5 forelimbs normalized to WT 

(Rps6lox/+;Trp53+/+), n = 3.

(D) Expression of Eif4ebp1 and Eif4ebp2 mRNA from whole E10.5 forelimbs.

(E-F) Representative 4E-BP1 Western blot (E) and quantification (F) from Figure S7B of 

E10.5 Rps6lox/+ and Prx1Cre;Rps6lox/+ forelimb mesenchyme cells after ectoderm removal 

with values normalized to Actin and Rps6lox/+. n = 7, Rps6lox/+; n = 9, Prx1Cre;Rps6lox/+.

(G) Expression of Eif4ebp1 and p53 target genes by RT-qPCR from NIH3T3 cells treated 

with DMSO or Nutlin-3a for 8 h.

(H-I) Western blot of 4E-BP1 from NIH3T3 cells treated with Nutlin-3a for 8 h. Shown is a 

representative blot (H) with quantification (I) from 4 independent replicates.

(J) p53 ChIP-Seq gene track of Eif4ebp1 locus (Kenzelmann Broz et al., 2013) from Doxo-

treated Trp53+/+ and Trp53−/− MEFs. Capital letters = transcription state site; red highlight = 
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Eif4ebp1 promoter; blue highlight = putative p53-binding region; bold = Eif4ebp1 start 

codon; underline = p53 core binding sequence.

(K) Fluc/Rluc activity normalized to DMSO control of each construct. Plasmid containing a 

minimal promoter, the Eif4ebp1 region, or mutated Eif4ebp1 region (Figure S7F) were 

transfected into NIH3T3 cells and treated with DMSO, Nutlin-3a, or Doxo for 8 h; n = 6.
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Figure 6. p53 controls translation in part through 4E-BP1
(A) mRNAs with highly structured 5’UTRs are particularly sensitive to eIF4E/4E-BP1-

mediated regulation (Pelletier and Sonenberg, 1985; Pelletier et al., 2015). In normal 

homeostasis (1), eIF4E recruits eIF4G/4A, which helps unwind structured 5’UTRs and 

promote translation. Upon RP haploinsufficiency (2), p53-mediated 4E-BP1 induction may 

lead to selective translational repression of structured mRNAs by blocking eIF4E-eIF4G/4A 

binding.

(B) Cap-binding assay of NIH3T3 cells treated with Nutlin-3a for 8 h. Bottom: ratio of 4E-

BP1 to eIF4E in cap-binding assays; n = 2.

(C) Left: HPG MFI upon 4E-BP1/2 siRNA treatment in primary Rps6lox/+ and 

Prx1Cre;Rps6lox/+ limb micromass cultures from whole E10.5 forelimbs. Values normalized 

to respective wildtype of each siRNA condition; n = 4. Right: Western blot of 4E-BP1 and 

4E-BP2 levels in primary Rps6lox/+ limb micromass cultures after siRNA treatment for 16 h. 

Numbers indicate quantification of proteins normalized to siFluc.

(D) HPG MFI upon 4E-BP1/2 siRNA treatment in NIH3T3 cells normalized to mean of 

respective DMSO control for each knockdown condition; n = 4.

(E) Left: Schematic of 4EGI-1 treatment and luciferase RNA reporter assay in C3H/10T1/2 

mesenchymal cells. Right: Fluc/Rluc activity of RNA reporters transfected into C3H/10T1/2 
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cells after 4 h 4EGI-1 treatment. Activity was normalized to the geometric mean of Pkm and 

Cnot10 5’UTR reporters and mean of DMSO control.

(F) Fluc/Rluc activity from transfection of RNA reporters in NIH3T3 cells treated with 

either DMSO or Nutlin-3a for 8 h after siRNA knockdown for 16 h with control or 4E-BP1 

siRNA. Activity was normalized to the geometric mean of control Pkm and Cnot10 5’UTR 

activities and mean of respective DMSO control of each knockdown condition.
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Figure 7. Depletion of RPs commonly mutated in ribosomopathies induces Eif4ebp1 expression.
RT-qPCR of p53 target genes (Eda2r, Ccng1, Cdkn1a) and Eif4ebp1 in primary forelimb 

micromass cultures after Rps19 and Rps14 siRNA knockdown. n = 4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-GAPDH Cell signaling Cat# 97166

mouse anti-actin Cell signaling Cat# 3700S

rabbit anti-Rps6 Cell signaling Cat# 2217L

rabbit anti-4E-BP1 Cell signaling Cat# 9644S

rabbit anti-4E-BP2 Cell signaling Cat# 2845S

rabbit anti-phospho-p70 S6 Kinase(T389) Cell signaling Cat# 9205S

rabbit anti-p70 S6 Kinase Cell signaling Cat# 9202S

rabbit anti-phopsho-ULK1(Ser757) Cell signaling Cat# 6888T

rabbit anti-ULK1 Cell signaling Cat# 8054T

rabbit anti-TSC2 Cell signaling Cat# 4308T

rabbit anti-eIF4G Cell signaling Cat# 2498S

rabbit anti-p53 Leica Biosystems Cat# CM5P-L

mouse anti-eIF4E BD Biotransduction Cat# 610269

anti-phospho-Histone H3 Sigma Cat# 06-570

Cleaved Caspase-3 Cell signaling Cat# 9661S

Goat anti-rabbit AF568 Life Technologies Cat# A11036

donkey anti-mouse HRP GE Healthcare Cat# NA931-1ML

donkey anti-rabbit HRP GE Healthcare Cat# NA934-1ML

alkaline phosphatase-conjugated anti-DIG Sigma Cat# 11093274910

Bacterial and virus strains

Ad5 CMV-Cre University of Iowa Viral Vector Core 
Facility

Cat# Ad5CMVCre

Ad5 CMV-empty University of Iowa Viral Vector Core 
Facility

Cat# Ad5CMVempty

Biological samples

Chemicals, peptides, and recombinant proteins

O-propargyl-puromycin Medchem Source LLP Cat# JA-1024

L-homopropargylglycine Thermo Fisher Cat# C10186

4EGI-1 (eIF4E/eIF4G interaction inhibitor) Millipore Sigma Cat# 324517

Dimethyl sulfoxide (DMSO, cell culture grade) Sigma Cat# D2650

Nutlin-3a Cayman Chemicals Cat#18585

Doxorubicin hydrochloride Sigma Cat# D1515

TURBO DNase Ambion Cat# AM2238

SUPERase In RNase Inhibitor Ambion Cat# AM2696

TRIzol Invitrogen Cat# 15596

iScript Supermix Bio-Rad Cat# 1708840
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REAGENT or RESOURCE SOURCE IDENTIFIER

SsoAdvanced SYBR Green supermix Bio-Rad Cat# 1725270

SDS-PAGE gels Bio-Rad Cat# 567-1095, 456-1096

Semi-dry Trans-Blot Turbo system Bio-Rad Cat# 170-4273

Clarity Western ECL Substrate Bio-Rad Cat# 170-5061

Dulbecco’s Modified Eagle’s Medium GIBCO Cat# 11965–118

Fetal calf serum EMD Millipore Cat# TMS-013-B

DMEM/F-12, HEPES, with phenol red Thermo Fisher Cat# 11330032

Penicillin-Streptomycin Solution 100X Thermo Fisher Cat# 15140163

Opti-MEM GIBCO Cat# 11058-021

Lipofectamine 2000 Invitrogen Cat# 11668-019

Dharmafect I Dharmacon Cat# T-2001-02

siGENOME smart pool siRNA 4EBP1 Dharmacon Cat# M-058681-01-0005

siGENOME smart pool siRNA 4EBP2 Dharmacon Cat# M-044972-01-0005

siGENOME control siRNA #3 Dharmacon Cat# D-001210-03-05

siGENOME control siRNA #2 (siFluc) Dharmacon Cat# D-001210-02-05

Zombie Violet Live-Dead Stain BioLegend Cat# 423113

BM Purple AP substrate Sigma Cat# 11442074001

LysoTracker Red DND-99 Invitrogen Cat# L7528

Alizarin Red S Sigma A5533

Alcian Blue 8GX Sigma A5268

HBSS Thermo Fisher 14025-076

Cycloheximide Sigma-Aldrich C7698

Halt Protease and Phosphatase Inhibitor Cocktail Thermo Fisher 78442

Acid-Phenol: Chloroform, pH 4.5 (with IAA, 125:24:1) Thermo Fisher AM9722

Complete Protease Inhibitor EDTA-free Sigma-Aldrich 11836170001

TRIzol LS Thermo Fisher 10296010

RNase A Thermo Fisher AM2271

RNase T1 Thermo Fisher EN0541

GlycoBlue Coprecipitant Thermo Fisher AM9515

10 bp DNA ladder Invitrogen 10821015

T4 PNK NEB M0201S

Universal miRNA Cloning Linker NEB S1315S

T4 RNA Ligase 2, truncated KQ NEB M0373S

5’-Deadenylase NEB M0331S

RecJ Exonuclease Lucigen/Epicentre RJ411250

Critical commercial assays

Dual-Luciferase Reporter Assay System Promega Cat# E1980

Monarch Gel Extraction Kit NEB Cat# T1020S

NEBuilder HiFi DNA Assembly Master Mix NEB Cat# E2621S

Dev Cell. Author manuscript; available in PMC 2022 July 26.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tiu et al. Page 43

REAGENT or RESOURCE SOURCE IDENTIFIER

RNA Clean and Concentrator-5 columns Zymo Research Cat# R1016

RNA PureLink columns Ambion Cat# 12183018

mMESSAGE mMACHINE® T7 Transcription Kit Ambion Cat# AM 1344

Poly(A) Polymerase Tailing Kit Lucigen Cat# PAP5104H

Agarose beads Jena Biosciences Cat# AC-100S

γ-aminophenyl-m7GTP (C10-spacer)-agarose beads Jena Biosciences Cat# AC-155S

Click-iT EdU Alexa Fluor 488 flow Cytometry Assay Kit Thermo Fisher Cat# C10425

FITC Annexin V and propidium iodide staining kit BioLegend Cat# 640914

Click-iT™ Plus Alexa Fluor™ 555 Picolyl Azide Toolkit Thermo Fisher Cat# C10642

Direct-zol Micro Kit Zymo R2060

Ribo-Zero Gold rRNA Removal Kit (H/M/R) Illumina MRZG126

SuperScript III Thermo Fisher 18080-044

CircLigase Illumina CL4115K

Phusion High-Fidelity DNA Polymerase Thermo Fisher F530S

Deposited data

Ribosome profiling (ribosome footprints and RNA-Seq) data from E10.5 
Rps6lox/+;Trp53+/+; Prx1Cre;Rps6lox/+;Trp53+/+; Rps6lox/+;Trp53−/−; 
Prx1Cre;Rps6lox/+;Trp53−/− embryonic limb buds

This paper GEO: GSE135722

p53 ChIP-seq in primary MEFs (Kenzelmann Broz et al., 2013) GEO: GSE46240

Experimental models: cell lines

NIH3T3 ATCC CAT#CRL-1658

C3H10T1/2 ATCC CAT#CCL-226

Mouse embryonic fibroblasts (Trp53LSL-WT/LSL-WT) (Brady et al., 2011) N/A

Mouse embryonic fibroblasts (Trp53LSL-25,26,53,54/LSL-25,26,53,54) (Brady et al., 2011) N/A

Experimental Models: organisms/strains

Mouse: Rps6lox (Volarevic et al., 2000) N/A

Mouse: Prx1Cre (Logan et al., 2002); Jackson 
Laboratories

JAX: 005584

Mouse: Msx2Cre (Sun et al., 2000); Jackson 
Laboratories

JAX: 027892

Mouse: Tsc2lox (Hernandez et al., 2007); Jackson 
laboratories

JAX: 027458

Mouse: Trp53null (Jacks et al., 1994) N/A

Mouse: RosamTmG (Muzumdar et al., 2007) N/A

Oligonucleotides

Oligonucleotides for ribosome profiling, RT-qPCR, ChIP-PCR, see Table 
S2

This paper N/A

Recombinant DNA

pGL3-Pkm-FLB-stop This Paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pGL3-Cnot10-FLB-stop This Paper N/A

pGL3-Mdm4-FLB-stop This Paper N/A

pGL3-Rnf10-FLB-stop This Paper N/A

pGL3-Megf8-FLB-stop This Paper N/A

pGL3-Col2a1-FLB-stop This Paper N/A

pGL3-Gli2-FLB-stop This Paper N/A

pGL4.23 Promega CAT#E8411

pGL4.23-p53-4EBP1_delMiniP This Paper N/A

pGL4.23-Delp53-4EBP1_delMiniP This Paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Prism Graphpad Software Inc. Version 8.0

FlowJo BD Biosciences Version 10.7.1

Volocity Quroum Technologies Version 6.3.1

UMI-tools (Smith et al., 2017) https://github.com/
CGATOxford/UMI-tools

FASTX-Toolkit http://hannonlab.cshl.edu/
fastx_toolkit/

http://
hannonlab.cshl.edu/
fastx_toolkit/

cutadapt (Martin, 2011) https://
cutadapt.readthedocs.io/e
n/stable/

bowtie2 (Langmead and Salzberg, 2012) http://bowtie-
bio.sourceforge.net/
bowtie2/

voom (Law et al., 2014) https://
www.rdocumentation.org
/packages/limma/
versions/3.28.14/topics/
voom

limma (Ritchie et al., 2015) https://bioconductor.org/
packages/release/bioc/
html/limma.html

Camera (Wu and Smyth, 2012) https://
www.rdocumentation.org
/packages/limma/
versions/3.28.14/topics/
camera

Enrichment Map (Merico et al., 2010) http://apps.cytoscape.org/
apps/enrichmentmap

Cytoscape https://cytoscape.org/ https://cytoscape.org/

RStudio https://rstudio.com/ https://www.rstudio.com/

samtools (Li et al., 2009) http://www.htslib.org/

Mouse GRCm38/mm10 UCSC/GENCODE VM20 knownCanonical 
annotation

https://genome.ucsc.edu/ https://genome.ucsc.edu/

Enrichment Map Mouse Gene Sets http://download.baderlab.org/
EM_Genesets/current_release/
Mouse/entrezgene/

http://
download.baderlab.org/
EM_Genesets/
current_release/Mouse/
entrezgene/
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REAGENT or RESOURCE SOURCE IDENTIFIER

ggplot2 (Wickham, 2016) https://
ggplot2.tidyverse.org/

Other

Density Gradient Fraction System Brandel Cat# BR-188

CFX384 Touch qPCR machine Bio-Rad Cat# 1855485

ChemiDoc MP Bio-Rad Cat# 17001402

Biocomp Model 108 Gradient Master BioComp N/A

LSRII Flow Cytometer BD Biosciences N/A

NovoCyte Quanteon Flow Cytometer Agilent Technologies N/A

CFX384 Touch Real-Time PCR Detection System Bio-Rad Cat# 1855485

GloMax-Multi Plate Reader Promega Cat# E7081

SW-60 rotor Beckman Cat# 335649

TLA 120.2 rotor Beckman Cat# 357656
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