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Persistent cytoplasmic aggregates containing RNA binding proteins (RBPs) are central to the 

pathogenesis of late-onset neurodegenerative disorders such as amyotrophic lateral sclerosis 

(ALS). These aggregates share components, molecular mechanisms, and cellular protein quality 

control pathways with stress-induced RNA granules (SGs). Here, we assess the impact of stress on 

the global mRNA localization landscape of human pluripotent stem cell-derived motor neurons 

(PSC-MNs) using subcellular fractionation with RNA sequencing and proteomics. Transient 

stress disrupts subcellular RNA and protein distributions, alters the RNA binding profile of 

SG- and ALS-relevant RBPs and recapitulates disease-associated molecular changes such as 

aberrant splicing of STMN2. Although neurotypical PSC-MNs re-establish a normal subcellular 

localization landscape upon recovery from stress, cells harboring ALS-linked mutations are 

intransigent and display a delayed-onset increase in neuronal cell death. Our results highlight 

subcellular molecular distributions as predictive features and underscore the utility of cellular 

stress as a paradigm to study ALS-relevant mechanisms.

In brief

Markmiller et al. show that transient stress disrupts subcellular RNA and protein distributions 

in stem cell-derived motor neurons, recapitulating ALS-associated changes. Neurotypical motor 

neurons recover subcellular patterns after stress. However, motor neurons harboring ALS-linked 

mutations exhibit persistent RNA localization changes and eventual cell death.

Graphical abstract
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) primarily affects motor neurons, manifests late in life 

(Mejzini et al., 2019), and is almost universally fatal within 3–5 years of disease onset. 

No truly effective treatments currently exist. A deeper understanding of the molecular and 

cellular basis for the cell-type-selective vulnerability and the late-onset nature of the disease 

is crucial to devise effective therapies. Although modeling of ALS has been revolutionized 

by the ability to generate mostly pure motor neurons from pluripotent stem cells (PSCs) in 

a scalable manner (Chambers et al., 2009; Du et al., 2015), there is still a need to develop 

models that robustly recapitulate key features of the molecular and cellular phenotypes of 

the disease. In recent years, the study of cytoplasmic stress granules (SGs) has proved 

tremendously useful, because many ALS-linked mutations affect SG biology in various 

ways, such as SG dynamics (Boeynaems et al., 2017; Lee et al., 2016; Lin et al., 2016; 

Mackenzie et al., 2017; Martinez et al., 2016; Murakami et al., 2015; Patel et al., 2015), 

composition, and subcellular localization (Markmiller et al., 2018). In addition, cellular 

stress induces molecular phenotypes that are also observed in ALS mutant cells, including 

aberrant nucleocytoplasmic and axonal transport, both of which are increasingly implicated 

in ALS pathogenesis (Alami et al., 2014; Chou et al., 2018; Fallini et al., 2020; Zhang et al., 

2015, 2018).

We recently demonstrated that transient, non-lethal cellular stress followed by a recovery 

period can induce the formation of persistent cytoplasmic TDP-43 aggregates in ALS 

patient-derived PSC-motor neurons (MNs) (Fang et al., 2019). These persistent aggregates 

do not contain canonical SG markers such as G3BP1 and do not frequently occur in 

unstressed PSC-MNs, demonstrating that transient stress can be used to robustly induce an 

aging-dependent phenotype in an ALS mutant-specific context. Here, we use the transient 

stress paradigm in combination with a global mRNA localization profiling approach to 

measure subcellular mRNA distribution landscapes across different cell types and in 

response to cellular stress in the absence or presence of ALS-associated mutations. We show 

that the global mRNA localization landscape is shaped by a set of cell-type-independent 

rules based on basic transcript architecture and sequence features and are profoundly 

disrupted by cellular stress. Remarkably, although stress-induced mRNA localization 

changes are transitory in wild-type PSC-MNs, HNRNPA2B1 mutant PSC-MNs retain a 

drastically reshaped mRNA localization profile and display elevated cell death 72 h post-

stress, underscoring the value of the transient stress paradigm in eliciting robust, disease-

relevant molecular and cellular phenotypes in iPSC models of ALS.

RESULTS

Defining the subcellular localization landscape of stem cell-derived motor neurons

Defects in nucleocytoplasmic transport and the accumulation of TDP-43 and other nuclear 

RBPs in cytoplasmic inclusions are both central hallmarks of ALS/FTD (Neumann et al., 

2006) and the consequence of cellular stress (Hochberg-Laufer et al., 2019; Zhang et al., 

2018). Despite the prominent RBP mislocalization in these settings, few systematic attempts 

have been made to characterize the impact of both stress and ALS-linked mutations on 

global RNA localization in disease-relevant cell types. To enable such insights, we adapted 
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a subcellular fractionation and RNA sequencing approach (CeFra-seq) (Benoit Bouvrette 

et al., 2018; Lefebvre et al., 2017) and applied it to PSCs and selected PSC-MN lines 

generated by direct differentiation (Chambers et al., 2009; Du et al., 2015; Markmiller 

et al., 2018; Martinez et al., 2016) (Figure S1A). We generated duplicate sets of total 

input, nuclear, cytoplasmic, and insoluble fractions from three PSC and two PSC-MN 

lines that were differentiated independently in duplicate from motor neuron progenitors 

(MNPs) and extracted both RNA and protein for downstream analyses (Figure 1A). We 

confirmed efficient fractionation and reproducibility across cell types by analyzing the 

subcellular distribution of proteins and transcripts known to be enriched in specific fractions 

by western blot and qRT-PCR (Figures S1B and S1C). Next, we generated polyA-selected, 

strand-specific RNA sequencing (RNA-seq) libraries and sequenced these to ~18 million 

reads per library, of which 81% mapped uniquely to 28,000 genes. Principal component 

analysis (PCA) of gene expression values (reads per kilobase of transcript, per million 

mapped reads [RPKM]) of protein coding transcripts (19,221) revealed that samples were 

distinguished by cell type and subcellular fraction (Figure 1B).

To define fraction-enriched transcripts, we developed a metric based on pairwise differential 

expression analysis between all fractions using DESeq2 (Love et al., 2014), with all samples 

from the same cell type and fraction treated as replicates. A transcript is called fraction-

specific if it is significantly enriched (fold change ≥2, p ≤ 0.05) in one fraction over 

the other two fractions. To visualize global localization profiles, we adapted a method to 

project the distribution of all RNAs according to their normalized fraction expression values 

onto a two-dimensional space (Wang et al., 2012a). The coordinates of each transcript are 

derived from normalized DESeq2 expression values in each fraction, again representing the 

combined output of all individual cell lines subjected to duplicate CeFra-seq experiments. 

The resulting triangle plots allow both a global visualization of cell-type-specific RNA 

localization landscapes as well as the highlighting of individual transcript localization 

differences between cell types (Figure 1C). For example, ferritin light chain (FTL) and Y-
box binding protein 1 (YBX1) mRNAs were strongly enriched in the cytoplasm as shown by 

their position in the triangle plots (Figure 1C) and supported by their read coverage across 

fractions (Figure S1D). By contrast, the serine protease 53 (PRSS53) mRNA was enriched in 

the nucleus in PSC-MNs, but less highly expressed and more diffusely distributed in PSCs 

(Figures 1C and S1D).

Overall, 1,676 transcripts share enrichment in the cytoplasmic fraction in both PSCs and 

PSC-MNs, comprising 47% (1,676/3,590) and 84% (1,676/2,007) of cytoplasm-enriched 

transcripts in PSCs and PSC-MNs, respectively (Figure 1D). 920 transcripts shared 

enrichment in the nuclear fraction across both cell types, representing 56% (920/1,637) 

and 29% (920/3,132) of nuclear transcripts in PSCs and PSC-MNs, respectively. In both cell 

types, we found the fewest transcripts enriched in the insoluble fractions. The 32 shared 

transcripts represent 31% (32/104) and 9% (32/355) of the insoluble-enriched RNAs in 

PSCs and PSC-MNs, respectively (Figure 1D). Most transcripts with a cell-type-dependent 

fraction enrichment were expressed at comparable levels in the other cell type, suggesting 

that differential localization is not primarily due to cell-type-specific expression (Figure 

1E). In summary, despite differences in subcellular mRNA distribution, our results reveal 
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a remarkable similarity in the global mRNA localization landscape of PSCs and PSC-MNs 

and validate the application of CeFra-seq to neuronal cells.

Subcellular mRNA localization in neurons is governed by basic transcript architecture and 
sequence motifs in a cell-type-independent manner

To examine whether this stability of the subcellular mRNA localization landscape is directly 

encoded in basic transcript architecture, we analyzed transcript features, including GC 

content, the lengths of coding sequence (CDS), and untranslated regions (UTRs), as well 

as the number and length of introns. Among these, the CDS and 3′UTR lengths stood out 

as notably different among subcellular fractions, with cytoplasmic mRNAs characterized 

by significantly shorter CDS and 3′UTRs compared to nuclear- and insoluble-enriched 

transcripts (Figure 1F). By contrast, the insoluble fraction is distinguished by a significant 

enrichment of A- and U-rich 6-mer sequence motifs (Figure 1G). To quantify the degree 

to which localization information is encoded in basic transcript architecture, we constructed 

a random forest classifier (RFC) based on the above transcript features as well as k-mer 

enrichment of all nuclear and cytoplasmic transcripts in PSCs (Figure S1E). Using this 

approach, we were able to predict nuclear versus cytoplasmic localization with nearly 

90% accuracy (Figures S1F and S1G). Remarkably, a classifier trained on PSCs was 

highly accurate across a range of cell types derived from different tissues and maintained 

under different culture conditions (PSC-MNs, HepG2 hepatocellular carcinoma cells, and 

non-adherent K562 myelogenous leukemia cells) (Benoit Bouvrette et al., 2018; Lefebvre 

et al., 2017) (Figure S1F). This result concurs with previous findings in human cancer cell 

lines (Solnestam et al., 2012) and Drosophila oocytes (Jambor et al., 2015), as well as recent 

reports describing an enrichment of AU-rich sequences in transcripts found within insoluble 

SG-associated material (Namkoong et al., 2018). Importantly, these findings highlight a 

conserved framework underlying global mRNA localization, with a surprising amount of 

RNA localization information encoded in basic transcript architecture.

Cellular stress drastically reshapes the mRNA localization landscape

To characterize stress-induced changes in the global mRNA localization landscape, we 

used a transient, non-lethal, 24 h puromycin stress paradigm, which robustly drives SG 

localization of nuclear ALS-associated RBPs like TDP-43 and hnRNP A2/B1, and is 

non-lethal to post-mitotic PSC-MNs (Figure 2A) (Fang et al., 2019; Markmiller et al., 

2018; Martinez et al., 2016). We generated CeFra-seq data from unstressed and puromycin-

stressed PSC-MNs and defined fraction-enriched transcripts for both conditions. Inspection 

of individual transcripts of interest revealed widespread and often complex changes to 

both mRNA processing and localization, as exemplified by HNRNPA2B1, which shows 

both changes in alternative 3′UTR usage and subcellular distribution of the transcript 

(Figure S2A). Transcriptome-wide comparison of mRNA localization across conditions 

revealed widespread stress-induced changes to subcellular RNA distribution (Figures 2B 

and 2C). Notably, almost half of nuclear mRNAs (1,533/3,132) lost their specific nuclear 

localization upon treatment with puromycin (Figures 2B and 2C). However, this loss of 

nuclear transcripts upon stress was compensated by a set of transcripts that were enriched in 

the nucleus only following puromycin treatment. Many of these transcripts were expressed 

at low levels in untreated cells but increased upon stress, (Figure 2D), suggesting a pool of 
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newly transcribed RNAs that were not efficiently exported from the nucleus in response to 

stress.

The net loss of nuclear mRNA localization was accompanied by an 80% increase in the 

number of cytoplasm-enriched transcripts (Figures 2B and 2C). Of the 1,970 mRNAs that 

show cytoplasmic enrichment specific to stress, the vast majority (1,798/1,970, 92%) were 

previously non-localized, with a smaller fraction (66/1,970, 3%) switching from nuclear to 

cytoplasmic enrichment. Unlike puromycin-specific nuclear transcripts, puromycin-specific 

cytoplasmic transcripts did not show significant differences in total expression levels (Figure 

2D). Besides the dramatic changes to normal nucleo-cytoplasmic mRNA distribution, we 

also observed an approximate doubling of the number of transcripts enriched in the insoluble 

fraction (Figures 2B and 2C). These newly insoluble-enriched transcripts include RNAs that 

were previously non-localized but also consist of RNAs that were strongly enriched in the 

nuclear or cytoplasmic fraction in unstressed cells (Figure S2B).

Unlike other sedimentation-based fractionation protocols (Jain et al., 2016), our subcellular 

fractionation protocol was not designed to capture SGs, but it is likely that the increase 

in insoluble transcripts is a result of aggregation-prone RBPs transitioning into detergent-

insoluble aggregates upon prolonged stress. In summary, stress induced by 24 h puromycin 

treatment drastically reshapes the nucleocytoplasmic distribution of cellular mRNA in PSC-

MNs and increases the load of insoluble material present in the cytoplasm.

SG-associated RBPs, molecular chaperones, and cytoskeleton-associated proteins shift 
localization in response to stress

We also employed a quantitative proteomics approach to capture a global profile of shifting 

protein localization in response to puromycin treatment, applying stable isotope labeling 

with amino acids in cell culture (SILAC) on quadruplicate sets of PSC-MNs that were 

differentiated simultaneously from heavy and light labeled MNPs and left untreated or 

treated with puromycin for 24 h. Equal amounts of untreated (light) and puromycin-treated 

(heavy) cells were combined prior to fractionation, and relative protein abundance in each 

fraction was determined by mass spectrometry (Figure S3A). Notably, this approach only 

measures changes in relative protein abundance for each fraction and not whether any given 

protein is specifically enriched in one particular fraction over another.

Puromycin globally inhibits translation and, as a result, total protein levels were significantly 

reduced (Figure S3B). To assess changes in subcellular distribution, heavy/light protein 

ratios in each fraction were normalized by changes in the total lysate. We observed 

statistically significant differences in subcellular protein distribution in all fractions, with 

relatively minor changes in the cytoplasm and more pronounced changes in the nuclear and 

insoluble fraction (Figure 2E). This is consistent with our mRNA localization data and the 

notion that stress both impairs nucleocytoplasmic transport and induces the transition of 

IDR-containing proteins toward more insoluble states.

In the nuclear fraction, we saw an unexpected and significant stress-induced decrease in 

nuclear enrichment of several chromatin-associated factors, including CBX3 and TRIM28 

(Figure 2E). These were of particular interest because our previous work had identified 
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CBX3 as a functional regulator of neurodegeneration in vivo (Markmiller et al., 2018), 

whereas TRIM28 has recently been described to interact with the key SG protein FMRP 

(Taha et al., 2021) and may ameliorate the aggregation and toxicity of both tau and 

a-synuclein in vitro and in vivo (Rousseaux et al., 2016, 2018). Both CBX3 and TRIM28 are 

associated with heterochromatin domains, the formation of which involves the same liquid-

liquid phase separation (LLPS) mechanisms that contribute to SG formation (Strom et al., 

2017). Intriguingly, immunofluorescence imaging revealed a dissociation of TRIM28 from 

heterochromatin foci in PSC-MNs upon puromycin stress, whereas the heterochromatin 

domains themselves remained intact (Figure S3D). This suggests that cellular stress can 

alter the composition of other phase separation-dependent molecular assemblies in cells 

and affect the subcellular distribution of proteins with a demonstrated capacity to regulate 

neurodegeneration in vivo. In addition, we also observe a decrease in nuclear enrichment for 

several primarily nuclear RBPs, including CELF1, DAZAP1, and members of the ELAV-like 

family of RBPs (Figures 2E and S3E). Among the proteins with a relative increase in 

nuclear enrichment upon stress, we noted several components of both HSP70 and HSP90 

chaperone complexes (Figure 2E). Although this could result from co-purification of some 

insoluble material with the nuclear fraction in puromycin-treated cells, it is also possible that 

this is a specific response to the accumulation of improperly folded proteins in the nucleus in 

response to stress.

The most pronounced localization changes were in the insoluble fraction, with a marked 

drop in enrichment of a set of ribosomal proteins and other ribosome-associated proteins, 

including the SG-associated RBPs CAPRIN1, G3BP2, and FXR1 (Figure 2E), indicating 

that the insoluble fraction in unstressed cells is highly enriched for polysomes. By contrast, 

among the proteins that increased in enrichment in the insoluble fraction upon stress were 

several normally nuclear RBPs with known roles in a range of neuromuscular diseases, 

including TDP-43 and several HNRNP family proteins (Figure 2E). Interestingly, we 

also found numerous proteins associated with axon guidance and the cytoskeleton to be 

significantly more enriched in the insoluble fraction upon stress, including the Alzheimer’s 

disease-associated protein DPYSL2 and other members of the collapsin response mediator 

family (Figure 2E). These findings further underscore the utility of the transient stress 

framework to highlight important disease-associated proteins and provide another tangible 

link between cellular stress and neurodegeneration-relevant cellular phenotypes.

Stress induces global changes in RBP-RNA interactions

To characterize whether the observed stress-induced localization changes of SG-associated 

RBPs alter their RNA interaction profiles, we performed enhanced crosslinking and 

immunoprecipitation followed by sequencing (eCLIP) (Van Nostrand et al., 2016) for 

TDP-43 and two canonical SG proteins, G3BP1 and TIA1, in untreated and puromycin-

stressed PSC-MNs. Cellular stress significantly altered the binding profiles of SG-associated 

RBPs by altering both their target transcripts and the transcript regions they preferentially 

bind (Figures 3A–3C). For all three RBPs, we observed an increase in the fraction of 

peaks that fall within 3′UTRs (Figure 3B), consistent with previous studies that identified 

elongated 3′UTRs and 3′UTR-resident sequence elements as enriched in insoluble fractions 

and upon stress (Namkoong et al., 2018). Furthermore, each RBP displayed additional 
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changes to their binding profile that appeared directly related to their functions in mRNA 

metabolism (e.g., translation regulation and pre-mRNA splicing).

For G3BP1, ~80% of binding sites in unstressed cells resided within the CDS of target 

transcripts (Figure 3A). Upon stress, the number of G3BP1 binding events dropped by more 

than 85% (36,243 to 4,902 peaks) (Figure 3B), and binding became primarily distributed 

to a distinct peak around the translation initiation site, with an increase in the relative 

fraction of peaks overlapping the 5′UTR (Figure 3C). These findings are consistent with 

the cytoplasmic localization of G3BP1, its reported RGG-mediated interaction with 40S 

ribosomal subunits (Kedersha et al., 2016), and a scenario in which assembly of G3BP1-

containing translation initiation complexes on mRNAs accompanies, and potentially drives, 

SG formation (Buchan and Parker, 2009). This dramatic decrease in CDS binding was 

specific to G3BP1, underscoring its critical role in coupling translation and SG formation. 

By contrast, TDP-43 showed a notable increase in CDS binding, likely a result of reduced 

TDP-43 displacement by translating ribosomes due to translation inhibition. Overall, 

binding changes for TDP-43 and TIA1 were generally more subtle, with notable decreases 

in intronic and 5′ splice site binding, respectively, reflecting the fact that both proteins act at 

least in part as nuclear splicing regulators (Figure 3A-C).

Transient stress recapitulates aspects of the molecular pathology of ALS

A TDP-43-dependent splicing event in the Stathmin 2 (STMN2) gene has recently been 

implicated in ALS (Klim et al., 2019; Melamed et al., 2019). Intriguingly, our proteomics 

analysis had identified STMN2 as one of the most significantly reduced proteins upon 

puromycin stress (Figure S3B) and this decrease was notably accompanied by an equally 

sharp drop in mRNA level (Figure S3C). To determine whether the stress-induced loss 

of STMN2 might be a result of altered TDP-43 binding to STMN2, we analyzed our 

eCLIP data for exon 2a, which is only included in the mature mRNA upon loss of TDP-43-

mediated splicing repression and results in degradation of the STMN2 mRNA by premature 

polyadenylation and decay (Klim et al., 2019; Melamed et al., 2019). We observed a striking 

loss of TDP-43 binding at exon 2a of STMN2 during stress (Figure 3D), supporting a 

stress-induced impairment of TDP-43 nuclear splicing function in PSC-MNs.

Stress-induced disruption of RNA localization persists in ALS mutant neurons

We have previously shown that transient stress can result in persistent protein aggregation in 

the presence of ALS-associated mutations (Fang et al., 2019). To test whether the presence 

of a neurodegeneration-linked mutation affects global RNA localization prior to, during, or 

after transient puromycin stress, we performed CeFra-seq on two different patient-derived 

PSC-MN lines harboring the HNRNPA2B1 D290V mutation, which is known to cause 

severe neurodegenerative disorders, including ALS and multisystem proteinopathy (Kim et 

al., 2013). Cells were harvested prior to stress, after exposure to puromycin for 24 h, and 

after a 72 h recovery period following puromycin stress. In previous work, we found that 

HNRNPA2B1 D290V mutant cells show transcriptome-wide changes in alternative splicing 

and an altered stress response, but D290V iPSC-MNs cultured under ideal conditions do 

not show spontaneous protein aggregation and only a slightly increased risk of cell death 

compared to wild-type cells (Markmiller et al., 2018; Martinez et al., 2016). Accordingly, 
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we found that the global RNA localization landscape in unstressed HNRNPA2B1 mutant 

cells was largely similar to that of unstressed wild-type cells, with the exception of 

an increased number of insoluble-enriched transcripts in the presence of HNRNPA2B1 
mutation (Figures 4A, 4B, and S4A). Upon exposure to puromycin for 24 h, localization 

changes in HNRNPA2B1 mutant cells closely resembled those of wild-type cells, including 

a substantial movement of transcripts out of the nucleus and a significant increase in 

insoluble transcripts (Figures 4A, 4B, and S4A). Again, mutant PSC-MNs displayed a 

significantly larger number of insoluble transcripts than wild-type cells. In accordance with 

the observed return of TDP-43 to its normal nuclear localization upon recovery (Figure 2A), 

wild-type cells to a large extent recovered their global localization pattern following a 72 

h washout after puromycin treatment (Figures 4AB and S4A). However, no such recovery 

occurred in the HNRNPA2B1 mutant cells, which retained a profoundly aberrant global 

RNA localization profile.

To quantify how much the RNA localization landscape changes and then recovers 

following puromycin stress in control and HNRNPA2B1 mutant PSC-MNs, we developed 

a measure based on calculating the distribution and cumulative sum of relative entropies 

between unstressed, stressed, and recovery conditions for each cell line (Figures 4C 

and 4D). Puromycin stress induced a significant increase in relative entropy values 

that was similar in control and HNRNPA2B1 mutant PSC-MNs, showing widespread 

changes in subcellular RNA distribution. In control PSC-MNs, relative entropy values were 

significantly reduced upon recovery from stress, indicating a highly similar localization 

landscape between unstressed and recovered cells (Figures 4C and 4D). However, in the 

presence of HNRNPA2B1 mutations, relative entropies remained significantly elevated upon 

recovery, confirming a persistent and quantifiable misregulation of global subcellular RNA 

distribution (Figures 4C and 4D).

To evaluate whether persistently disrupted RNA localization affects neuronal vulnerability, 

we sparsely labeled PSC-MNs with the fluorescent marker mApple and treated with 

puromycin for 24 h to induce stress. After 24 h, puromycin was washed out and the cells 

were longitudinally imaged daily for 7 days on a custom-built robotic microscope (RM) 

to track neuronal survival post-stress. Cumulative hazard analysis of individually tracked 

neurons indicates that the hazard ratio (HR) for wild-type control PSC-MNs increased 

modestly to 1.29 after a 24-h period of stress (Cox proportional hazard, p < 0.05, n = 278 

unstressed, n = 197 stressed). As we previously reported, unstressed HNRNPA2B1 mutant 

PSC-MNs had a higher hazard ratio of 1.68 (p < 0.0001, n = 193) compared with unstressed 

controls (Martinez et al., 2016), but unlike in control PSC-MNs, the HR in HNRNPA2B1 
mutant PSC-MNs rose significantly to 2.17 (p < 0.0001, n = 228) upon transient exposure 

to stress. Cumulative risk of death curves shows that HNRNPA2B1 mutant PSC-MNs 

continued to succumb over the course of the imaging experiment (Figure 4E).

In summary, these results demonstrate that transient exposure of PSC-MNs to stress induces 

detrimental cellular effects that can persist in the context of ALS-associated mutations. 

Our observation of a drastically altered RNA localization landscape following recovery 

from stress represents a pronounced and robust molecular phenotype that recapitulates key 

molecular disease features in a stem cell-based model of late onset neurodegeneration.
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DISCUSSION

Defects in subcellular compartmentalization are central to the pathogenesis of ALS, most 

clearly illustrated by the clearance of nuclear TDP-43 and its accumulation in cytoplasmic 

aggregates in most ALS patients. The mechanisms underlying TDP-43 mislocalization are 

complex, resulting from a combination of passive diffusion from the nucleus (Archbold et 

al., 2018; Ederle et al., 2018; Pinarbasi et al., 2018) and likely sequestration of TDP-43 

in cytoplasmic aggregation “sinks.” The resulting nuclear clearance of TDP-43 in turn 

leads to widespread defects in cellular RNA processing and cell death (Barmada et al., 

2015; Fang et al., 2019; Gasset-Rosa et al., 2019; Krach et al., 2018; Liu et al., 2019; 

Polymenidou et al., 2011). To intervene in this cascade of events, most current therapeutic 

strategies aim to prevent the formation of TDP-43 aggregates (Boyd et al., 2014; Fang et 

al., 2019) or enhance the clearance of aggregates (Barmada et al., 2014; Tamaki et al., 

2018; Wang et al., 2012b). However, approaches aimed directly at restoring normal levels of 

TDP-43 in the nucleus might be easier to achieve and would more immediately mitigate the 

contribution to pathogenesis caused by nuclear loss of function of TDP-43. A more detailed 

understanding of the mechanisms by which nucleocytoplasmic transport is impaired in ALS 

could reveal potential targets for restoring cellular transport mechanisms and thus address a 

root cause of ALS pathogenesis. However, this requires robust and reproducible approaches 

to recapitulating these specific molecular aspects of ALS in cellular models.

We have previously shown that transient stress can induce the formation of persistent 

cytoplasmic aggregates containing TDP-43 in the context of ALS-associated mutations 

(Fang et al., 2019). Here, we demonstrate that the application of a single transient, non-

lethal stress treatment can directly induce several disease-relevant molecular changes (e.g., 

disruption of nucleocytoplasmic RNA and protein distributions, splicing-mediated loss of 

Stathmin-2), and can synergize with genetic risk factors (e.g., mutation in HNRNPA2B1) 

to induce a downstream state that captures additional key molecular aspects of ALS (e.g., 

cytoplasmic TDP-43 aggregates, increased cell death). Notably, these latter phenotypes 

occur upon recovery from stress, particularly in the absence of acute translation inhibition 

and canonical stress granules. Similarly, the induction of mild but chronic oxidative stress 

by sodium arsenite was also recently shown to induce the formation of cytoplasmic TDP-43 

aggregates distinct from SGs (Ratti et al., 2020).

Stressors such as puromycin or sodium arsenite are supraphysiological interventions that 

are not expected to be directly representative of a physiological condition found in ALS 

or other neurodegenerative diseases. Additionally, there appear to be multiple paths leading 

to persistent cytoplasmic aggregation of TDP-43, including some that do not rely on SG 

formation (Dewey et al., 2012; Fernandes et al., 2020; Gasset-Rosa et al., 2019; Mann et al., 

2019). It is therefore clear that stress-based approaches alone will be insufficient to elucidate 

the many unknown molecular mechanisms underlying ALS pathogenesis. Nevertheless, 

given the practical hurdles to modeling late-onset diseases in general, there remains an 

urgent need for a variety of approaches to best recapitulate key aspects of ALS pathology. 

The experiments presented in this study and in our previous work demonstrate the utility 

of a transient stress-based approach to model a range of physiological disease phenotypes, 
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dissect molecular mechanisms and identify potential small molecules and protein targets for 

therapeutic intervention.

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, Gene W. Yeo (geneyeo@ucsd.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• All CeFra-seq and eCLIP data have been deposited at GEO and are publicly 

available as of the date of publication. Accession numbers are listed in the key 

resources table. Raw mass spectrometry data reported in this paper will be shared 

by the lead contact upon request

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Maintenance of pluripotent stem cells (PSCs)—Human pluripotent stem cells 

(hiPSCs) and human embryonic stem cells (hESCs) were utilized in this study. hiPSCs 

and hESCs were maintained under feeder-free conditions in mTeSR1 medium (Stem Cell 

Technologies) and propagated either by single-cell passaging using Accutase or clump-

passaging using enzyme-free dissociation buffer (EDTA).

Generation of PSC-derived motor neurons—Motor neurons were differentiated from 

PSCs as described in Markmiller et al. (2018). Briefly, hiPSCs or hESCs were plated 

into matrigel-coated 6-well plates or 10cm culture dishes and grown for 2–3 days in 

mTeSR1 medium until they reached 70%–90% confluency. On day 1 of the differentiation 

protocol, medium was changed to N2B27 medium (DMEM/F12+Glutamax, 1:200 N2 

supplement, 1:100 B27 supplement, 150mM ascorbic acid and 1% Penicillin/Streptomycin) 

supplemented with 1 μM Dorsomorphin, 10 μM SB431542 and 3 μM CHIR99021. Cells 

were maintained with daily medium changes in the same medium for 6 days. On day 7, 

medium was changed to N2B27 medium supplemented with 1 μM Dorsomorphin, 10 μM 

SB431542, 200nM Smoothened Agonist (SAG) and 1.5 μM retinoic acid (RA). Medium 

was changed daily with increasing volumes to adjust for cell density until day 18. At 

day 18 of differentiation, cells were dissociated using Accutase and either plated directly 

for continued differentiation or expanded in motor neuron progenitor (MNP) medium as 

described previously (Du et al., 2015). For expansion as MNPs, cells were plated onto 

matrigel-coated 10cm plates at a density of 3–5 million cells per plate into N2B27 medium 

supplemented with 3 μM CHIR99021, 2 μM DMH1, 2 μM SB431542, 0.1 μM RA, 0.5 

μM Purmorphamine and 0.5mM valproic acid (VPA). Cells were maintained for no more 
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than 5 passages under these conditions with weekly splitting using Accutase at 1:8–1:12 

before final differentiation. For continued differentiation, cells were plated at a density 

of ~10 million cells per plate into 10cm plates plate serially coated with 0.001% ( = 

0.01mg/ml) poly-D-lysine (PDL, Sigma, P6407) and poly-L-ornithine (PLO, Sigma, P3655) 

followed by 20ug/ml laminin (Life technologies, 23017015). Cells were plated into N2B27 

medium supplemented with 200nM SAG, 1.5 μM RA and 10 μM rock inhibitor. Medium 

was changed on day 20 and cells transferred into N2B27 medium supplemented with 2 

μM DAPT on day 22. For imaging, cells were dissociated again at day 23 and plated 

into PDL/PLO/laminin-coated 96-well plates. Medium was changed into N2B27 medium 

without additional small molecules on day 25 and cells were maintained with medium 

changes every 2–3 days thereafter. Cells were stressed and fixed between day 29–32 of 

differentiation.

METHOD DETAILS

Subcellular fractionation—Subcellular fractionation was performed as described 

previously with minor modifications (Lefebvre et al., 2017). Briefly, one confluent 10cm 

tissue culture plate (corresponding to ~2×107 or ~3–4×107 PSC-MNs) was used for each 

fractionation sample.

Sample harvest—PSCs were rinsed once with ice-cold PBS and then harvested by 

scraping and resuspension in 1ml of ice-cold PBS. Cells were centrifuged at 200 g for 3min 

at 4°C, the supernatant removed and the pellets either processed directly or snap-frozen and 

stored at −80°C until use. PSC-MNs were rinsed once with ice-cold PBS and then harvested 

by gently dislodging the entire monolayer of cells and neurite connections from the plate 

using a cell scraper or pipette tip followed by gentle agitation of the plate containing 

5ml ice-cold PBS. Once the entire cell layer was detached from the plate, it was gently 

transferred into a 1.5ml tube using a transfer pipette to minimize cell disruption and leakage 

of cell contents. Cells were centrifuged at 200 g for 3min at 4°C, the supernatants removed 

and the pellets either processed directly or snap-frozen and stored at −80°C until use.

Total input fraction—For fractionation, cell pellets were thawed on ice and resuspended 

in 1ml of hypotonic lysis buffer (20 mM Tris HCl pH 7.5, 10 mM KCl, 1.5 mM MgCl, 

5 mM EGTA, 1 mM EDTA, 1 mM DTT) supplemented with complete protease inhibitor 

tablets (Roche) and 20ul RNase inhibitor (RNaseOUT). For PSC-MNs, the amount of 

RNase inhibitor was increased to 40ul. Cells were incubated on ice for 15min, transferred 

into a 2ml dounce homogenizer with a tight-fitting (type B) pestle and gently homogenized 

using 8 strokes to lyse the cells while keeping nuclei intact. This and all subsequent 

homogenization steps were performed on ice at all times. After homogenization, 1/10th 

volume (100–150ul) was removed as total input and mixed with 3 volumes of Trizol LS 

(300–450ul).

Nuclear fraction—The remaining lysate was transferred into a 1.5ml tube and centrifuged 

at 1200 g for 10min at 4°C to pellet cell nuclei. After the first spin, the supernatant was 

transferred either directly into a 1.5ml ultracentrifuge tube (PSCs) or into a fresh 1.5ml tube 

for two additional repeats of the 1200 g spin. The nuclei pellets from the first 1200 g spin 
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were gently rinsed with 250 μL of hypotonic lysis buffer and resuspended in 1ml 0.32M 

sucrose buffer (0.32M sucrose, 3mM CaCl2, 2mM MgOAc, 0.1mM EDTA, 10mM Tris Cl 

pH8.0, 1mM DTT, 0.5% v/v NP-40) supplemented with protease and RNase inhibitors. The 

nuclei pellets in 0.32M sucrose buffer were transferred into a clean 2ml dounce homogenizer 

and resuspended using 3 strokes of a tight-fitting pestle. After addition of 1ml of 2M 

sucrose buffer (2M Sucrose, 5mM MgOAc, 0.1mM EDTA, 10 mM Tris pH8.0, 1 mM DTT) 

supplemented with protease and RNase inhibitors, the nuclei suspension was mixed and 

gently transferred to create a layer on top of a 1ml cushion of 2M sucrose buffer in a 3ml 

ultracentrifuge tube. The tubes were transferred into a SW50.1 swinging bucket rotor and 

centrifuged at 30,000 g for 30min at 4°C. After the spin, the supernatant was removed, and 

the pellet was rinsed twice with 500 μL of 0.32M sucrose buffer. The rinsed nuclear pellet 

was then resuspended by trituration in 250 μL of hypotonic lysis buffer and 750 μL of Trizol 

LS were added.

Cytoplasmic fraction—10ul of TurboDNase were added and mixed into the supernatant 

from the first (PSCs) or third (PSC-MN) 1200 g spin in 1.5ml ultracentrifuge tubes. The 

samples were then centrifuged at 100,000 g for 1h at 4°C in a tabletop ultracentrifuge using 

a TLA110 fixed-angle rotor. After the spin, the supernatant was transferred into a fresh 5ml 

tube and 3 volumes of Trizol LS were added.

Insoluble fraction—The pellets from the 100,000 g spin were rinsed twice with 100 μL 

hypotonic buffer, resuspended in 1ml of hypotonic buffer supplemented with protease and 

RNase inhibitors and 1% Triton-X and transferred into a fresh 2ml dounce homogenizer. An 

additional 25ul of Superase RNase inhibitor was added and the sample was homogenized 

using 20 strokes of a tight-fitting pestle. The sample was incubated on ice for 20min, 

followed by homogenization for an additional 10 strokes, another 20min incubation on ice 

followed by homogenization for an additional 10 strokes and a final incubation on ice for 

20min. After a total of 60min on ice, the sample was transferred into a 1.5ml ultracentrifuge 

tube and centrifuged at 100,000 g for 30min at 4°C in a TLA110 fixed-angle rotor. After the 

spin, the supernatant was removed, the pellet rinsed twice with 100 μL hypotonic buffer + 

Triton-X and resuspended by trituration in 250 μL of hypotonic buffer, followed by addition 

of 750 μL of Trizol LS.

RNA extraction and CeFra-seq library preparation—RNA was extracted from 

fractions in Trizol-LS according to the manufacturers standard protocol. mRNA-sequencing 

libraries were prepared from polyA-enriched RNA using the Illumina TruSeq stranded 

mRNA library preparation kit.

Immunofluorescence and RNA FISH—For immunofluorescence and RNA FISH 

experiments, cells were plated into 96-well optical bottom plates or 8-well glass bottom 

chamber slides between days 22 and 24 of differentiation and maintained for at least one 

week to allow for growth and interaction of neurites and axons. For stress treatments, cells 

were incubated either in 250 μM sodium arsenite NaAsO2 for 90min or in 10 μg/ml of 

puromycin for 24h. After stress treatments, cells were fixed in 4% paraformaldehyde in PBS 

or PHEM buffer (60mM PIPES, 25mM HEPES, 4mM MgCl2, 10mM EGTA, pH 7.4) for 
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15–20’ at room temperature. For immunofluorescence, cells were permeabilized in 0.25% 

Triton-X in PBS for 15’ at RT, followed by blocking in 5% normal goat serum in PBS + 

0.01% Tween-20 (PBST) and 0.3M glycine for at least 60min at RT. Primary antibodies 

were diluted in either 1x PHEM buffer or PBST + 5% normal goat serum and incubated 

either at RT for 1–4 hours or overnight at 4°C. After 2 washes in PBST, cells were incubated 

with secondary antibodies in PBST + DAPI for 30–60min at RT, followed by two washes 

in PBST and final resuspension in 50% glycerol in PBS. Cells were then imaged either at 

20X or 40X magnification on a ZEISS Axio Vert.A1 inverted microscope. For RNA FISH, 

fixed cells were transferred into ice-cold 70% ethanol and stored for at least 24h at −20°C 

prior to staining. CAL Fluor Red 635-labeled Stellaris FISH probes were used according to 

the manufacturer’s protocol. Cells were imaged at 60X magnification using a A1R confocal 

mounted on a Nikon Ti2 inverted microscope. Images were processed in ImageJ.

Longitudinal Imaging Experiments

Differentiation and Cell Culture: iPSC lines from two ALS patients with HNRNPA2B1 
mutations and two healthy individuals (Miyaoka et al., 2014) were confirmed for normal 

karyotype. The iPSCs were differentiated into motor neurons as previously described 

(Burkhardt et al., 2013; Chambers et al., 2009) with some modifications (Du et al., 

2015).The iPSC were neuralized in IMDM/F12 medium (Thermo Fisher) with SMAD 

inhibitors: 0.2 μM LDN-193189 (Stemgent) and 10 μM SB431542 (Stemgent). Cultures 

were split 1:2 after 1 week in medium containing 0.1 μM RA, (Sigma-Aldrich) and 1 μM 

SAG (Fisher Scientific) and 3 μM CHIR99021, 0.2 μM LDN193189 and 10 μM SB431542. 

After 1 more week, the cultures were banked frozen in Synthafreeze (Thermo Fisher). All 

cell lines were then thawed simultaneously to synchronize neuron maturation for imaging 

experiments. The MN cultures were fed with medium containing Compound E (0.1 μM, 

Fisher), 2.5 μM DAPT (Fisher), 0.1 μM db-cAMP (Sigma Aldrich), 200 ng/mL ascorbic 

acid (Sigma), 10 ng/mL each BDNF and GDNF (Fisher Scientific), together with 0.5 μM 

all-trans RA and 0.1 μM SAG for an additional 6 days. MN cultures were trypisizined and 

plated into 96-well plates, lipofected with a plasmid expressing the red fluorescent protein 

mApple under the neuronal specific promoter Synapsin.

Imaging and analysis: The iPSC-neurons were imaged starting 2 days after transfection, 

once every six hours on a custom-built robotic microscopy (RM) system comprised of a 

Nikon T2i widefield fluorescence microscope and 888 Andor camera and kept in a robotic 

incubator (Liconic). Individual neurons were tracked using custom algorithms and neuronal 

survival was analyzed in time-lapse images. Kaplan Meier survival analysis was used to 

measure survival of individual neurons over time. Cumulative risk of death curves were 

derived from the Kaplan Meier survival curves. Cox proportional hazard analysis was used 

to measure cumulative hazard ratio of PSC-MNs from ALS patients compared with healthy 

individuals and derive P values as previously described (Skibinski and Finkbeiner, 2013).

SILAC labeling—For SILAC labeling of PSC-MNs, DMEM/F12 without L-arginine 

and L-lysine (Pierce catalog no. PI88215) was used instead of regular DMEM/F12 and 

supplemented with 0.7mM and 0.5mM, respectively, of either unlabeled L-Lysine:HCL 

and L-Arginine:HCl (Sigma, cat no. L8662 and A6969) or isotopically labeled L-Lysine: 
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2HCl (13C6, 15N2) and L-Arginine:HCl (13C6, 15N4) (Cambridge Isotope laboratories, 

cat no. CNLM-291 and CNLM-539). To achieve complete labeling of the proteome in 

PSC-MNs, SILAC labeling was initiated at the highly proliferative MNP stage (equal to 

day 18 of differentiation). MNPs were grown in heavy or light SILAC medium for at 

least 5 cell doublings prior to and throughout the final 14-day terminal differentiation 

phase. On day 22, eight PDL/PLO/laminin-coated 10cm plates each were seeded with 

equal numbers (30×106) of heavy- or light-labeled cells into N2B27 supplemented with 2 

μM DAPT for terminal differentiation. On day 31, four of the heavy-labeled plates were 

treated with 10 μg/ml of puromycin for 24h, immediately followed by harvesting of cells 

for subcellular fractionation. Each of the four puromycin-stressed heavy-labeled plates and 

the four unstressed heavy-labeled plates was combined with a corresponding untreated, 

light-labeled plate to yield four replicates each of a puro (H) versus unstressed (L) condition, 

as well as an unstressed (H) versus unstressed (L) control condition. The combined samples 

were then processed for subcellular fractionation as described above, except that no Trizol 

or Trizol LS was added to any fractions. Instead, fraction pellets (nuclear and insoluble) 

or lysates in hypotonic lysis buffer (total and cytoplasmic) were processed directly for 

digestion and MS sample prep.

Sample preparation for mass spectrometry—The fraction pellets (nuclear and 

insoluble) were suspended in 100μl of 8M urea lysis buffer (8M Urea, 150mM NaCl, 

50mM Tris pH8.0, Roche protease complete inhibitor, 1mM NaF, 1mM β glycerophosphate, 

1mM Sodium orthovanadate) and sonicated on 30% intensity (8mW) with the microtip 3 

times for 10 s with 30 s rest on ice between the cycles. After the sonication, the lysates 

were centrifuged at 15,000 RCF for 15min at 4°C and supernatant was pipetted into the 

fresh Eppendorf tube. Equal volume of 8M urea lysis buffer was added to the lysates in 

hypotonic lysis buffer (total and cytoplasmic), to make 4M final urea concentration. Protein 

quantitation was performed by the BCA assay and 40μg of protein amount for each sample 

was used for the trypsin digestion. Prior to the trypsin digestion, samples were diluted 

with 50mM ammonium bicarbonate buffer to dilute the urea to 1M final concentration for 

effective digestion. Samples were digested with trypsin (Promega) with 1: 100 (enzyme: 

substrate) ratio and incubated overnight at 37°C. The digestion was stopped, and samples 

were acidified by adding 0.5% formic acid. After the digestion, samples were reduced with 

1mM DTT for 30min at RT and then alkylated with 5mM iodoacetamide for 30min at RT 

in a dark. The trypsin-digested samples were concentrated and desalted using the Stage-Tip 

method and reconstituted in a 5%Formic acid/5% acetonitrile for MS analysis.

Mass spectrometry data collection—Samples were analyzed in duplicate using a 

Q-Exactive mass spectrometer (Thermo Scientific, San Jose, CA) with essentially the same 

nHPLC and instrument method as described previously (Gendron et al., 2016) with the 

following modifications: Peptides were first separated by reverse phase chromatography 

using a fused silica microcapillary column (75μM inner diameter, 15cm length) packed with 

C18 reverse phase resin (ReproSil-pur 120 C18-AQ, 1.9μm; Dr. Maisch GmbH). Peptides 

were eluted using a 120 min ACN gradient (100 minute 2%–30% ACN gradient, followed 

by a 5 minute 30%–60% ACN gradient, a 5min 60%- 95% gradient, with a final 10min 

isocratic step at 0% ACN) at a flow rate of 250 nl/min. A dynamic exclusion time of 40 s 
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was used and singly charged ions, charge states above 6 and unassigned charge states were 

excluded.

Single-end CLIP (seCLIP) library preparation—seCLIP was performed as described 

previously (Van Nostrand et al., 2016). Briefly, lysates were generated, sonicated, and 

treated with RNase I to fragment RNA. 2% of each lysate sample was stored for 

preparation of a parallel size-matched input (SMInput) library. The remaining lysates were 

immunoprecipitated. Bound RNA fragments in the IPs were dephosphorylated and 3′ end 

ligated to an RNA adaptor. Protein-RNA complexes from SMInputs and immunoprecipitates 

(IPs) were run on an SDS polyacrylamide gel and transferred to nitrocellulose membrane. 

Membrane regions were excised, and RNA released from the complexes with proteinase 

K. SMInput samples were dephosphorylated and 3′ end ligated to an RNA adaptor. All 

RNA samples (IPs and SMInputs) were reverse transcribed with AffinityScript (Agilent). 

cDNAs were 5′ end ligated to a DNA adaptor. cDNA yields were quantified by qPCR and 

100–500 fmol of libraries generated with Q5 PCR mix (NEB). Libraries were sequenced on 

an Illumina HiSeq4000 platform.

QUANTIFICATION AND STATISTICAL ANALYSIS

CeFra-seq data processing and analysis—RNASeq reads were adaptor-trimmed 

using Cutadapt (v1.14) (Martin, 2011) and mapped to human-specific repetitive elements 

from RepBase (version 18.05) by STAR (v2.4.0i) (Dobin et al., 2013). Repeat-mapping 

reads were removed, and remaining reads were mapped to the human genome assembly 

(hg19) with STAR. Read counts for all genes annotated in GENCODE (hg19) were 

calculated using the read summarization program featureCounts (Liao et al., 2014). 

Differential expression analysis between fractions and between different cell lines was 

performed using DESeq2 (Love et al., 2014).

K-mer analysis—All regions pertaining to a given region (CDS, 3′UTR, 5′UTR) were 

collected based on Gencode annotations. 6-mer counts were generated from the sequences 

belonging to the given regions using Jellyfish (v2.0) (Marçais and Kingsford, 2011). A 

normalized frequency for each 6-mer was calculated for each sequence. The normalized 

frequency amounts to the frequency of a 6-mer within a region normalized to the 

corresponding mean frequency across all regions. Normalized frequency for each 6-mer 

was calculated for all genes and then compared across different fractions or cell lines.

Mass spectrometry data analysis—RAW files were analyzed using the Andromeda/

MaxQuant (version 1.6.0.16) (Cox and Mann, 2008) Data were searched against a 

concatenated target-decoy database comprised of forward and reversed sequences from 

the reviewed UniprotKB/Swiss-Prot FASTA Human database (2017). Arg10 and Lys8 

were selected as isotope labels and trypsin was specified for protein digestion. Variable 

modifications for methionine oxidation and protein N terminus acetylation and a fixed 

modification for cysteine carbamidomethylation were allowed. A mass accuracy of ± 50ppm 

was specified for the first search and ± 4.5ppm for the main search. A maximum of 2 

missed cleavages and 5 modifications were allowed per peptide and the maximum charge 

was set to 7. The minimum allowed peptide length was 7 amino acids and matching between 
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runs feature was enabled. The data were filtered using protein, peptide and site level false 

discovery rates of 0.01. Unique and razor peptides were used for quantification. Matches to 

common contaminants, reverse identifications and identifications based only on site-specific 

modifications were removed prior to further analysis. To identify proteins with differential 

enrichment in individual fractions, the resulting protein-level heavy:light ratios were first 

log2-transformed and all fraction ratios median-centered based on the total input sample. To 

account for global reductions in protein levels due to puromycin treatment, log2(H/L) ratios 

or individual proteins in the cytoplasmic, nuclear and insoluble fractions were normalized 

based on the log2(H/L) ratio of the corresponding total input fraction. Changes in fraction 

enrichment were determined by calculating the difference between log2(H/L) ratios for each 

protein between the experimental condition (heavy = puromycin, light = unstressed) and the 

control condition (heavy = unstressed, light = unstressed). Statistically significant changes 

were identified using multiple unpaired t test with an FDR cutoff of 0.05 in Prism 8.0.

SeCLIP data processing and analysis—Sequencing reads were processed as 

described previously (Van Nostrand et al., 2016). Briefly, reads were adaptor-trimmed using 

Cutadapt (v1.14) and mapped to human-specific repetitive elements from RepBase (version 

18.05) by STAR (v2.4.0i) (Dobin et al., 2013). Repeat-mapping reads were removed, and 

remaining reads were mapped to the human genome assembly (hg19) with STAR. PCR 

duplicate reads were removed using the unique molecular identifier (UMI) sequences in the 

5′ adaptor and remaining reads retained as ‘usable reads’. Peaks were called on the usable 

reads by CLIPper (Lovci et al., 2013) and assigned to gene regions annotated in GENCODE 

(hg19) with the following descending priority order: CDS, 5′UTR, 3′UTR, proximal intron, 

and distal intron. Proximal intron regions are defined as extending up to 500 bp from an 

exon-intron junction. Each peak was normalized to the size-matched input (SMInput) by 

calculating the fraction of the number of usable reads from immunoprecipitation to that of 

the usable reads from the SMInput. Peaks were deemed significant at 8-fold enrichment and 

p value 10−3 (Chi-square test, or Fisher’s exact test if the observed or expected read number 

in eCLIP or SMInput was below 5). Sequencing and mapping statistics are described in 

Table S3. Metagene plots were generated based on the location of each peak using the 

metaplotR package (Olarerin-George and Jaffrey, 2017).

Kullback-Leibler divergence (relative entropy)—The degree of difference between 

subcellular distributions for two experimental conditions can be assessed using the 

Kullback-Leibler divergence (relative entropy) on a per-gene basis. This provides a measure 

of loss of information between two distributions, with larger values corresponding to more 

dissimilar distributions. We have used relative entropy to understand the similarity (or 

difference) between the gene expression profiles of two subcellular fractions or conditions. 

RPKM values for an identical set of genes were used to generate a distribution of gene 

expression across two given conditions and the relative entropy between two conditions (A 

and B) was calculated using the following equation:

D A B = ∑
x ∈ X

Ax ∗ log2 Ax/Bx
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Here, x belongs to a given set of genes X. Ax and Bx are RPKM expression values for a 

given gene x in conditions A and B respectively.

Using the expression value in condition A as the base or truth, we can measure the relative 

entropy for a given gene x between the two conditions. Aggregating relative entropies 

across all genes in set X measures the divergence between the gene expression profiles of 

conditions A and B. Conditions with similar gene expression values will result in smaller 

entropy values, which can be used to measure the magnitude of divergence between gene 

expression profiles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CeFra-seq applied to a range of cell types reveals basic rules of RNA 

localization

• Transient stress disrupts subcellular mRNA and protein localization 

landscapes

• Stress alters RNA binding of RBPs, including TDP-43, and alters splicing of 

STMN2

• Stress induces persistent RNA localization changes and cell death in ALS 

neurons
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Figure 1. ceFRA-seq defines mRNA localization in pluripotent stem cells (PSCs) and pluripotent 
stem cell-derived motor neurons (PSC-MNs)
(A) Schematic of the cell fractionation and sample generation protocol.

(B) Principal component analysis of ceFRA-seq data from PSCs and PSC-MNs.

(C) Triangle plots visualizing the relative expression level of individual transcripts across 

the cytoplasmic, nuclear and insoluble fractions. Transcripts highlighted in blue (cyto), red 

(nuc), and green (ins) in the top panel are defined as fraction-enriched in PSCs. Transcripts 

highlighted in the bottom panel are defined as fraction-enriched in PSC-MNs.

(D) Venn diagrams showing fraction-enriched transcripts in PSCs, PSC-MNs, or both.
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(E) Violin plots showing expression levels of transcripts that are fraction-enriched in PSCs 

only (left), in both PSCs and PSC-MNs (center), or in PSC-MNs only

(F) Boxplots comparing the lengths of 30UTRs (top) and CDS (bottom) in fraction-enriched 

transcripts across PSCs and PSC-MNs. Error bars represent the 95% confidence interval, the 

bottom and top of the box represent the 25th and 75th percentiles, the line inside the box is 

the 50th percentile (median), and any outliers are shown as closed diamonds.

(G) Scatterplots comparing enrichment of 6-mer sequence elements between PSCs and 

PSC-MNs across fractions. A/U/G/C-rich 6-mers are defined as containing 4 or more of the 

respective nucleotides within the 6-mer sequence.

See also Figure S1 and Table S1.
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Figure 2. Cellular stress induces widespread changes in subcellular mRNA and protein 
localization
(A) Immunofluorescence staining of PSC-MNs that were left untreated, treated with 

NaAsO2 (250 mM) for 90 min, treated with puromycin (10 μg/mL) for 24 h, or treated 

with puromycin followed by washout and recovery in puromycin-free medium for 72 h. 

Cells were stained with antibodies against G3BP1 and TDP-43. G3BP1-positive SGs are 

indicated by red arrows. TDP-43-positive SGs are indicated by solid yellow arrowheads. 

Nuclei were stained using DAPI. Scale bars, 20 μm in all panels.
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(B) Triangle plots visualizing the relative expression level of individual transcripts across 

the cytoplasmic, nuclear and insoluble fractions. Transcripts highlighted in blue (cyto), 

red (nuc), and green (ins) in the top panel are defined as fraction-enriched in unstressed 

PSC-MNs. Transcripts highlighted in the bottom panel are defined as fraction-enriched in 

puromycin-stressed PSC-MNs.

(C) Venn diagrams showing fraction-enriched transcripts in unstressed PSC-MNs, 

puromycin-stressed PSC-MNs, or both.

(D) Violin plots showing expression levels of transcripts that are fraction-enriched in 

unstressed PSC-MNs only (left), in unstressed and puromycin-stressed PSC-MNs (center), 

or in puromycin-stressed PSC-MNs only.

(E) Volcano plots showing statistically significant puromycin-induced changes in the 

enrichment of detected proteins in the cytoplasmic, nuclear, and insoluble fractions, 

respectively. Selected protein categories are highlighted in color as indicated. Statistically 

significant changes were identified using multiple unpaired t-test with an FDR cutoff of 

0.05.

See also Figures S2 and S3 and Tables S1 and S2.
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Figure 3. eCLIP reveals both common and distinct stress-induced changes in target binding 
across SG-associated RNA binding proteins
(a) Bar graphs showing both the number of peaks and total transcripts bound by G3BP1 

(left), TDP-43 (center), and TIA1 (right) in untreated and puromycin-stressed PSC-MNs, 

respectively.

(B) Venn diagrams showing the proportions of binding peaks falling within distinct 

transcript regions for G3BP1, TDP-43, and TIA1 in untreated and puromycin-stressed PSC-

MNs, respectively.

Markmiller et al. Page 28

Cell Rep. Author manuscript; available in PMC 2024 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) Metagene plots showing distribution of binding peak density across transcripts for 

G3BP1, TDP-43, and TIA1 in untreated and puromycin-stressed PSC-MNs, respectively.

(D) Genome browser tracks illustrating changes in TDP-43 binding to exon 2a of the 

STMN2 mRNA in untreated and puromycin-stressed PSC-MNs, respectively. See also Table 

S3.
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Figure 4. Stress-induced localization changes persist in the context of ALS-associated mutations
(A) Triangle plots visualizing the relative expression level of individual transcripts across the 

cytoplasmic, nuclear and insoluble fractions in wild-type PSC-MNs (top panel) and PSC-

MNs derived from two individual cell lines harboring the HNRNPA2B1 C290V mutation 

(middle and bottom panel). Transcripts highlighted in blue (cyto), red (nuc), and green 

(ins) in the top panel are defined as fraction-enriched in unstressed wild-type PSC-MNs. 

Transcripts highlighted in the middle and bottom panels are defined as fraction-enriched in 

unstressed HNRNPA2B1 mutant PSC-MNs.
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(B) Bar graphs showing the distribution of fraction-enriched and non-localized transcripts 

in untreated (left), puromycin-stressed (center), and recovery (right) conditions in wild-type 

PSC-MNs (top panel) and PSC-MNs derived from two individual cell lines harboring the 

HNRNPA2B1 C290V mutation (middle and bottom panel).

(C) Cumulative distribution plots showing relative entropies for all detected transcripts in the 

indicated comparisons between two conditions.

(D) Bar graphs showing the sum of relative entropies for all detected transcripts when 

comparing untreated condition to puromycin stress (blue) or recovery (orange) condition in 

wild-type (left) or HNRNPA2B1 mutant (right) PSC-MNs.

(E) Cumulative risk of death plots showing Cox proportional hazard analysis for control (red 

lines) and HNRNPA2B1 mutant (green lines) that were left unstressed (solid lines) or treated 

with puromycin for 24 h and then allowed to recover (broken lines). A hazard ratio above 

1.0 indicates increased risk of death as compared to the untreated control lines from healthy 

individuals.

See also Figure S4 and Table S1.
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