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In Brief
Unbiased, genome-wide maps of RNA-RNA mesoscale spatial proximity uncover extensive
subcellular organization and its governing principles.

Highlights
e RNA-SPRITE reveals micron-scale RNA colocalization genome-wide across cell regions
e mRNA colocalization specificity is driven by shared motifs and encoded protein function
e mRNAs with less compact folding, lower translation efficiency, and distinct
protein-binding motifs are more likely to be in condensates
e Neurites have a particularly high degree of sequence and function-dependent mRNA
organization

SUMMARY

Subcellular RNA organization can affect critical cellular functions. However, our understanding
of RNA microenvironments, particularly biomolecular condensates, remains limited, largely due
to a lack of technologies to comprehensively interrogate mesoscale RNA organization. Here, we
adapt Split-Pool Recognition of Interactions by Tag Extension to map micron-scale RNA-RNA
spatial proximity genome-wide across cell regions (RNA-SPRITE). Deploying RNA-SPRITE, we
find extensive, conserved organization of mature mRNAs, with increased colocalization between
mRNAs that share RNA-binding protein (RBP) motifs or encode functionally related proteins.
Both effects are especially strong in dendrites and axons, suggesting prevalent mRNA
co-regulation. Moreover, mRNAs with less compact folding, lower translation efficiency, and
specific RBP motifs are more likely to be in RNA-rich condensates. However, perturbations that
broadly dissolve or enhance condensation reveal that RBP motif and encoded protein-mediated
colocalizations largely remain intact, independent of condensation. These results demonstrate
the power of RNA-SPRITE in revealing critical aspects of RNA's functional organization.
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INTRODUCTION

The spatial organization of biomolecules within cells is key to a wide variety of cellular functions,
even though in many cases the determinants of this spatial organization remain poorly
understood’. An important example is the compartmentalization of mRNAs into distinct
subcellular regions, which can impact the function of the encoded protein by influencing the
protein’s location, expression, and interactions®>'>. However, we know little about the local
protein and RNA environment of individual cytoplasmic mRNAs, or how these interactions
impact mRNA regulation.

Biomolecular condensates, non-membrane-bound intracellular compartments enriched in
specific proteins and nucleic acids, have emerged as a key aspect of RNA regulation'.
Condensates can be in a relatively liquid physical state characterized by weak, transient
interactions, or in a more gel or solid-like state, characterized by stronger, more stable
interactions'. In many cases, RNA is necessary and sufficient for condensation, and RNA
features impact condensate properties’®?. Recent evidence suggests that condensates can
alter the physicochemical environment of their constituents, controlling internal hydrophobicity
and pH?%, melting nucleic acid duplexes?, and preferentially partitioning distinct RNA
species®. Indeed, recent evidence indicates condensates may impact the function of mMRNAs by
selectively recruiting or displacing interacting molecules, altering localization, or changing the
rate of enzymatic reactions?’°%%2  Although condensation is a ubiquitous principle of
intracellular organization, we are only beginning to understand how the condensate environment
can impact gene expression.

Neurons require a high degree of spatial and temporal control over translation®*-*, suggesting
condensates could be well-suited to regulate neuronal mMRNAs. A single neuron has 1,000 to
100,000 synapses that must each have a precise and continuously changing protein
composition to make functional synaptic networks. One way neurons control their spatial
proteome is by packaging mRNAs and associated RNA-binding proteins (RBPs) into
condensates called transport granules, which move down neurites (dendrites and axons) for
local translation when they reach the appropriate place and time®-%. Recent work indicates that
34 to 61% of synaptic spines are sites of active translation at any point in time®, and inhibiting
local translation can impair the performance of mice in learning and memory tasks'. Moreover,
transport granules are found in many other cell types, and cytoplasmic, mMRNA-rich condensates
with regulatory functions are still being actively discovered®**°. The condensate-regulated spatial
distribution of mRNAs within cells thus appears to have vital functional consequences,
especially in cells like neurons with complex spatial transcriptomes.

In contrast to their functional contributions in healthy neurons, condensates have also been
implicated in neurodegenerative diseases. Pathological aggregates of RBPs (similar to those
found in degenerating patient neurons) can be nucleated within condensates in vitro and in
cultured cells, and this process can be exacerbated by disease-associated mutations?4™°,
Moreover, several neurodegeneration-associated genes, including TDP-43, tau, FUS, ATXN2,
ANXA11, KIF5A, and hnRNPA2B1, play important roles in mRNA transport and local translation
that can be impaired by disease-associated mutations®*¢-*’. Understanding the composition of
RNA condensates, the interactions holding them together, and their roles in core
gene-regulatory processes is thus not only important for elucidating basic cellular functions, but
may also provide pivotal insights into neurodegenerative diseases.

One of the major challenges to understanding mRNA regulation and the role of condensates is
the lack of technologies to map condensate-scale RNA organization genome-wide across
subcellular regions. Insights have been gained through targeted approaches, such as
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APEXseq®, CLIP*, and FAPS®, that characterize RNAs associated with one protein of interest
at a time. Prior untargeted methods that ligate RNAs together to make a chimeric molecule (e.g.
PARIS, KARR-seq, RIC-seq) have elucidated RNAs that are bound together, revealing physical
RNA-RNA interactions within tens of angstroms®'-*°. However, these approaches fail to capture
emergent mesoscale (~micron length) organization, as found in condensates. Insights into RNA
organization can be gained through imaging spatial transcriptomics methods (e.g. MERFISH,
seqFISH+), which give subcellular localization of single RNA molecules®®*2. However, these
methods require a priori knowledge of specific RNA targets and are constrained by inherent
spatial resolution limits of confocal imaging, a challenge for characterizing RNAs densely
clustered within condensates®®. SPRITE (Split Pool Recognition of Interactions by Tag
Extension) is a powerful tool to capture nucleic acid colocalizations on the scale of condensates
(~0.2 to 1 ym diameter)’. SPRITE has been validated to map RNA-DNA colocalization, identify
colocalizations among abundant non-coding RNAs (ncRNAs) within known condensates, and
discriminate between cytoplasmic and nuclear localized RNAs’"’2, However, no previous
methods, including SPRITE-based approaches, have interrogated genome-wide mature
MRNA-mRNA spatial proximity.

Here we present RNA-SPRITE, an unbiased, sequencing-based method and computational
approach for quantifying RNA-RNA colocalization, genome-wide across subcellular regions. We
adapted previous SPRITE protocols” to improve the reaction efficiencies and yield for less
abundant mRNAs, enabling us to investigate drivers of specific mMRNA colocalization and
features associated with mRNA condensation. To gain insight into the strength and type of
interactions controlling RNA condensation, we combined RNA-SPRITE with perturbations to
disrupt or enhance condensation. Our results demonstrate genome-wide post-transcriptional
RNA organization is ubiquitous and conserved between HEK cells and rodent neurons, with
specific RNA features that are predictive of spatial colocalization. RNA-SPRITE provides
unprecedented insights into global RNA organization, uncovering the mechanisms that shape it
and its functional impact.

RESULTS

RNA-SPRITE detects colocalization among RNAs in both condensates and
membrane-bound organelles

To interrogate RNA colocalization genome-wide across subcellular regions, we adapted prior
protocols for SPRITE"” to develop RNA-SPRITE, optimizing for crosslinking and sonication with
neurons/neurites and greater dynamic range of detection for lower abundance RNAs, through
improved reaction efficiencies and increased yield (Methods). Briefly, we crosslink proteins and
nucleic acids in live, intact cells using paraformaldehyde and disuccinimidyl glutarate (Figure
1A). We then lyse cells and sonicate into crosslinked clusters of proteins and nucleic acids. We
can image the resulting clusters to confirm condensates remain intact and clusters have a
maximum diameter of a few microns (Figure 1B). We next label the RNAs with cluster-specific
barcodes using a split-pool method: clusters are distributed into a 96 well plate, with each well
containing a unique oligonucleotide (“tag”) that is ligated onto all RNAs in that well (Figure 1A).
All clusters are then pooled into a single tube and distributed into a new 96 well plate for a
second oligonucleotide ligation. Repeating this process for 4 total rounds of ligation, plus the
PCR adapter, creates a 5 tag barcode. Two molecules will only share the same barcode if they
moved through the process together and thus were likely in close proximity in the live cell,
resulting in colocalization within the same crosslinked cluster. We use next generation
sequencing to read out the cDNA sequence and barcodes and align to the transcriptome. We
see similar mRNA abundance in RNA-SPRITE data compared to RNAseq (Spearman p = 0.94,
Figure S1G), indicating RNA-SPRITE does not have a strong bias for particular transcripts.
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Figure 1. RNA-SPRITE detects colocalization among RNAs in both condensates and membrane-bound
organelles
(A) RNA-SPRITE method schematic.

(B) Live HEK cells and clusters after sonication labeled with DDX6-mEGFP, NPM1-mCherry, DCP1A-mEGFP, and
FMR1-HaloJF585.

(C) Spearman correlation of genome-wide, mature mRNA pairwise specificity.

(D-E) For each ncRNA (D) or mRNA (E) in a given group (subcellular region), the mean pairwise specificity for all
other RNAs in the same group or outside the group is plotted.

(F) The mRNA colocalization propensity for each mRNA enriched in the indicated subcellular region is plotted.
(G) Neurons were treated with sodium arsenite to induce stress granules, visualized with G3BP-GFP.

(H) For all mRNAs, the relative probability density of mMRNA colocalization propensity is plotted with and without
sodium arsenite treatment.

(I) The change in mRNA colocalization propensity after sodium arsenite is plotted for mMRNAs annotated to be
enriched in or depleted from stress granules (SG)™. Data presented as Tukey box plots with violin plots, Wilcoxon
rank-sum test.

(D-F) HEK cell data are presented as mean + SEM, with arcsinh transform in (D) and log transform in (F)

****p < 0.0001

See also Figure S1
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To determine which pairs of RNA transcripts colocalized more than expected by chance, we
developed a statistical framework capable of leveraging the large size of our datasets, and that
is robust to noise and undersampling. Inspired by the widely-used single cell RNA-seq
normalization method sctransform’, we used negative binomial regression (NBR) to model the
number of colocalizations, which we define as the number of shared barcodes between each
pair of RNAs. The NBR model predicts the expected number of colocalizations for a pair of
RNAs, given the total colocalizations for each RNA and the genomic distance between the
genes encoding the RNAs (to control for the co-transcriptional colocalization, Methods).
Emulating sctransform, we calculate “pairwise specificity”: a measure of how much the observed
number of colocalizations for a pair of RNAs deviates from that expected by chance, using the
Pearson residual from the NBR model (Figure 1A and S1A-S1C).

To gain insight into RNA organization in both simple cells and cells with pronounced cytoplasmic
heterogeneity, we performed RNA-SPRITE with human embryonic kidney 293T (HEK) cells, rat
cultured primary cortical neurons, and isolated neurites from the cultured neurons (Figure S2D).
The cultured neurons form a dense web of neurites, with extensive synapses, and fire action
potentials spontaneously (Figure S2A-S2C), indicating that they are healthy and mature. We
see a strong correlation of MRNA pairwise specificity values between replicates using
independent NBR models (Spearman p = 0.74, Figure 1C). We also find good correlation
among our independent HEK, whole neuron, and neurite datasets, with whole neuron and
neurite datasets having the strongest correlation (Spearman p = 0.59), as expected. These
results indicate that RNA-SPRITE is reproducible and robust, and that mesoscale mRNA
organization is significantly conserved between HEK cells and rodent neurons.

We first examined whether RNA-SPRITE reliably detects known RNA localization patterns in
both the nucleus and cytoplasm. We gathered data from studies using other methods, including
APEXseq and FAPS, that individually characterized RNAs associated with distinct condensates
and non-condensate regions*?%86067.76-79 Jsing the HEK RNA-SPRITE dataset, we found that
RNAs annotated to be in the same subcellular structure indeed had more colocalizations with
each other than with other RNAs: this holds for ncRNA (Figure 1D), but also much less
abundant mRNAs (Figure 1E). For example, mRNAs annotated to be within p-bodies have, on
average, nearly 7x higher mean pairwise specificity with all other p-body mRNAs than with non
p-body mRNAs. mRNAs annotated as enriched in the ER also tend to colocalize more with
other ER mRNAs, exhibiting ~40x higher mean pairwise specificity. Based on these results, we
conclude that RNA-SPRITE is able to accurately report RNA colocalization across a range of
condensate and non-condensate subcellular regions in a single, untargeted assay.

Pairwise specificity reflects the likelihood that two RNAs exhibit frequent close spatial proximity
to each other, which could occur in condensates and in non-condensate subcellular regions. We
thus also sought a metric to quantify the propensity of each RNA to be concentrated within a
region of high RNA density, as expected for RNA condensates. In our RNA-SPRITE data, we
found some mMRNAs colocalized much more with other mRNAs than would be expected based
on their abundance. For each protein-coding gene, we quantified this mRNA colocalization
propensity (i.e. apparent condensation) by dividing the number of observations shared with all
other mRNA transcripts by the total number of observations for that mRNA, normalized so that
the distribution mean is 1 (Figure 1A and S1C-S1D). Consistent with this metric reflecting high
mRNA density, we found mRNAs annotated to be in known condensates had higher mRNA
colocalization propensity, on average, than those annotated to be in non-condensate subcellular
locations (Figure 1F).
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To further examine whether our mRNA colocalization propensity metric reliably reflects
condensation, we used sodium arsenite to cause mMRNAs to condense into stress granules
(Figure 1G). Upon arsenite treatment, we see an increase in mRNA colocalization propensity for
nearly all mRNAs (Figure 1H), with mRNAs previously reported to be enriched in stress
granules’™ showing a greater increase in mMRNA colocalization propensity than mRNAs reported
to be depleted from stress granules (Figure 11 and S1E). The stress granule enriched mRNAs
also had significantly greater pairwise specificity with each other after arsenite treatment than in
untreated cells (Figure S1F). Adding to prior studies, these data suggest that most mMRNAs are
recruited to stress granules, but some are enriched more than others™#-%2_ Together, our results
indicate that mMRNA colocalization propensity is a good metric of the tendency of an mRNA to be
recruited to a condensate, and provides strong validation of RNA-SPRITE for quantifying both
steady-state and perturbed RNA colocalization in living cells.

RNA-SPRITE with hypotonic treatment probes reversibility of RNA colocalization
genome-wide

Given the power of RNA-SPRITE for examining specific mMRNA colocalization and condensation
propensity, we deployed it to investigate the stability of interactions responsible for mRNA
organization, using a simple hypotonic treatment approach. Upon addition of pure water to cell
culture media, the osmotic pressure differential across the cell membrane drives water into the
cells, increasing cell volume and diluting the cytoplasm (Figure 2A). Hypotonic treatment also
causes ions and other small solutes to leave the cell, thereby decreasing electrostatic screening
and disrupting weak interactions. These effects of hypotonic treatment are expected to partially
destabilize liquid-like condensates®®?®® since phase separation is directly dependent on the
concentration of constituents and the strength of interactions.

We first validated this approach using immunofluorescence (IF) imaging. As expected, when we
added three volumes of water to the media of live HEK cells for 10 min, we observed strong
dissolution of p-bodies and Cajal bodies (Figure 2B-2C and S3A), suggesting that these bodies
are held together by relatively weak interactions. Under the same conditions, we see partial
dissolution of FXR1 granules, FMR1 granules, and speckles (Figure 2B-2C and S3A), which
indicates they are held together by relatively stronger, more stable interactions. Interestingly, we
find the total area of nucleoli does not change with hypotonic treatment, but the partitioning of
constituents, such as NPM1, decreases (Figure 2B-2D). The scaffolding network of
biomolecular interactions within nucleoli thus appears to remain largely in place, but the relative
affinity of NPM1 for these nucleolar components decreases. Conversely, the total area of
speckles decreases, but the partition coefficients of SRRM2 and SC35 do not change,
suggesting that the affinity of these proteins for speckle components has not changed (Figure
2B-2D). These results demonstrate that differential effects of hypotonic treatment can report the
reversibility of interactions within condensates.

To further examine the effects of this approach using hypotonic condensation disruption, we
used Fluorescence In Situ Hybridization (FISH) in HEK cells to test if RNA condensation was
affected by hypotonic treatment. In agreement with the protein imaging data, we found
partitioning of small Cajal body-specific RNAs (scaRNAs) into Cajal bodies and small nucleolar
RNAs (snoRNAs) into nucleoli was substantially reduced with hypotonic treatment (Figure 2E
and S3B). Conversely, partitioning of small nuclear RNAs (snRNAs) and intron-rich mRNAs into
speckles was not affected by hypotonic treatment (Figure 2F and S3B). These data provide
further evidence that many Cajal body and nucleoli constituents are held together by relatively
weak interactions, while speckles appear to be held together by stronger, more stable
interactions.
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Figure 2. RNA-SPRITE with hypotonic treatment probes reversibility of RNA colocalization genome-wide
(A) Hypotonic treatment schematic.

(B-D) IF z-stack maximum intensity projections (B) of condensates with and without hypotonic treatment with
quantification of total condensate area per cell (C and Figure S3A) and partition coefficient of indicated marker into
condensate (D).

(E-F) FISH-IF images of condensate markers and enriched RNAs with and without hypotonic treatment with
quantification of RNA partitioning into the condensate (separated channels Figure S3B).

(G-H) For each ncRNA (G) or mRNA (H) in a given subcellular region, the mean pairwise specificity for all other
RNAs in the same group or outside the group is plotted for the hypotonic treatment condition minus control,
presented as mean + SEM.

() For all mRNAs, the relative probability density of mMRNA colocalization propensity is plotted with and without
hypotonic treatment; Wilcoxon rank-sum test reported.

(J-K) Individual RNA partitioning into indicated condensate by FISH vs. RNA-SPRITE mean pairwise specificity with
other RNAs in the same condensate in untreated conditions (J) and percent change in these values with hypotonic
treatment (K). RNAs plotted are snoRNAs (U3, U8), snRNAs (U2, U4, U5, U6), and scaRNAs (2, 9, 10). Spearman
correlation p reported. FISH data presented as mean + SEM.

(B, E-F) Nuclei stained with DRAQ5 or Hoechst, colored dark blue.

(C-F) Data presented as Tukey box plots with violin plots. Arcsinh transform in (C) and log transform in (D-F).

*p < 0.05, ***p < 0.001, ****p < 0.0001

See also Figure S3

We next investigated whether our RNA-SPRITE approach could provide genome-wide
information about the effects of this hypotonic condensate dissolution. We subjected HEK cells
to 10 min of hypotonic treatment before performing RNA-SPRITE and quantified mean pairwise
specificity for groups of RNAs annotated to be in the same subcellular regions. For ncRNAs, we
see a striking decrease in pairwise specificity among scaRNAs and among snoRNAs, just as we
observed by imaging (Figure 2G). In close agreement with the imaging assays, we also see a
large decrease in “within group” pairwise specificity for p-body or Cajal body mRNAs, while
MRNAs enriched in FMR1 granules or FXR1 granules show a much smaller change (Figure
2H). Similar to snRNAs, speckle-enriched mRNAs do not have reduced colocalization with other
speckle RNAs (Figure 2G-2H). As expected, “within group” pairwise specificity is not decreased
for mRNAs enriched in non-condensate compartments: ER, nucleus, outer mitochondrial
membrane (OMM). The non-condensate mMRNAs appear to have greater pairwise specificity
with each other because the number of colocalizations among them now deviates more from
expectation based on the rest of the dataset, likely due to the loss of colocalizations among
condensate mMRNAs. These results provide further evidence that p-bodies and Cajal bodies are
weakly bound by liquid-like interactions, while FMR1 granules and FXR1 granules have
somewhat stronger gel-like interactions, and speckle components are even more strongly bound
together.

To examine how hypotonic treatment affects mMRNA condensation overall, we calculated mRNA
colocalization propensity. As expected, we find a significant decrease (23% overall) in mRNA
colocalization propensity after hypotonic treatment (Figure 2I). These results agree with the
imaging data, and suggest that a specific subset of mMRNAs enriched in liquid condensates
become more diffuse upon hypotonic dilution, while many other mRNAs are not affected. Our
MRNA colocalization propensity metric does not distinguish between condensates in liquid, gel,
or solid states. However, mRNAs likely residing in liquid condensates can be putatively
identified by their high sensitivity to hypotonic treatment (Figure S3C). Such transcripts are
maintained in close spatial proximity through weak and readily reversible interactions. We
investigated these mMRNA transcripts to better understand what drives recruitment to liquid
condensates, and we found significant enrichment of specific RBPs motifs (e.g. PUM1/2,
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ELAVL2/3, FUBP3, TIA1) in these sequences compared to hypotonic insensitive controls
(Figure S3D). This indicates specific RBP motifs are involved in the recruitment of mMRNAs to
liquid condensates, in agreement with prior studies of individual RBPs*".

When we directly compare the data for individual RNAs, we see a significant correlation
between RNA-FISH partition coefficient and “within group” RNA-SPRITE colocalization pairwise
specificity in untreated conditions (Figure 2J). The partition coefficient reflects relative affinity,
measured as the ratio of concentration (mean fluorescence intensity) of a molecule inside a
condensate to outside. The percent change in partition coefficient with hypotonic treatment is
highly correlated with percent change in RNA-SPRITE mean pairwise specificity (Spearman p =
0.93, Figure 2K). This suggests that similar to the partition coefficient, RNA-SPRITE
colocalization pairwise specificity is a meaningful measure of relative molecular affinity.
RNA-SPRITE allows us to measure molecular affinity changes with hypotonic treatment, and
therefore, enables high-throughput quantification of the strength of forces holding RNAs
together in condensates.

mRNA colocalization hubs are revealed by RNA-SPRITE

Given the above validation of RNA-SPRITE for probing mesoscale RNA colocalization, we next
sought to use it to generate a global map of cytoplasmic mMRNA organization. To focus on
mature cytoplasmic mRNAs and minimize confounds resulting from nascent nuclear mRNAs,
we excluded barcodes that also mapped to known nuclear RNAs. We grouped the mRNAs into
hubs based on colocalization pairwise specificity using singular value decomposition and
Louvain community detection (Methods)®. Independent of hub assignment, we performed
Uniform Manifold Approximation and Projection (UMAP)® to visualize the hubs (Figure 3A).

To investigate what the mRNA colocalization hubs represent, we first examined mRNAs that are
enriched in p-body condensates®®, and found that the majority are in hub 4 (Figure 3B),
consistent with the hubs reflecting subcellular regions. We also observe distinct mRNA features
in the hubs, including average abundance, transcript length, and guanine and cytosine (GC)
nucleotide content (Figure S4A), suggesting mRNAs are not randomly distributed into the hubs.
To further explore the hubs, we performed gene ontology (GO) analysis to see if hubs were
enriched with genes that encoded proteins with similar function or localization (Figure 3C).
Indeed, we found hub 4 was enriched in mRNAs encoding transcription and chromatin
regulators, consistent with mRNAs previously reported as enriched in p-bodies®®, and hub 9
was enriched in mRNAs involved in neuron-specific functions. We found hub 10 was enriched in
mRNAs encoding proteins that were membrane-bound or secreted, indicating hub 10 likely
reflects ER-associated mRNAs. Other hubs were enriched in mRNAs encoding cilia, secreted,
mitochondrial, or ribosomal proteins. These data demonstrate a high degree of mRNA
organization by protein function and localization.

We next sought to directly validate the RNA-SPRITE derived hubs by imaging RNA
colocalization using FISH. We picked mRNAs from 3 hubs and quantified their relative
colocalization frequency with each other, normalizing for abundance, with values greater than 1
indicating within-hub specificity (Methods). We found that most FISH targets from hubs 4 and 6
colocalized more with mRNAs from their own hub than those outside of their hub in both neuron
cell bodies and in dendrites, while mRNAs in hub 9 only had higher within hub colocalization
specificity on average in neuron cell bodies (Figure 3D-3G). However, we did not find all mRNAs
in the same hub to colocalize more than expected by chance, suggesting that our clustering
method is likely combining distinct subcellular compartments into a single hub.
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Figure 3. mRNA colocalization hubs are revealed by RNA-SPRITE
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(A-B) Using whole neuron RNA-SPRITE data, mRNAs are plotted by UMAP coordinates and colored by
colocalization hub (A) or enrichment in p-bodies (B).
(C) Up to 10 enriched GO terms (g-value < 0.05) in each mRNA colocalization hub are plotted, where color reflects
g-value and dot size reflects the percent of hub genes associated with each term.

(D-E) Normalized pairwise colocalization of each mRNA with mRNAs in the same hub divided by median value
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outside of the hub in neuron cell bodies (D) or dendrites (E). Individual values and mean + SE are shown.

(F-G) IF-FISH images of neuron cytoplasm below nucleus (F) and dendrites (G) with arrows pointing to colocalizing
mRNA transcripts and zoomed inset in (F).

See also Figure S4

mRNAs with less compact folding and lower translation efficiency are more likely to be in
mRNA condensates

The molecular features driving some mRNAs to be diffuse in the cytoplasm, while other mMRNAs
are enriched in endogenous cytoplasmic condensates (e.g., p-bodies, transport granules) are
largely unknown. mRNA colocalization propensity quantifies the tendency of an mRNA to be
enriched in regions with a high local mRNA concentration. Given that our calculated mRNA
colocalization propensity is greater for mMRNAs enriched in known condensates (Figure 1F) and
is increased or decreased when we broadly enhance or disrupt condensation, respectively
(Figure 1H and 2I), we interpret this metric as a readout of the tendency of an RNA to be in
RNA-rich condensates, which could be in any physical state (i.e. liquid, gel, solid). We thus
sought to use the metric to investigate the primary drivers of mRNA condensation across all
cytoplasmic condensates.

We first considered how RNA folding may affect condensation by examining the percent of GC
nucleotides in the sequence and length-normalized free energy of folding; high GC content is
associated with more compact, stably folded RNA, which implies lower (more negative) free
energy of folding. We found that percent GC content had a significant negative correlation with
MRNA colocalization propensity across all three datasets (Spearman p = -0.26 to -0.3, Figure
4A-4B). Similarly, we estimated free energy of folding for each transcript using Nupack®, and
again found that weaker intramolecular folding (less negative free energy of folding per kb) had
a clear correlation with mRNA colocalization propensity (Figure 4A-4B). These data suggest that
mRNAs with less compact folding are more likely to be in condensates, consistent with prior
studies of individual mRNA species'®®, and the general property of extended, multivalent
biomolecules to drive condensation®-°2,

mMRNA regulation often occurs through interactions between RBPs and specific motifs in the 3’
untranslated region (UTR), whose accessibility could be impacted by RNA folding®*-¢. We thus
sought to gain further insight into the relationship between RNA folding and condensation, and
found free energy of folding per kb for coding sequences (CDS) and 3’ UTRs were both
correlated with mRNA colocalization propensity (Figure S5A), again implying less compact
mMmRNAs are more likely to be condensate-associated. However, CDS free energy of folding is
more strongly correlated with mRNA colocalization propensity than 3° UTR folding, across all 3
independent datasets, suggesting that 3' UTR accessibility to RBPs is not the exclusive driver of
mRNA condensation, in agreement with prior work?".

We next examined the importance of transcript length. Previous studies have shown that mRNA
transcript length is correlated with stress granule enrichment™#®' however, it's not clear if
longer mRNAs are more enriched in endogenous condensates, in unstressed conditions. With
RNA-SPRITE data we see a positive correlation between transcript length and mRNA
colocalization propensity in HEK cells (Figure 4A-4B). However, this effect is much weaker in
whole neurons and not observed in the neurite dataset. Examining mRNA subregions, 3° UTR
length has a more positive correlation with mRNA colocalization propensity compared to CDS
length in all 3 datasets (Figure S5B).
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Figure 4. mRNAs with less compact folding and lower translation efficiency are more likely to be in mRNA
condensates
(A) Individual mRNAs are plotted to compare the indicated metrics with mRNA colocalization propensity. Linear fits £

SE are plotted. Outliers removed; at least 98% of points shown. Colocalization propensity and lengths are log
transformed.
(B) Spearman correlation p plotted ****p < 0.0001, no outliers removed.
(C) RBP motif enrichment and depletion from the top quartile of high colocalization propensity mRNA 3’ UTRs vs.
length-matched controls. Y-axis represents g-values < 0.05.
See also Figure S5
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These results suggest that RBP motifs in 3° UTRs could play a role in recruiting mRNAs to
condensates. We first confirmed from our sequencing data that all analyzed RBPs were
expressed with greater than 5 transcripts per million (TPM) of their encoding mRNA (Figure
S5D). We find that specific subsets of RBP motifs®~'® are enriched in the 3’ UTR of top quartile
of high condensate propensity transcripts, versus length-matched controls (Figure 4C). Some of
the RBPs are known to be enriched in condensates (e.g. DDX6, FXR1, TIAL1, PUM1).
Conversely, we also find specific RBP motifs that are relatively depleted from the top quartile
high mRNA colocalization propensity transcripts (Figure 4C). Future work will be needed to fully
elucidate the relationships between RBP interactions and mRNA condensation, however, these
data demonstrate that specific RBP motif interactions likely influence the recruitment of mRNAs
to condensates or maintain their diffuse distribution in the cytoplasm.

The poorly understood relationship between condensation and translation is of intense interest
in the field''. To investigate this question genome-wide, we collated translation efficiency data
derived from dividing ribosome-associated sequencing reads by total reads in HEK cells®,
neuron cell bodies'®, and neurites'®. We also considered translation initiation efficiency data'®
in HEK cells (Figure S5C). We found a consistent, significant correlation in all 3 cellular
contexts, where transcripts with higher mRNA colocalization propensity tend to have lower
translation efficiency (Spearman p = -0.20 to -0.23, Figure 4A-4B). Our data suggest that,
overall, mRNAs in condensates have lower translation efficiency than those diffuse in the
cytoplasm.

mRNA colocalization pairwise specificity is driven by shared RBP partners and encoded
protein interactions

In the previous section we investigated global drivers of mMRNA condensation. We can also use
RNA-SPRITE to elucidate universal factors that promote two mRNAs to specifically colocalize
with each other inside or outside of condensates. We examined three possible drivers of
mature, cytoplasmic mRNA colocalization pairwise specificity: RNA-RNA duplexes, encoded
protein interactions, and shared RBP motifs. mMRNA localization may be influenced by specific
physical contacts between separate mMRNA molecules, stabilized by Watson-Crick base pairing
and/or non-Watson-Crick interactions'®, which we will refer to collectively as “duplexes™:.
Alternatively, nascent proteins still being translated from their mRNAs can form stable
interactions and thus alter mRNA localization'®. Finally, RBPs exert enormous control over
mRNAs, and have been suggested as the primary mediators of mRNA localization. The degree
to which these factors direct cell-wide mRNA organization is not well understood.

We first examined the impact of direct intermolecular mMRNA-mRNA duplexes on genome-wide
mRNA colocalization, by incorporating data from proximity ligation studies®54171%_Using our
NBR framework, we can add additional terms to the baseline model for each dataset, and
estimate corresponding coefficients to quantify how well different features predict mRNA
colocalization (Methods). The model parameter a reflects a multiplicative change in
MRNA-mRNA colocalizations (a > 1 implies more colocalizations, while a < 1 implies fewer).
Mature mRNA pairs from different genes annotated to physically interact had 30% more
colocalizations on average (“mRNA duplex multiplier,” a = 1.30) in HEK cells, but only 4% more
in neurites (a = 1.04) and were not more likely to colocalize in whole neurons (a = 1.00; Figure
5A). These differences may result from the fact that proximity ligation data is from human and
mouse cell lines, while our neuron data is from rat primary cells. These results suggest specific
duplexes between mature mRNAs can contribute to RNA colocalization in human cell lines,
however, they are not broadly conserved.

13


https://paperpile.com/c/gSQv3K/n4K9y+BLTw1+0crdy+sYpjU
https://paperpile.com/c/gSQv3K/G0tbk
https://paperpile.com/c/gSQv3K/5Wlii
https://paperpile.com/c/gSQv3K/cA9N1
https://paperpile.com/c/gSQv3K/cA9N1
https://paperpile.com/c/gSQv3K/uo5BY
https://paperpile.com/c/gSQv3K/TOw9w
https://paperpile.com/c/gSQv3K/S7Rgh
https://paperpile.com/c/gSQv3K/b1uDR
https://paperpile.com/c/gSQv3K/jYQfh+S7Rgh+QdYCW+jSfbU
https://doi.org/10.1101/2025.04.19.649570
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.19.649570; this version posted April 20, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

H Top 1000 colocalizing pairs:
mRNA-mRNA /0 HEK =i B '® ap .
duplex Neuron ns | £ .

Neurite H§ Hypotonic { =———————== :U>-— Arsenite .

( ng{) 09 10 11 12 13 - ns i

3 o (MRNA duplex multiplier) Ctri __@_ ctr - -
* ’ —
C hex —: 760 80 40 2010 960 80 40 20 10

Neuron i D RNA-RNA dimer net free energy (kcal/mol)
Neurite - §

encoded proteins
same complex 00 10 11 12 1.3
) a (same complex multiplier)

%ﬁ,‘»? YA E All neurites

Proximal dendrites
Cell bodies

\ Apc mRNA

6 1 2 3
Apc and Ctnnb1 mRNA
FISH colocalization/ctrl

shared RBP motifs F 60 ’ 300 FUBP3
( 40 I
\/ HEK cells ) HNANPAILZ Neurons REMX Neurites
- } ) 6\ PUM1 N
d% 3 30 40 200 - ELAVLS
> i
® more colocalizations = 20 ELAvLT :
® fewer colocalizations - >y, o § o G3BP2
@ not significant _8_’ > g *PABPN1 20 K 100 $
Y10 £ £ . caee pe
3 UTR onl! ] " (L
y A . !. :
0 chunmundi®s o . . 0 PR | « 0 o's LI
095 1.00 105 1.10 1.15 095 1.00 105 110 1.15 095 1.00 1.05 110 1.15
a (shared RBP multiplier)
G e . H 12 L] ' I 1.0 1
= = ——
ks 5 0.8 1
£ 110 = c
B 5 4 1.05 S 06+
[ E F]
m 105 o 2
o2 g & 0.4+
E =] 0 HEK293 (AUPR=0.62)
2 100 o ! 1.00
8 5 0.2 —— Neuron (AUPR=0.72)
< f"’, Neurite (AUPR=0.77)

y B 095 IS] 0.0 T T T T
Neurons HEK neuron neurite Ctrl  Hypotonic Ctrl  Arsenite 00 02 D'Lcaﬁ's 08 1.0
J K

Learned PWM1 0.1 § 0.1 Learned PWM2 0.1 A 0.1
‘Z" BAI ASL | 0.0 0.0 1 MM A ATATc 0.0 { e | () ()
% Best match 011 014 Best match 0.1 0.1
O hpblaa L I (|| S S
FXR1 0 200 400 600 800 —B00 —600 —400 —200 0 SRSF1 0 200 400 600 80O —800 —600 —400 —200 0
Learned PWM3 0.1 0.1 Learned PWM4 0.1 0.14
2y T iA n 0.0 | Mtinmmpipavmermsmieaions | 0.0 chcgc; 0.0 | o | 0.0 1
§  Bestmatch Best match
= oAl 0.1 0.1 -0.1 1 -0.1
3 T1Ck TG L . o
NOVA1 0 200 400 600 800 —-B800 —-600 —400 -200 0 HNRNPK 0 200 400 600 800 —B0O —600 —400 =200 0
Paosition relative to 5' cap  Position relative to polyA site Position relative to 5' cap  Position relative to polyA site
Figure 5. mRNA colocalization pairwise specificity is driven by shared RBP partners and encoded protein
interactions

(A) The multiplicative effect on mRNA pairwise specificity (a) if two mRNAs are annotated to form a duplex'”’.

(B) Free energy of folding for intermolecular dimers minus values for separate monomers. Highest confidence 1000
colocalizing pairs in treated datasets vs. those in untreated, presented as Tukey box plots with violin plots and arcsinh
transform.

(C) The multiplicative effect on mRNA pairwise specificity (a) if two mMRNAs encode proteins that physically interact.
(D) Two mRNAs encoding proteins in the same complex imaged via IF-FISH in a neuron, with UPF1 antibody (blue)
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marking the cytoplasm below the nucleus and zoomed insets.

(E) Normalized FISH colocalization of Apc and Ctnnb7 mRNAs over normalized colocalization with control mRNAs.
(F) For each RBP, the multiplicative effect on mRNA pairwise specificity (a) if two mRNA 3’ UTRs share a motif for the
RBP vs. Benjamini-Hochberg adjusted significance is plotted.

(G-H) The RBP muiltiplicative effect on mRNA pairwise specificity (a) for each dataset (G) and with perturbations (H).
RBPs with a significant, positive effect in at least one dataset are plotted along with Tukey box plots.

(I) RNA sequence-based deep learning model performance, Area Under Precision-Recall (AUPR)

(J-M) Position weight matrices (PWMs) predicting neuron RNA pairwise specificity with transcript location effect and
best match known RBP motif.

(B, G-H) Wilcoxon rank-sum test

(A and C) Error bars represent 95% confidence intervals

**p < 0.01, ****p < 0.0001, ns = not significant

See also Figure S6

To further investigate whether mRNA-mRNA duplexes drive specific colocalization, we used
Nupack®® to estimate the free energy of heterodimerization of RNA pairs. As a positive control,
we observed colocalizing mRNA pairs found to form a duplex by proximity ligation experiments
had significantly lower free energy of dimerization versus non-colocalizing length-matched
controls (Figure S6A), as expected. However, we did not observe a difference in free energy of
dimerization between colocalizing and non-colocalizing pairs in our 3 untreated datasets (Figure
S6B) or between the top colocalizing pairs with hypotonic treatment versus control (Figure 5B
and S6C). Therefore, specific mMRNA-mRNA duplexes likely are not a prevalent driver of mature
MRNA colocalization under typical conditions. Interestingly, however, we do see significantly
more stable predicted mMRNA-mRNA duplexes (lower free energy of dimerization estimates) with
arsenite treatment versus control (Figure 5B and S6D), suggesting that MRNA-mRNA duplexes
are substantially increased during stress granule condensation, in agreement with prior
Work23,109,110_

We next examined whether mMRNA-mRNA colocalization is significantly promoted by interactions
of their encoded proteins. Again using our NBR framework, we found that two mRNAs encoding
proteins annotated to be in the same protein complex''~""® have 8% more colocalizations on
average (‘same complex multiplier,” a = 1.08) in HEK cells, 17% more (a = 1.17) in whole
neurons, and 25% more (a = 1.25) in neurites than otherwise expected (Figure 5C), but not with
randomized negative control annotations (Figure S6E). We used FISH to validate colocalization
of two mRNAs in neurons that encode interacting proteins: Apc and Ctnnb1 (Figure 5D-5E). Our
data thus suggest that it is common for mRNAs with shared function to colocalize, and this may
be in part due to co-translational interactions.

Finally, we asked whether sharing an RBP binding partner increased the observed
colocalizations between two mRNAs. For each of 209 expressed RBPs (Figure S5D), we
identified putative binding sites in each transcript”’° and fit an NBR model to estimate the
percent increase in colocalizations between mRNA pairs that share the RBP partner (Methods).
We found many RBPs predict increased colocalizations between their mRNA targets (“shared
RBP multiplier,” a > 1), when we looked at motifs in 3’ UTRs (Figure 5F) or pairs of motifs within
200 nt of each other in the whole transcript (Figure S6G). For example, two mRNAs sharing a 3’
UTR motif for G3BP2, a protein constituent of neuronal transport granules involved in axon
repair'*, have 14% more colocalizations (a = 1.14) in neurites, on average, than expected.
Interestingly, we see that sharing an RBP site predicts more colocalizations between a pair of
mMRNAs in neurites than it does in whole neurons, on average (Figure 5G). This likely results
from neurite mMRNAs typically being incorporated into transport granules. The frequency at
which mRNAs are transported together versus individually has been a topic of debate within the

15


https://paperpile.com/c/gSQv3K/hrG8x
https://paperpile.com/c/gSQv3K/QgWKy+NBB9f+Aioc2
https://paperpile.com/c/gSQv3K/sqRen+CYsW0+TSHsK
https://paperpile.com/c/gSQv3K/0crdy+n4K9y+BLTw1
https://paperpile.com/c/gSQv3K/Zk47b
https://doi.org/10.1101/2025.04.19.649570
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.19.649570; this version posted April 20, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

field""®, however, our data are more consistent with RBPs commonly recruiting multiple target
mRNAs into a single transport granule.

Sharing an RBP partner or encoding proteins that physically interact can increase
colocalizations between two mRNAs, but the findings described above do not address whether
these effects are significant drivers of mesoscale condensation. To address this question, we
leveraged our experiments with hypotonic and arsenite treatment to cause diminished or
enhanced mRNA condensation, respectively. These perturbations do not significantly affect
colocalizations between mRNAs encoding proteins that physically interact (Figure S6F).
Moreover, when we disrupt weak interactions with a hypotonic treatment, we find shared RBP
motifs become even more predictive of mMRNA pairwise specificity, indicating most RBP-motif
interactions are relatively stable, even with widespread condensate dissolution (Figure 5H).
Conversely, when we broadly increase mRNA condensation via arsenite-induced stress
granules, sharing an RBP partner has a smaller effect on mRNA pairwise specificity (Figure 5H),
indicating that other types of interactions become more dominant. Indeed, stress
granule-enriched RBPs'"” do not have greater mRNA colocalization predictive power (a) versus
other RBPs following stress granule formation (Figure S6H). These data suggest that, overall,
co-translational protein interactions and specific interactions of RBPs with distinct mRNA
sequence motifs exist both inside and outside of condensates, but may not be dominant in
driving liquid-like condensate formation.

To further explore the sequence determinants of mRNA colocalization, we developed a deep
learning model to predict pairwise specificity from the sequences of the two mRNAs (Figure S6l,
Methods). We found transcript sequence alone is highly predictive of mMRNA pairwise specificity
(test set AUPR = 0.62 to 0.77), with the model trained on the neurite dataset demonstrating the
best precision-recall performance (Figure 5l). We identified informative sequence regions by
calculating saliency, the gradient of model output with respect to the sequence input: positive
saliency predicts higher pairwise specificity, while negative saliency predicts lower pairwise
specificity'®'?°, The model was able to learn de novo sequence motifs that affected the
likelihood of mMRNA colocalization when shared by both transcripts, and also gave insight into
the significance of motif localization (Figure 5J-5M). Our model uncovered motifs, many of which
correspond to known RBP motifs, that predicted greater pairwise specificity if within 1kb of the 5’
cap (Figure 5J-5K) or within 200 nt of the polyA site (Figure 5J-5L). We also found motifs that
predicted lower pairwise specificity within 1kb of the 5’ cap (Figure 5L) or within 200 nt of the
polyA site (Figure 5M). These deep learning analyses demonstrate that subcellular mRNA
organization has prominent sequence-encoded organizing principles, including individual RBP
motifs.

DISCUSSION

The local microenvironment of an mRNA can impact its expression, processing, localization,
degradation and encoded protein function'®2''22 Recent findings suggest condensates are
ubiquitous RNA-rich microenvironments throughout living cells. Here, we’'ve developed and
deployed RNA-SPRITE as a genome-wide map of RNA spatial proximity. We find evidence of
extensive mesoscale mRNA organization (Figure 3) that is significantly conserved between HEK
cells and rodent neurons (Figure 1C), with neurites having a particularly high degree of
interpretable mMRNA arrangement (Figure 5). Our results suggest that interactions that bring
specific MRNAs together are distinct from those that promote condensation. The specificity of
MRNA colocalization is strongly influenced by shared RBP motifs and encoded protein function,
while mRNA condensation is associated with less compact folding, lower translation efficiency,
and specific RBP partners (Figure 6).
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Figure 6. RNA-SPRITE reveals drivers of RNA condensation and colocalization specificity
mRNAs with high colocalization propensity (likely in condensates) tend to have lower translation efficiency and less

compact folding. Distinct RBP motifs are associated with either low or high colocalization propensity mRNAs. mRNA
colocalization pairwise specificity is driven by shared RBP motifs and shared function of encoded proteins. We
observe all of these trends in HEK, whole neuron, and neurite datasets, with zoomed-in windows highlighting
examples of potential subcellular locations.

Our condensate perturbation experiments provide further evidence that mRNA pairwise
specificity and condensation propensity have distinct molecular drivers. Hypotonic treatment is
less disruptive of RBP motif-driven or encoded protein-driven mRNA colocalization, even while it
does notably dissolve liquid condensates, through disruption of a weaker set of interactions
holding them together. This suggests these interactions remain largely intact outside of
condensates, in agreement with prior work investigating several different in vitro reconstituted
RBP-RNA condensates'”. Conversely, increasing mRNA condensation through
arsenite-induced stress granule formation is associated with increased RNA-RNA duplexes,
while RBP-motif interactions play a smaller role. Specific RBP motifs can promote or inhibit
recruitment to condensates, but broad condensate perturbations do not appear to affect
motif-RBP interactions. Our results thus support a model where stable RBP motif interactions
are not the dominant mechanism holding liquid condensates together. Instead, individual
mMRNAs and their stably-bound protein partners represent a foundational unit that can act as a

17


https://paperpile.com/c/gSQv3K/06gdx
https://doi.org/10.1101/2025.04.19.649570
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.19.649570; this version posted April 20, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

building block for larger-scale, dynamic condensate assembly, through multivalent interactions
among RNAs and proteins to maintain the cohesion of liquid condensates'".

RNAs can play essential structural roles in condensates'®?:89:110.124125 " however, the impact of
intermolecular RNA interactions and RNA structure on condensation and subcellular
organization are not well understood. We observe that experimentally annotated mature
MRNA-mRNA duplexes reliably form in human cell lines, but are not well conserved in rodent
neurons. Our free energy of dimerization estimates suggest MRNA-mRNA duplexes are not a
dominant driver mRNA organization in untreated conditions, but do become more prevalent
during stress granule induction, in agreement with prior studies®'%'"° Thus stable, specific
heterodimer mMRNA-mRNA duplexes can contribute to mMRNA organization, but are likely not key
contributors to the ubiquitous mesoscale mRNA organization we observe with RNA-SPRITE.
When we examine colocalization propensity, we find mMRNAs with less compact folding are more
likely to be in condensates. This suggests the larger surface area and more accessible
single-stranded segments promote multivalent interactions with other RNAs or proteins, in
agreement with studies of individual mRNAs®'%, Qur evidence of enhanced multivalency in
condensate mRNAs is consistent with mRNAs routinely contributing to the structure of
condensates, instead of simply being passive constituents'?’.

The relationship between mRNA condensation and translation is an outstanding question in the
field'?2. Many condensates contain translationally repressed mRNAs, inhibiting translation
increases mMRNA condensation, and condensate dissolution is associated with increased
translation®122128129 Conversely, it has been shown that translation can occur, and may even be
promoted, in some condensates**'5'3-13_|n the mammalian cellular contexts we examined,
overall, lower translation efficiency mMRNAs were more likely to be in condensates. This result
does not contradict findings demonstrating active translation in specific condensates, but does
suggest translation is more likely to occur outside of condensates.

Interestingly, we find organization of mRNAs by the function of their encoded protein is
widespread. We observe mRNAs encoding proteins that physically interact have substantially
more colocalizations with each other (Figure 5C), especially in neurites, and mRNA
colocalization hubs are enriched in specific GO terms (Figure 3C). Functionally related mRNAs
could be brought together by shared RBP partners or by interactions of their encoded nascent
polypeptides during translation. Co-translational interactions can influence mRNA localization'®
play crucial roles in encoded protein function™*, and even occur on translationally stalled
transcripts™®. Neurons have many transcripts inhibited during translation elongation that can be
packaged together with translation machinery into transport granules™®'®. Sorting of
functionally related mRNAs into the same transport granules through co-translational
interactions or shared RBP partners could facilitate coordinated transport and local translation in
neurons.

In conclusion, RNA-SPRITE has enabled us to achieve unique insight into global subcellular
mRNA organization and the factors that drive it. RNA-SPRITE provides a powerful tool for (1)
uncovering novel condensates and specific mMRNA recruitment to other subcellular regions, (2)
delineating the biomolecular interactions that underlie RNA organization and condensation, and
(3) providing new insights into the mechanisms of RNA regulation and dysregulation in disease.
Building off of the findings presented here, future work leveraging RNA-SPRITE has the
potential to discover modulators of RNA organization, including therapeutic approaches to
pathologies such as neurodegeneration diseases, where the dysregulation of mRNA-rich
condensates appears to play a central role.
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Limitations of the study

RNA-SPRITE is potentially constrained by undersampling, transcript discrimination, and quality
of annotation data. Deeper datasets could help reduce colocalization false negatives and refine
identification of colocalization hubs corresponding to distinct subcellular compartments. Also, we
do not report colocalization between copies of the same transcript sequence or between
transcripts with high sequence homology because it is difficult to determine if the two sequences
came from the same RNA molecule or separate molecules. Improved experimental methods
and algorithms to predict RBP binding, RNA folding, and mRNA-mRNA duplexes would
enhance our insights into how these factors control mRNA colocalization and condensation.
Such characteristics of individual RNAs are difficult to predict, however, when we look at these
features genome-wide we can identify high confidence trends.
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Figure S1. Characterization of RNA-SPRITE colocalization propensity and pairwise specificity metrics for
mRNAs, related to Figure 1
(A-D) Individual mRNAs are plotted to show correlations among transcripts per million (TPM), transcript length,
mRNA colocalization propensity, and mean pairwise specificity for each mRNA with all other mRNAs.
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(E) The mRNA colocalization propensity for stress granule (SG) depleted and enriched mRNAs™ before and after
arsenite treatment.

(F) The mean pairwise specificity for SG enriched mRNAs with all other SG enriched mMRNAs before and after
arsenite treatment.

(G) Individual mRNAs are plotted with TPM measurements from RNA-SPRITE vs. RNAseq in cultured neurons.
(A-D and G) TPM, length, and colocalization propensity axes are log transformed.
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Figure S2. Rat primary neuron cultures form functional, mature, electrically active synapses

(A) Day 18 in vitro cultured cortical neurons have a dense web of neurites and are morphologically mature.

(B) Extensive overlap of antibody stains for presynaptic marker BSN and postsynaptic marker PSD-95 indicates
abundant functional synapses.

(C) The genetically encoded calcium indicator GCaMP#6 displays spontaneous spikes that are well synchronized
among the neurons, demonstrating that the cells are electrically active and innervating each other.

(D) Neurons were grown on hanging filters (Methods) to isolate neurites. Unlike the 3 um pore filters, on the neurite
only side of the 1 um pore filters, we see evidence of axons and dendrites via TAU and MAP2 antibody labeling, but
not cell bodies labeled with DAPI.
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Figure S3. Hypotonic treatment uncovers reversible RNA colocalization, related to Figure 2

(A) IF was used to measure total puncta area per HEK cell before and after hypotonic treatment (images in Figure
2B). Data presented as Tukey box plots with violin plots to show distribution and with arcsinh transform.

(B) FISH-IF images of RNA enrichment in condensates before and after hypotonic treatment with nuclei stained with
Hoechst, colored dark blue (quantification in Figure 2E and 2F).

(C) mRNAs plotted, with those putatively enriched in reversible condensates identified by top quartile colocalization
propensity in untreated conditions and top quartile sensitivity to hypotonic treatment (decrease in colocalization
propensity upon hypotonic treatment). X-axis is log transformed.

(D) RBP motifs enriched in the 3' UTRs of putative mRNAs in reversible condensates identified in (C) vs
length-matched control 3° UTRs.
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Figure S4. mRNA colocalization hub properties, related to Figure 3
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distribution. TPM and length axes are log transformed.
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Figure S5. mRNA colocalization propensity correlations, related to Figure 4

(A-B) The Spearman correlation of mRNA colocalization propensity vs. length normalized free energy of folding (A) or
transcript length (B) for the whole transcript, the coding sequence (CDS), or 3° UTR.

(C) Individual mRNAs plotted to show correlation of MRNA colocalization propensity in HEK cells vs. translation
initiation efficiency'® with Spearman correlation p. X-axis is arcsinh transformed and y-axis is log transformed.

(D) The distribution of TPM for the mRNAs encoding each RBP with an annotated motif®’*8 is plotted for the HEK and
whole neuron RNA-SPRITE datasets. A cutoff of 5 TPM was used for RBP motif analyses.

****p < 0.0001
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Figure S6. Drivers of mRNA colocalization pairwise specificity, related to Figure 5

(A-D) Free energy of folding for intermolecular dimers minus values for separate monomers. Data presented as
Tukey box plots with violin plots to show distribution and with arcsinh transform of y-axis.

(A) mRNA pairs previously annotated to form a duplex'”” that also colocalize in the HEK cell RNA-SPRITE data vs.

non-colocalizing, non-duplex length-matched controls.
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(B-D) Highest confidence (by z-score) 1000 colocalizing mRNA pairs in each dataset vs. non-colocalizing
length-matched controls.

(E) As a negative control, the proteins annotated as interacting within a complex were randomly assorted to
complexes, retaining the original number of constituents for each complex, number of complexes, and number of
complexes each protein appeared in. The multiplicative effect on mMRNA pairwise specificity (a) if two mRNAs encode
proteins annotated to be in the same scrambled control complex.

(F) The multiplicative effect on mRNA pairwise specificity (a) if two mRNAs encode proteins annotated to physically
interact in the same complex, divided by the control condition.

(G) For each RBP, the multiplicative effect on mRNA pairwise specificity (a) if two mRNAs are called as targets of the
same RBP vs. Benjamini-Hochberg adjusted significance. An mRNA was considered a target of an RBP if it had two
significant motifs for the RBP within 200 nucleotides anywhere in the transcript.

(H) For stress granule enriched and non-enriched RBPs"", the change in the multiplicative effect on mRNA pairwise
specificity (Aa) for arsenite treatment minus control. Data presented as Tukey box plot.

(I) Neural network architecture for predicting colocalization pairwise specificity.

(A-D, H) Wilcoxon rank-sum test

(E-F) Error bars represent 95% confidence intervals.

*p < 0.05, **p < 0.01, ns = not significant

METHODS

Cell culture and drug treatments

All cells were grown at 37°C with 5% CO2. HEK293T (HEK, ATCC) were grown with DMEM
(GIBCO, 11995065), 10% FBS (Atlanta Biological, S11150H), and 1% penicillin-streptomycin
(GIBCO, 15140122), according to standard protocols. For arsenite treatment conditions,
neurons were treated with 0.5 mM sodium arsenite for 1 hour. For hypotonic treatments with
HEK cells, 3 volumes of water were added to 1 volume of media for 10 minutes (min) before
fixation. Fixation was performed as described below for each technique using diluted buffer (3
volumes of water to 1 volume of buffer). Conditions after fixation were the same as control.

Primary cortical neuron culture

Pre-treated poly-D-lysine plates (Corning BioCoat) plates were used for whole neuron
sequencing experiments. For neurite isolation experiments, PET millicell hanging cell culture
insert, 1 ym pore size, in 6 well plates were treated with 0.01 mg/mL poly-D-lysine at 37°C
overnight and were washed x4 in HBSS. Were used for neurite isolation. For imaging
experiments, the inner 60 wells of 96 well glass bottom plates were treated with poly-D-lysine in
the same way, with the outer 36 wells of the 96 well plate filled with ultrapure water. 6 mL (10 cm
plate), 3.5 mL (hanging filters per well), 50 yL (96 well plate per well) of neuron media (Gibco
Neurobasal Plus with 2% Gibco B27 Plus, 1% penicillin-streptomycin, and 250 ng/mL
Amphotericin B) with 2% (1.14% for hanging filter wells) Gibco CultureOne supplement
(antimitotic) was added to each well to keep the growing surface submerged, and the plates
were stored at 37°C overnight, 5% CO2.

Embryos were collected from euthanized Sprague-Dawley rats (Charles River Laboratories) at
embryonic day 17 via cesarean section. The embryos were transferred to HBSS in 10 cm glass
plates, and were kept on ice to make the meninges easier to remove. The placenta was cut
from each embryo, the heads were removed and transferred to a new glass plate with HBSS.
Using a dissection microscope, the skull was removed and brains were transferred to a new
glass plate with HBSS. Meninges were carefully and thoroughly removed, and the cortex was
cut away from the striatum and other structures, and were transferred to a 10 mL conical with
HBSS.
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Worthington papain dissociation kit was used to dissociate cortices into individual cells in a
biosafety cabinet using sterile technique. Reagents were prepared as described by the Kkit.
HBSS was carefully removed from the cortices and 5 mL papain solution was added (100 units
papain, 1000 units DNase I, TmM L-cysteine, 0.5mM EDTA in HBSS). The conical was inverted
x3 then incubated at 37°C for 20 minutes, with no agitation or inversion after the incubation. The
papain solution was removed, and 3 mL of inhibitor solution (3 mg ovomucoid inhibitor, 3 mg
albumin, and 500 units DNase | in HBSS) was added to the cortices, inverted x3, and sat
upright for 5 min. Supernatant was removed and replaced with 3 mL additional inhibitor solution,
inverted x3, and sat upright for 5 min. Supernatant was removed and 1.5 mL neuron media was
added. A flame-treated Pasteur pipette was used to slowly triturate up and down 10x, avoiding
bubbles. Cells were allowed to settle in the upright tube for 2 min. The top 750 uL of dissociated
cells were removed and added to a new 10 mL conical. 750 uL neuron media was added to the
original tube, ftriturated 10x, settled in the upright tube for 2 min, and the top 750 uL of
dissociated cells were transferred to the new 10 mL conical. This process was repeated 1 more
time, for a total of 3 trituration steps, adding all of the media with cells to the new tube after the
final trituration. Cells were centrifuged for 5 min at 300 g, supernatant was removed,
resuspended in 1 mL neuron media, and counted using a hemocytometer.

Cells were diluted in additional neuron media to achieve 6 million cells in 6 mL for 10 cm plates,
0.5 million cells per hanging filter in 0.5 mL, 25,600 cells in 50 yL per well 96 well plates. The
evenly-suspended, diluted cells in the indicated media amounts were added to each well of the
previously prepared plates to bring the volume to 12 mL for 10 cm plates, 4 mL for hanging
filters, and 100 uL for 96 well plates each with 1% CultureOne supplement final. CultureOne
supplement was not used again after this treatment on day in vitro (DIV) 0. On DIV3 100 pL
more neuron media was added to the 96 well plate to bring the final volume to 200 pL. Twice
per week (96 wells or hanging filters) or three times per week (10 cm plates), half of the media
was removed from each well and replaced with fresh media and plus ultra-pure water to counter
evaporation. Experiments were performed on DIV17.

Immunofluorescence (IF)

Cells were fixed with freshly mixed 4% paraformaldehyde (PFA) in phosphate buffered saline
(PBS) for 10 min to fix. Washed x2 in Tris-buffered saline with 0.1% Tween-20 (TBST). Cells
were permeabilized with TBST with 0.1% Triton-X for 15 min at room temperature (RT), washed
2x TBST, and blocked with TBST with 10% normal goat serum for 1 hr RT. Cells were treated
with primary antibodies and 10% normal goat serum overnight, washed 3 times for 5 min each,
and then treated with secondary antibodies diluted in TBST with 10% normal goat serum for 2-3
hrs RT. Cells were then washed 3 times for 5 min each. If needed, Hoechst was added to the
second to last wash (1:5000) or DRAQS5 (1:5000) with no wash out.

Fluorescence in situ hybridization (FISH)-IF

SABER FISH was performed according to prior protocols™® in 96 well plates using
PaintSHOP'* for probe design, with 21-30 oligos per mRNA. For target probe incubation, 0.5 ug
each of two concatemerized target probes in 50 uL total solution volume overnight at 43°C was
used. Fluorescent imaging probes were used at 0.2 uM in 50 uL total solution volume, incubated
at 37°C for 15 min. IF was performed after FISH steps. Cells were blocked for 1 hr at RT in
blocking buffer: PBST (1x PBS with 0.1% Tween-20) with 10% molecular grade RNase free
Bovine Serum Albumin and 1:100 murine RNase inhibitor (NEB). Cells were incubated
overnight at 4°C with primary antibodies in blocking buffer, washed with PBST twice for 10 min
each, and then treated with secondary antibodies for 1-2 hrs at RT in blocking buffer. Cells were
washed with PBST twice for 10 min each then stored in PBST with 1:100 murine RNase
inhibitor at 4°C or immediately imaged.
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Plasmids, lentiviral packaging, and transduction

FM5 mGFP-DDX6, FM5 mGFP-Dcp1a, and FM5 mGFP-G3BP were a kind gift of David W.
Sanders. FM5 NPM1-mCherry was a kind gift of Lian Zhu. FM5 SFFV Halo-FMR1 was cloned
using NEBuilder HiFi DNA Assembly Cloning Kit (NEB E5520) and the FMS lentiviral backbone
vector (a gift from David W. Sanders)®'. Lentivirus was made using typical protocols for third
generation packaging vectors and concentrated with Lenti-X concentrator (Takara Bio 631231).
pHAGE RSV GCaMP6s (addgene #80146) was used for imaging activity of cultured neurons.

Imaging and analysis

A Zeiss 980 laser scanning confocal microscope was used for imaging with a 60x oil objective
unless otherwise noted. GCaMP6 activity videos were taken with a 10x air objective. Image
analysis was done using custom Fiji macros and R scripts. For puncta area per cell
measurements, whole-cell z-stacks were taken, and maximal intensity projections were used for
analysis after a one pixel Gaussian blur to de-noise. A single threshold was chosen for each
condensate marker protein based on a range of images, and condensate puncta with area 0.01
to 2 um? were quantified. A custom Fiji macro was used to measure the total area of puncta for
each image and then divided by the number of cells per image (quantified by counting nuclei
with a nuclear marker Hoechst or DRAQS5).

For partition coefficient analysis, nuclei were segmented using Hoechst signal after a two pixel
Gaussian blur, and nuclear bodies were segmented using the indicated condensate markers
after a one pixel Guassian blur. A single segmentation threshold was used for each condensate
marker based on a range of images, and condensate puncta with area 0.01 to 2 um? were
quantified. For each nuclei, Fiji was used to measure the fluorescence intensity inside the
segmented nuclear condensates and outside the condensates in the nucleoplasm was
measured. The partition coefficient is the ratio of the mean fluorescence intensity inside the
segmented condensate divided by the mean fluorescence intensity outside of the condensates
in the nucleoplasm, measured per cell.

For FISH validation of RNA-SPRITE Louvain colocalization hubs, 6-7 mRNAs per hub were
chosen and each given 1 of 3 unique hairpin sequences. Colocalization was quantified for every
possible mRNA pair, as long as they did not share the same hairpin sequence and were
therefore compatible for multiplexing. The rodent primary neurons were imaged at a plane just
under the nucleus. UPF1 IF was used to mark the cell body cytoplasm and segmented using 10
pixel Gaussian blur and a consistent mean fluorescence threshold for segmenting. MAP2 IF
was used to mark dendrites and segmented using 2 pixel Gaussian blur and a consistent mean
fluorescence threshold for segmenting. Two mRNA targets (visualized using FISH as above)
were imaged per well in separate fluorescence channels. For both FISH channels, a one pixel
Guassian blur was done to de-noise. The first FISH channel was segmented using a consistent
mean fluorescence threshold and filtering for 0.1 um? minimum FISH puncta area. The
fluorescence intensity of the second FISH channel and the UPF1 and MAP2 channels was
measured. Dendrite vs. cell body puncta were identified by their relative fluorescence intensity
in the UPF1 and MAP2 channels.

A single FISH puncta in the first channel was considered positive for colocalization of the two
MRNAs if the measured FISH channel maximum fluorescence value was above a consistent
threshold. The same process was repeated for the second FISH channel. The percent positive
puncta for each thresholded FISH target and measured FISH target pair was calculated (each
mRNA pair would have two values, one based on thresholding on in the first FISH channel and
one based on thresholding in the second FISH channel). For each measured mRNA target, the
median percent positive puncta for mRNA pairs not in the same RNA-SPRITE Louvain
colocalization hub was calculated. The percent positive puncta for all mMRNA pairs was divided
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by this number to give “single normalized colocalization,” which is normalized for the abundance
of measured mRNA. For each thresholded mRNA target, the median “single normalized
colocalization” for mRNA pairs not in the same RNA-SPRITE Louvain colocalization hub was
calculated. All “single normalized colocalization” values were divided by this number to give
“double normalized colocalization” in order to normalize for the abundance of the thresholded
MRNA target in addition to normalizing for the abundance of measured mRNA target. “Double
normalized colocalization” is plotted in Figure 3D and 3E for mRNAs in the same hub. Values
over 1 indicate within hub specificity.

Normalized colocalization for mRNAs encoding proteins that physically interact was performed
in the same way, but using abundance matched control mMRNAs instead of mRNAs in a different
colocalization hub. The proteins encoded by Apc and Ctnnb1 physically interact. Picalm was the
matched control for Apc and Tpm1 was the matched control for Ctnnb1.

RNA-SPRITE crosslinking

Low passage HEK cells were plated on pre-treated poly-D-lysine plates. Neurons were
prepared as above. HEK and whole neurons were crosslinked in 10cm plates. Neurites were
crosslinked in 6 well hanging filters. Crosslinked was performed according to the following
protocol with RNase-free reagents.

One bottle of phosphate-buffered saline (PBS) was chilled at 4°C. One was kept at room
temperature (RT). A 2mM Disuccinimidyl glutarate (DSG) stock solution was prepared in
room-temperature PBS: DSG was allowed to sit for 20 min at RT to avoid moisture, then 306 pL
DMSO was added to a 50 mg bottle of DSG (0.5M final concentration). The solution was
vortexed to mix. It was used fresh or within 1 month.

Media was removed from plates. From this point, all RNA-SPRITE steps were performed using
certified RNase-free reagents and consumables wherever possible, and RNaseZap was used
on gloves, equipment, and all surfaces. Cells were washed with room-temperature 1 volume (5
mL for a 10 cm plate, 2 mL for hanging filters in a 6-well plate) 1x PBS. PBS was gently
removed. One volume of 2mM DSG solution was added. The plates were rocked gently at room
temperature for 45 minutes. During this time, RT and chilled 1x PBS were prepared in a 50 mL
conical tube, 1 falcon tube, and 1 microcentrifuge tube per sample. Right before use, in a fume
hood, a 1% formaldehyde solution was premixed in room-temperature PBS using a fresh
ampule. The DSG solution was removed from cells, and the cells were washed once with
room-temperature PBS. One volume of formaldehyde solution was added to the cells. The cells
were incubated at room temperature for exactly 10 minutes, gently rocked or swirled by hand
occasionally. Immediately, 200 uL of 2.5M Glycine stop solution per 1 mL of formaldehyde
solution in the dish was added. The mixture was incubated at room temperature for 5 minutes,
shaken or gently swirled by hand occasionally. Crosslinking reagents were poured off into
formaldehyde waste. The cells were carefully washed with cold 1x PBS, gently rocked for 1-2
minutes. The wash step was repeated 1-2 more times, discarding into formaldehyde liquid
waste.

After the last wash, one volume of scraping buffer (ice-cold PBS + 0.5% bovine serum albumin)
was added to each well/plate. From this point onward, the cells were kept at 4°C. The cells were
scraped from the plate (underside of filters for neurite collection) and transferred to a 15 mL
falcon tube. Each well was rinsed with another volume of scraping buffer, which was added to
the falcon tube. The cells were centrifuged at 1000 g at 4°C for 5 min to pellet them, and the
supernatant was discarded. The pellet was resuspended in 1 mL cold scraping buffer to break it
up. The cells were aliquoted into microcentrifuge tubes and spun at 2000g for 5 min at 4°C. The
supernatant was removed, and the cells were flash frozen in liquid nitrogen.
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RNA-SPRITE Lysis

A Roche complete EDTA-free protease inhibitor tablet was dissolved in 500 uL (1 tablet per 10
mL). Buffers were prepared and used within 1 month: lysis buffer A (50 mM Hepes pH 7.4, 1
mM EDTA, 1 mM EGTA, 140 mM NaCl, 0.25% Triton-X, 0.5% NP-40, 10% Glycerol, Ultra Pure
H20), lysis buffer B (50 mM Hepes pH 7.4, 1.5 mM EDTA, 1.5 mM EGTA, 200 mM NaCl, Ultra
Pure H20), lysis buffer C (50 mM Hepes pH 7.4, 1.5 mM EDTA, 1.5 mM EGTA, 100 mM NacCl,
0.1% Na-DOC, 0.5% NLS, Ultra Pure H20). Lysis buffers A, B, and C were chilled on ice. The
centrifuge was chilled, and all steps were performed on ice.

A cell pellet was thawed on ice for two minutes or until thawed. To each pellet, 700 pL of Lysis
Buffer A supplemented with 1x protease inhibitor + 1:40 murine RNase inhibitor (NEB) was
added, and the pellet was fully resuspended by pipetting. It was ensured that the pellet was fully
resuspended in the lysis buffer. The mixtures were incubated on ice for 10 minutes. They were
not inverted or mixed after incubation. The cells were pelleted at 4°C for 8 minutes at 850 x g.
The supernatant was discarded, taking care not to disturb the pellet (some buffer was left rather
than disturbing the pellet). To each cell pellet, 700 uL of Lysis Buffer B supplemented with 1x
protease inhibitor + 1:40 RNase inhibitor was added, and the pellet was fully resuspended. The
mixtures were incubated on ice for 10 minutes without inversion or mixing. The cells were
pelleted at 4°C for 8 minutes at 850 x g. The supernatant was discarded, taking care not to
disturb the pellet. To each 10 million nuclei pellet, 1.1 mL of Lysis Buffer C supplemented with
1x protease inhibitor + 1:40 RNase inhibitor was added, and the pellet was resuspended. The
mixture was incubated on ice for 8 minutes. Some lysate was taken to check RNA sizes
pre-sonication. The lysate was flash frozen and stored at -80°C or used for sonication.

RNA-SPRITE sonication and checking RNA size

1 mL of sample was transferred to a 1 mL AFA tube. Covaris ME220 sonicator instructions were
followed with the following parameters: 9°C, 6-12°C range, 75 PIP, 1000 CPB, 15 duty factor, 2
min. Single-use aliquots were made and flash frozen, then stored at -80°C.

The crosslinks were reversed on a 20 pL aliquot of each sample before and after sonication by
adding 25 pL NLS elution buffer (20 mM Tris-HCI pH 7.5, 0.56 M NaCl, 10 mM EDTA pH 8, 2%
N-lauroylsarcosine, Ultra Pure H20) and 4 units of Proteinase K (NEB), then the mixture was
shaken at 1200 rpm on a thermomixer for 1 hr at 65°C. The samples were cleaned up by
following the protocol provided in the Zymo RNA Clean and Concentrator-5 Kit (>17 nt kit).
DNase digestion was done with 41.75 pyL sample, 1x Turbo DNase buffer, 4 units Turbo DNase,
and 1:40 murine RNase inhibitor. The mixture was incubated for 30 min at 37°C. Samples were
cleaned up with the Zymo RNA Clean and Concentrator-5 Kit and eluted in 14 L.

A Qubit (HS RNA) and Tapestation (HS RNA) were used to measure RNA concentration and
size according to the manufacturer’s instructions. The RNA size range should be similar before
and after sonication, and the RNA integrity number should be over 5 for both. Sonication time
and/or duty factor might need to be decreased if RNA is more degraded.

RNA-SPRITE NHS bead coupling

We calculated the volume of crosslinked sample to add per volume of beads to achieve 5
molecules of RNA per bead using estimates from Qubit and Tapestation data on reverse
crosslinked samples above. We used 4 mL total of NHS beads per experiment, dividing the
beads equally between each sample in 1.5 mL DNA lo-bind tubes. The volumes below are for
an experiment with 10 samples (including replicates) that were kept separate until split pool
barcoding. If the amount of RNA per tube was changed (e.g. by using a different number of
samples), the volumes per tube would need to be changed proportionally for all reactions before
the split pool barcoding. The samples could not be frozen again until the step where they were
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eluted from the beads by Proteinase K and reverse crosslinking treatment. Therefore, we
performed all steps from bead coupling to bead elution on 4 consecutive days for each
experiment. The mixing steps were done with a thermomixer.

The bottle containing the Pierce NHS-activated beads in N,N-dimethylacetamide (DMAC) was
vortexed until a uniform suspension was obtained. The time the bottle was open was minimized,
the lid was sealed with parafiim, and the DMAC bead tube was stored in a 50 mL conical with
drierite at 4°C. A total of 4 mL was transferred into clean 1.7 mL protein lo-bind tubes, with a
maximum of 1.2 mL per tube. The tube was placed on a magnetic rack to capture the beads
(the magnetic rack was used for all subsequent washes in the RNA-SPRITE protocol as well).
The DMAC was removed, and the beads were washed with 1 mL ice-cold 1 mM HCI (from a 1
M HCI stock). The beads were washed with 1 mL ice-cold 1x PBS. 500 uL of RT Coupling Buffer
(1x PBS, 0.1% SDS, 5 mM EDTA) with 1:100 NEB murine RNase inhibitor was added to the
beads, vortexed, and was not put on ice. 1:10 dilutions of each lysate were made for NHS
coupling if necessary. It was ensured that samples were never spun down prior to bead
coupling. The mixture was vortexed heavily to ensure all material was in solution prior to
coupling. Lysate was added to RT Coupling Buffer with 1:100 RNase inhibitor to a final volume
of 500 yL, and the mixture was vortexed well to ensure it was evenly mixed. Then, 500 pL of
beads was added to each sample and vortexed well with beads. The lysate and beads were
incubated at room temperature for 15 min, then overnight at 4°C on a rotator.

RNA-SPRITE RPM ligation

The NHS beads were quenched and washed by placing tubes on a magnet and removing half
of the total volume of flowthrough (500 pL). 500 pyL of 1M Tris-HCI pH 7.5 was added to the
beads, vortexed, and incubated at RT for at least 45 minutes, 1000 rpm on the rotator. This
ensured that all NHS beads were quenched with protein from bound lysate or Tris and would not
bind enzymes in the following steps. Beads were washed three times in RT RLT++ Buffer, and
the lid was rinsed. Beads were washed 4x times with RT M2 Buffer (20mM Tris-HCI pH 7.5,
50mM NaCl, 0.2% Triton-X, 0.2% NP-40, 0.2% Na-DOC, Ultra Pure H20), and the lid was
rinsed (0.5 to 1 mL washes were used from here on unless otherwise stated). On ice, 100 yL of
PNK master mix (1x PNK buffer, 80 units T4 PNK Enzyme, 1:40 murine RNase inhibitor,
Ultrapure water) was added to each sample to convert to 3’OH RNA ends. The mixture was
incubated at 37°C for 45 minutes, shaking at 1200 rpm on the thermomixer. 1x wash in RLT++
buffer (1 x Buffer RLT, 10mM Tris-HCI pH 7.5, 1mM EDTA, 0.2% NLS, 0.1% Triton-X, 0.1%
NP-40) was performed. 4x washes were performed in M2 Buffer.

The RPM ligation reaction (7.5% DMSO, 5 yM RPM adapter, 1x NEB T4 RNA Ligase Buffer, 1
mM ATP, 15% PEG 800, 1:200 murine RNase inhibitor, and 120 units NEB T4 RNA Ligase High
Concentration) was prepared to a total volume of 100 uL per sample. The water, DMSO, and
RPM adapter were added to the beads first, heated at 65°C for 2 minutes at 1000 rpm to
denature the secondary structure of RNA, and then immediately placed on ice for at least 3
minutes. The tubes were vortexed and touch spun 2x. The rest of the RPM ligation reaction
components were added, and the tubes were flicked to mix. The mixture was mixed well by
vortexing and very brief pop-spins repeatedly after adding the ligase. Care was taken to ensure
there wasn't a bead clump on the bottom. The mixture was incubated for 1 hour at 24°C at 1200
rom with mixing. Beads were washed 4x in No Salt Tween/NP40 Buffer (50mM HEPES pH 7.4,
0.1% Tween, 0.1% NP-40, Ultrapure H20) to remove excess RPM adapter. 1x wash with RLT++
buffer and 6x washes with M2 buffer were performed.

Residual solution was completely removed from NHS beads. The reverse transcription
mastermix (0.25 yM RPM bottom adapter, 1x First Strand buffer, 5 mM DTT, 0.5 mM dNTPs,
500 units Superscript lll enzyme, 1:40 murine RNase inhibitor) was prepared to a total volume
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of 100 pyL per sample. The RPM bottom oligo and water were added first. The mixture was
heated at 65°C for 3 minutes at 1000 rpm to denature the secondary structure of RNA, and then
immediately placed on ice for 3 minutes. The tubes were vortexed and touch spun 2x. Vortexing
was performed to make sure beads were fully resuspended prior to adding the RT mastermix
with enzyme, or mixing was done by pipetting after the full mastermix was added. The rest of
the reverse transcription master mix components were added on ice to prevent mispriming. The
mixture was incubated at 42°C for 30 minutes, 1200 rpm. Beads were washed 4x with M2
Buffer. Residual solution was completely removed from NHS beads. To digest excess RPM
bottom adapter, beads were resuspended in 100 yL Exo1 master mix (1x first strand buffer, 1:40
murine RNase inhibitor, 200 units NEB Exonuclease |, and ultrapure water) and incubated at
37°C for 20 minutes, 1200 rpm. Excess RPM was washed 6x with M2 Buffer, ensuring that tube
lids were washed out. Beads could be stored at 4°C overnight in 0.25-1 mL M2 Buffer with 1:40
dilution of Murine RNase Inhibitor and 5 mM EDTA to prevent RNA degradation overnight.

RNA-SPRITE Split-pool barcoding

The process for split-pool barcoding was prepared by washing 3x with M2 with rinsing out the
lid. 4 total rounds of adapter ligations were performed: Odd, Even, Odd, and Terminal Y. 96
adaptors were designed to ligate onto the RNA molecules. The ligation reaction between the
adaptors and the RNA occurred in a 96-well plate. Efforts were made to lose as few beads as
possible with each step to maximize yield. A plate holder was always used for 96-well plates.

SPRITE barcode plates were prepared by diluting 1:10 to 0.45 uM final concentration from a 4.5
MM stock in 1x Annealing Buffer. The SPRITE adaptor stock plate was centrifuged at 1000 x g
for 1 minute before the foil seal was removed. The dilution was performed by adding 21.6 pL of
1x annealing buffer to the existing 2.4 pL of 4.5 yM plate, yielding a 24.0 uL final volume for a
1:10 dilution. The mixture was mixed well by pipetting up and down, and a foil seal was added.
The plate was spun down at 1000 x g for 1 minute before the foil seal was removed. 2.4 uL was
aliquoted from the new 0.45 uM plate of SPRITE adaptors to a new low-bind 96-well plate. Care
was taken to ensure that there was no mixing between wells at any point of the process to avoid
cross-contamination of barcodes. A new pipette tip was used for each well. After the transfer
was completed, both plates were sealed with a new foil seal. 3.5 mL of Ligation Master Mix
(2.5x NEBNext Quick Ligation Reaction Buffer, 0.63x Instant Sticky-end Ligation Master Mix,
19% 1,2-Propanediol) was made for four rounds of SPRITE, and the remainder was stored at
-20°C. The master mix was split evenly into each well of a 12-well strip tube by pipetting ~240
uL into each tube (6.4 MM per well x 8 wells x 4 plates). The master mix was kept on ice. A
dilute M2 wash buffer was created by mixing M2 wash buffer with an equal volume of H20 and
1:200 murine RNase Inhibitor to resuspend beads for each round. The samples were kept
separate for the first round of barcoding. Wells for each sample were recorded in round one for
later identification.

To begin each round, ~955 pL of dilute M2 wash buffer was added to the beads to achieve a
final volume of 1.075 mL total for all samples. Care was taken to ensure that the beads were
equally resuspended in the buffer. The samples were transferred into a strip tube for easy
pipetting into the plate (1 strip tube for a plate). For subsequent rounds when all the samples
were mixed, the beads were distributed equally into a 12-well strip tube by aliquoting ~92 pL of
beads into each well.

The 96-well plate containing the aliquoted adaptors was centrifuged at 1000 x g for 1 minute,
and then the foil seal was removed. 11.2 uL of beads was aliquoted into each well of the 96-well
plate that contained 2.4 pL of the 0.45 yM SPRITE adaptors. Care was taken to ensure that
there was no mixing between wells at any point of the process. A new pipette tip was used for
each well. Care was also taken to ensure that there were no beads remaining in the pipette tip
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or on the walls of the well. Any remaining beads were carefully added to individual wells on the
plate in 1 uL aliquots. 6.4 uL of Ligation Master Mix was aliquoted into each well, and the
mixture was allowed to mix in solution by placing the plate on a mixer at 1600 rpm to avoid loss
on tips. The plate was sealed very well with a foil seal, rolling in a grid pattern, and incubated on
a thermomixer for 30-60 minutes at 20°C, shaking for 2 minutes at 1600 rpm. Wells were
checked to ensure they were well mixed, then the plate was shaken at 1600 rpm for 5 minutes,
checked, and then at 1200 rpm continuously to prevent beads from settling to the bottom of the
plate.

Each 20 pL ligation reaction was quenched by transferring 60 pL of M2 SPRITE Wash buffer +
50 mM EDTA from a sterile plastic reservoir into each well of the plate. The mixture was
incubated for 1-2 minutes before pooling. Tips were not touched to the inside of wells if reused.
All 96 stopped ligation reactions were pooled into a new sterile plastic reservoir. From this point
in the first round of barcoding, all samples were mixed. Each well was rinsed with additional M2
+ EDTA to collect all beads. A 15 mL conical tube was placed on an appropriately sized
magnetic rack, and the ligation pool was transferred into the conical. The beads were captured
on the magnet. The reservoir and serological pipette were rinsed with cleared supernatant
repeatedly until fully clean to collect all beads. The cleared supernatant was discarded. The 15
mL conical containing the beads was removed from the magnet, and the beads were
resuspended in 1 mL SPRITE Wash Buffer. The bead solution was transferred into 2
microcentrifuge tubes. Another 1 mL of wash buffer was used to rinse the conical, and this
solution was transferred into the microcentrifuge tubes. The cleared supernatant was used to
clean the conical until fully clean. The beads were washed 4x with 1 mL of SPRITE Wash
Buffer. Care was taken to wash out the lids, and the tubes were spun after removing the washes
to remove all liquid from each wash. The tubes were combined in the last wash, and an extra
tube was rinsed with cleared supernatant. The beads were spun down briefly in a
microcentrifuge and placed back on the magnet to remove any remaining liquid. The steps
starting from “beginning of each round” were repeated for a total of four SPRITE rounds (Odd,
Even, Odd, Terminal Y).

RNA-SPRITE reverse crosslinking

The beads were resuspended in 1.275 mL NLS Elution Buffer. The sample was vortexed well
and split evenly into aliquots in PCR strip tubes (48 wells total). Care was taken not to transfer
any material between aliquots between this point and PCR. 2 units of proteinase K (NEB
P8107S) in 10 pL NLS elution buffer were added to each reaction. The reaction was incubated
at 50°C overnight (minimum 12 hrs) to reverse crosslink. The incubation was performed with
continuous shaking at 1200 rpm to prevent beads from settling to the bottom. The tubes were
taped down really well in two directions to make sure the lids did not come open and the tube
strips stayed in the mixer. A thermolid was used to help avoid condensation on the lids. Care
was taken to ensure the lids were sealed. The beads were vortexed, touch spun, placed on a
magnet, and 30 uL was transferred to a PCR strip tube. The beads were rinsed in an additional
10 yL 1x PBS, vortexed, and spun down. The two eluates were combined to 40 uL total. The
eluates could be frozen for later processing at this point or moved to the next step.

RNA-SPRITE second reverse transcription and splint ligation

The silane beads were taken out (576 pL total) and placed in a 1.7 mL tube. The beads were
separated using a magnet, and the buffer was discarded. The beads were washed 1x with
Qiagen RLT buffer. The beads were resuspended in 1.2 mL RLT + 0.1% Triton-X (3x volume).
95 uL RLT + 0.1% Triton-X was added to each microcentrifuge tube, and then 25 yL beads in
RLT + 0.1% Triton-X were added to each tube. The tubes were briefly vortexed (ensuring all lids
were held closed) or mixed well by pipetting, and the liquid was brought to the bottom of the
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tube and touched spun. The samples were incubated for 1 minute at RT. 100 uL 100% EtOH
(0.625x combined volume) was added to each tube and pipetted to mix. The samples were
incubated for 5 minutes at RT to bind. The tubes were placed on a magnet, and the beads were
moved back and forth to form a single clump before the supernatant was discarded. The beads
were washed 3x with 150 yL 80% EtOH, keeping the beads on the magnet to keep them
clumped, and rotated 6x. For one strip of tubes at a time, immediately after removing the final
ethanol wash, the tubes were touch spun, ensuring a nice bead clump, and the remainder was
removed with a P20. The beads were dried at RT until no longer shiny and eluted in 12.5 pL
ddH20, collecting 11.5 yL total in two rounds of elution. The samples were pipetted up and
down and let sit for 2-5 minutes to elute.

A second round of reverse transcription was performed to complete the process after reverse
crosslinking. To prevent promiscuous random priming, 4 pL of 5x First Strand Buffer was added
ON TOP of the 11 uL sample, and then the sample was preheated at 40°C for 3 minutes (prior
to adding Superscript Ill enzyme). While the sample was still at 40°C, 5 pL of RT mastermix (5
mM DTT, 1 mM dNTPs, 200 units Superscript |ll enzyme, 1:40 murine RNase inhibitor) was
added directly on top of the 15 yL sample + First Strand buffer. The tubes were pipetted or
flicked to mix, and the liquid was brought to the bottom of the tube with a touch spin. The
samples were incubated at 40°C for 5 minutes, then 50°C for 30 minutes, followed by heat
inactivation at 70°C for 15 minutes, and finally held at 4°C.

Separately, the splint was annealed together with 180 uM Splint Top-2puni-spcr, 180 uM Splint
Bot-2puni-5phos-3spcr, and annealing buffer (10 mM Tris-HCI pH 7.5, 200 mM LiCl, Ultra Pure
H20). The annealing process was incubated at 95°C for 2 minutes, followed by 70 cycles of
-1°C/20s (slow cool), and held at 10°C. The annealed splint was checked for dimers using a gel.
45 uM aliquots were made and diluted in annealing buffer, and then stored at -20°C.

2 pL of RNAseH + 1 yL RNase Cocktail was added directly on top of each sample to degrade
RNA prior to cDNA ligation. The samples were incubated at 37°C for 30 minutes. 1 yL 45 pyM
splint and 3.2 pyL water were added to 23 L of the sample and mixed well. 12.8 uL Ligation
Master Mix was added, and the tubes were mixed up and down 10 times. The samples were
incubated at 20°C for 2 hours, shaking at 1200 rpm continuously.

The samples were cleaned with SPRI beads. The SPRI beads were brought to RT and
vortexed. 32.5 uL of SPRI beads (0.8125x) was added to each sample. The samples were
mixed well by pipetting and incubated at room temperature for 10 minutes (mixed by pipetting
every 3 minutes). The samples were placed on a magnet for 3 minutes and the supernatant was
discarded. The beads, still on the magnet, were washed 3x with 180 pL of 80% EtOH, 30
seconds each time. The tubes were lifted up halfway and tilted forward during liquid removal
and addition to keep a nice single clump (rotation of tubes was not necessary). After removing
the last wash, the remainder was removed with a P20. The beads were dried for 4-5 minutes at
room temperature (until no longer shiny; the beads were observed to start cracking, but care
was taken not to over-dry). The beads were eluted in 21 puL ddH20O total in two elutions. The
samples were left to sit for 2-5 minutes both times to elute, recovering 20 pL total.

RNA-SPRITE library prep and sequencing

PCR was performed with one strip tube of aliquots first to check if the number of cycles gave
appropriate amplification (see below) before proceeding with the rest of the tubes. Each tube
was assigned a unique i5/i7 index primer pair. PCR was performed with a total reaction volume
of 50 pL per tube using 0.5 uM i5 index primer, 0.5 yM i7 index primer, and 1x Q5 Hotstart
mastermix. The tubes were flicked to mix, and touched spun. PCR conditions were set as
follows: (98°C 40s) 1 cycle, (98°C 15s; 69°C 15s; 72°C 90s) 4 cycles, (98°C 15s; 72°C 90s) 10

36


https://doi.org/10.1101/2025.04.19.649570
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.19.649570; this version posted April 20, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

cycles, (72°C 2min) 1 cycle. The samples were cleaned with SPRI beads as described above,
but with 37 uL SPRI beads (0.74x) per tube. The samples were eluted with 12 uL water total in
two rounds of elution. The samples were run on a DNA HS D1000 TapeStation per the
manufacturer’s instructions. We aimed for the 300-1000 bp region to be around 10 nM per tube,
with 2 to 20 nM considered acceptable. The number of PCR cycles was adjusted for the second
PCR set (up or down from 10 cycles) for the remaining tubes, if warranted.

To remove all primer dimer, the libraries were pooled and gel cutting and clean up were
performed 1 to 2 times to extract the appropriate library sizes. Equal moles of libraries were
pooled. No more than 100 ng, 20 uL per lane were loaded, using a 2% E Gel, with 20 yL water
loaded into empty lanes and the ladder separated from the sample by 2 lanes. The gel was run
for 8-13 minutes. The gel was gently cracked open, and a clean razor was used to cut. The gel
was cut at ~300-1000 bp. The primer dimer, at ~250 bp, was observed just above the cut site.
The Zymo gel cleanup kit was used according to the manufacturer’s instructions: the gel was
melted thoroughly at 55°C for 5-10 minutes, a 1C column was used, two washes were
performed, a 2-minute dry spin with a new tube was done, and the sample was eluted in 12 L.
The sample was diluted 1:10 for DS D1000 Tapestation to check for dimer. If any dimer was left,
a second gel cut was performed.

For RNA-SPRITE Sequencing, Read1 had the RPM adapter and the RNA sequences to be
aligned. Read2 had the barcode and required sequencing of at least 87 bp: (24 bp x 3
barcodes) + 10 bp terminal + 5 bp jitter. The SPRITE reads have some overrepresented
nucleotides in cycles, so we added 20% of another library or PhiX to sequence. Quality control
checks were performed on the final library pools using a Miseq nano kit according to the
manufacturer’s instructions. Sequencing was performed using a Novaseq 6000 (lllumina)
through Princeton’s Genomics Core Facility.

RNA-SPRITE data pre-processing

A custom snakemake pipeline was used to process RNA-SPRITE sequencing data:
https://github.com/SoftLivingMatter/RNA-SPRITE-Becker-2025. Briefly, data quality was
assessed with fastqc (v0.12.1), barcodes were identified, and sequences without full barcodes
were discarded (Barcodeldentification_v1.2.0)"°. MarkDuplicates (Picard) was used to remove
PCR duplicates by filtering out similar sequences with the same barcode. Sequencing adapters
and barcodes were removed before doing two pass RNAseq alignment. As described above, we
performed paired-end sequencing with most of one read corresponding to the cluster barcode,
therefore, alignments were based on approximately 150-200 nucleotides of sequencing. To
avoid small, highly abundant RNAs spuriously aligning to mRNAs, we first aligned all sequences
using Bowtie2 (v2.4.1) to a custom transcriptome with highly abundant non-coding RNAs
(ncRNAs): snoRNAs, snRNAs, and rRNAs. We then took the unaligned reads from the first pass
alignment and aligned them to a repeat-masked genome (GRCh38 or mRatBN7.2) using STAR
(v2.7.11).

Further data processing and analysis was done wusing custom R scripts
(https://qithub.com/SoftlivingMatter/RNA-SPRITE-Becker-2025). Briefly, Ensembl transcript ID
alignments were aggregated together by their associated Ensembl gene ID, and all analyses
were performed at the level gene ID. The Ensembl transcript ID sequence with the best
coverage of alignments was chosen as the one representative sequence for each Ensembl
gene ID. The gene IDs in each dataset were filtered to be above a minimum number of
observations (unique barcodes) cutoff. We did not allow for homotypic colocalization; each
barcode could only map to a gene once. We made a gene by cluster matrix only using clusters
mapping to 2-20 genes of interest. For cytoplasmic mRNA analyses, we removed all ncRNAs,
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MRNAs encoded by mitochondrial DNA, and all mRNAs in clusters that also had alignments to
known nuclear RNAs (snRNAs, snoRNAs, scaRNAs, pre-rRNA, and RMRP).

With our current technique, we can’t easily tell if two reads with the same barcode that align to
different regions of the same transcript sequence are from a single RNA molecule or from two
separate RNA copies from the same gene. RNA molecules are fragmented during the
RNA-SPRITE protocol, and therefore a single RNA molecule can have multiple barcodes ligated
to it in different locations along the transcript. To overcome this issue and a similar problem with
homologs, we take a very conservative approach and ignore all colocalizations between
transcripts that share sequence homology. As a result, we can’t report colocalization of multiple
copies of a single RNA species. To avoid reporting colocalizations between transcripts with
sequence homology, we aggregate observations aligned to paralogs into a single gene ID. We
identified paralogs through Ensembl annotation (at least 40% sequence identity). Importantly, to
ensure that none of the RNAs we found to be significantly colocalizing had strong sequence
homology, we also checked all RNA pairs with a NBR raw z-score above 3 for sequence
homology using Biostrings (v2.70.3) pairwiseAlignment function (“local-global” and “overlap”).
For gene pairs with strong sequence homology (“local-global” > 0 or “overlap” > 50), their
observations were aggregated into a single gene ID as well, and NBR of the dataset was
repeated until no significantly colocalizing pairs demonstrated strong sequence homology.

RNAseq and analysis

Whole neuron, total RNA isolation and library prep was performed as previously described'", by
standard protocols. Alignment to the transcriptome was performed as described above in the
RNA-SPRITE pipeline using a “two pass” alignment method. Ensembl transcript IDs were
collapsed into Ensembl gene IDs, and gene IDs with high sequence homology were collapsed
into a single gene ID as described above, in the same way as for RNA-SPRITE.

mRNA colocalization propensity analysis

For each protein-coding gene, the number of colocalizations it had with another protein-coding
gene was divided by the total number of observations. For example, if 3 different mRNAs
aligned with the same barcode, this would be counted as 2 colocalizations for each mRNA.
Observations include barcodes that only mapped to a single gene. Abundance, calculated as
transcripts per million (TPM), was well correlated between RNA-SPRITE and RNAseq (Figure
S1G, Spearman rho = 0.94). For each dataset, the mean colocalization propensity was set to 1
for ease of interpretation (by dividing every value by the mean value). For perturbation datasets
and their paired, untreated experimental control datasets, the mean colocalization propensity of
the control dataset was set to 1.

RNA-binding protein (RBP) motif analysis

RBP motifs from ATtRACT®” and mCross® databases were used if they were associated with an
RBP whose encoding mRNA had an expression level above 5 TPM in the relevant (HEK or
whole neuron) RNA-SPRITE dataset, to ensure only motifs for expressed RBPs were examined.
The whole neuron 5 TPM cutoff was used for the neurite RNA-SPRITE dataset as well. Motif
occurrences were called using FIMO (v4.11.2)®. SEA (v5.5.7) was used to calculate motif
enrichment in a set of sequences’® vs. length-matched control sequences, 5% FDR (Benjamini
Hochberg) cutoff. Putative liquid condensate enriched mRNAs were identified by being in the
top quartile of mMRNAs sensitive to hypotonic treatment (mMRNA colocalization propensity in
control - hypotonic conditions), and top quartile of mMRNA colocalization propensity in control
conditions (Figure S3D). For Figure S6G, an mRNA was considered a target of an RBP if it had
two significant motifs for the RBP within 200 nt of each other in the whole transcript. All other
analyses were done only using 3’ UTR sequences, and a single significant motif for an RBP was
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sufficient to be called as a target of an RBP. Only 3’ UTR sequences with length greater than 7
were analyzed.

Dataset annotations

mRNA localization data were used from previous studies*?-*8067.76-9 ' An mRNA was considered
annotated as localized to a particular region if observed there in two assays, whenever at least
two assays were available. Protein interaction data was used from CORUM, Complex Portal,
and STRINGdb databases'~""3, For STRINGdb, we used a physical score threshold of 700 as
an annotation of a physical interaction. Proteins were considered interacting if they or their
human homologs were identified as interacting in at least two databases. MRNA-mRNA
duplexes were identified using the RISE database'’. Only experiments that identified direct
(not protein-dependent) RNA-RNA interactions were used: PARIS, LIGRseq, and
SPLASH®364107.108 "Interactions annotated between rodent or human protein-coding genes were
used, but “intronic” or “intergenic” were not used. There was not enough overlap among the
datasets to do a 2 assay cutoff as we did for other annotations.

Free energy of folding estimates

Glbbs free energy of foldlng (AG) was estimated using NUPACK 4.0%® using custom scripts
( - - - ). Free energy of dimerization
was calculated by subtracting the summed monomer folding free energies from the dimer free
energy. For free energy of dimerization comparisons, we considered the top 1000 highest
confidence colocalizing mRNA pairs (by z-score) in each dataset vs. control pairs where the
second mRNA was replaced with a length-matched control that did not colocalize with the first
mMmRNA more than expected by chance. We also calculated the free energy of dimerization for
colocalizing mRNA pairs found to form a duplex by proximity ligation experiments'” that also
colocalized in HEK RNA-SPRITE data (850 pairs), and compared them to length-matched
controls as above.

Negative binomial regression

Motivated by its successful use in single-cell RNA-sequencing data analysis™, we applied
negative binomial regression (NBR, formally a generalized linear model, GLM) to model
pairwise counts. Given the scale of the data, we developed a custom R package for fitting
(https://github.com/davidaknowles/adaglm). Briefly, adaglm fits a NBR using Adam, an algorithm
for stochastic gradient descent optimization. Since Adam supports minibatching, adagim can
run on very large datasets (tens of millions of data points). By default the fitting is done in two
steps: 1) Fit a Poisson regression. 2) Starting with coefficients initialized from the Poisson
regression, fit a NBR jointly optimizing the coefficients and dispersion parameter. This two step
procedure avoids inefficient optimization dynamics that can result from attempting to learn the
regression coefficients and the dispersion parameter simultaneously.

NBR models the observed colocalization count Yo between RNAs a and b, as negative

binomially distributed with expectation n, and variance var(yab) il yuzb where vy is the

dispersion parameter which is shared across all pairs (note for y = 0 the negative binomial is
equivalent to a Poisson). In the baseline model, the expectation is determined by covariates Xab

according to,
b
Inp, =X B=p +B InP,)+3 Bidf )

where B are learned regression coefficients and Pab is the preliminarily expected colocalization
count between the RNA pair calculated as Pab = ya.y.b/y" with Yo and Y. being the total
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colocalizations for RNA a and b respectively, and y__being the total colocalization count in the

dataset. d?b is a binary indicator denoting whether the genomic distance between a and b falls

into distance bin i. The genomic distance bins refer to the distance between the genes encoding
the two RNAs and whether they are encoded on the same DNA strand or the opposite strand.
Eight genomic distance bins were used for NBR with the HEK and whole neuron datasets: 0 to
10 kb same strand, 10 to 50 kb same strand, 50 to 100 kb same strand, 100 to 500 kb same
strand, 0 to 10 kb opposite strand, 10 to 50 kb opposite strand, 50 to 100 kb opposite strand,
and 100 to 500 kb opposite strand. Only two genomic distance bins were used for the isolated
neurite dataset because the other genomic bin terms were not significant in the NBR model: 0 to
10 kb same strand and 10 to 50 kb same strand.

Prior SPRITE studies looking at RNA-DNA colocalization demonstrated that co-transcriptional
nucleic acid colocalizations can be picked up by SPRITE, and the increased colocalization for
RNAs encoded within 500 kb (roughly exponentially decreasing with distance) are consistent
with expectation for chromatin territories. Because the neurite dataset did not include material
from cell nuclei, we believe that most of the increase in colocalizations between RNAs encoded
within 50 kb on the same strand are due to the STAR alignment algorithm randomly choosing a
transcript annotation when a sequencing read aligns equally well to multiple transcripts that are
annotated for the same genomic locus. This is a common occurrence as many genomic loci,
especially those that are highly transcriptionally active, can have many overlapping annotations
with different Ensembl gene IDs. The genomic distance over which we observe this (0 to 50 kb)
is consistent with the typical length of mammalian genes. As described above, we do not allow
for homotypic colocalization (multiple alignments of a single gene ID to the same barcode)
because we cannot discriminate whether the reads came from a single RNA molecule or
separate molecules. However, that filter does not work if STAR calls one read as aligning to
gene ID A and a second read from the same molecule as aligning to gene ID B. We used the
genomic distance bins in the NBR to overcome this issue and account for the spurious increase
in colocalizations between overlapping genes, as well as bona fide co-transcriptional
colocalizations so that the genomic position of an RNA did not confound our analyses.

We defined colocalization “pairwise specificity” as the Pearson residual from the NBR,
o= yab_p'ab (2)

@ far(y)

where T is from the model fit in Equation (1). . reflects the degree to which the number of

colocalizations between a given pair of RNAs deviates from an expectation of random
colocalization. We calculated “within group” mean pairwise specificity by taking each RNA
(mRNA or ncRNA, as labeled) annotated to localize to a particular subcellular region from other
studies (see above) and calculating the mean pairwise specificity for that RNA with all other
RNAs in the group (MRNAs and ncRNAs). “Outside group” mean pairwise specificity was
calculated by taking each RNA (mRNA or ncRNA, as labeled) annotated to localize to a
particular subcellular region and calculating the mean pairwise specificity for that RNA with all
other RNAs not annotated to be in the group (MRNAs and ncRNAs). To assess the statistical
significance of individual colocalization counts Y, We calculated two-sided p-values taking the

predictive distribution of Equation (1) as the null distribution. We convert these p-values into
corresponding signed z-scores.

To estimate the effect of pairwise binary features x ., €9, known protein-protein interaction
(PPI) between the proteins encoded by a and b, we fit the extended NBR model,
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ab
Inp, =X B=B +B InP )+Bx +PB,(x +x)+ El] Bd (3)
where x and x, are binary indicators for a and b having an annotation in that category

respectively (e.g., having any known PPI). The x +x, term controls for any non-specific effect

of the annotation. The remaining terms are analogous to those in the null model. We obtain
standard errors for each coefficient 3 and use these to calculate Wald statistic p-values for the
significance of each term. To ease interpretation, we calculate a = exp(Bz) which is a

multiplicative factor representing how much more frequent colocalization is when X, = 1. For

the plots with a, the p-values reported with refer to the Wald statistic for 3, , and the 95%
confidence intervals = exp(f3, £ 2*standard error). We are primarily interested in the effect size
reflected by a and whether it is statistically significantly different from 1, which implies the
pairwise feature has a true effect on colocalization.

For testing whether shared binding of a specific RBP effects colocalization we use the extended
NBR of Equation (3) where now X, =XxXXx = 1 if and only if the RBP binds both a and b. The

control term x +x accounts for the possibility that binding of this RBP increases colocalization
counts globally rather than specifically for partners to whom it also binds.

mRNA colocalization hub analysis

MRNA-mRNA colocalization counts in the whole cell neuron dataset were analyzed using
custom R scripts. Barcodes aligning to any known nuclear RNAs were excluded to focus on
cytoplasmic organization of mature mRNAs. To examine only mRNAs that had evidence of
specific colocalization, only mMRNAs with a maximum pairwise colocalization z-score of at least
3.2 were used (7702 out of 8322 mRNAs). Negative pairwise specificity scores were changed to
zero to avoid modeling deviation from expectation in non-colocalizing pairs.

To reduce noise and extract key axes of variation, we performed singular value decomposition
(SVD) of the pairwise specificity scores using the RSpectra package (v0.16-2) in R, which
efficiently computes the top K singular values and vectors for large matrices. The top K=5 left
singular vectors (U) were scaled by their corresponding singular values (D) to obtain the
SVD-transformed data. To identify local structure, we constructed a nearest neighbor graph
using the RANN package (v2.6.2), connecting each mRNA to its 100 nearest neighbors. The
resulting adjacency matrix, where entries were set to 1 for nearest neighbors, was converted
into a graph object weighted by Pearson residuals. We then applied Louvain community
detection (cluster_louvain function in igraph v2.1.4), using a resolution parameter of 0.5 to
identify clusters.

Separately, we applied Uniform Manifold Approximation and Projection (UMAP) to the
SVD-transformed data for nonlinear dimensionality reduction using the umap R package
(v0.2.10.0). The embedding was generated using a cosine distance metric and 50 nearest
neighbors, allowing for visualization of mMRNA colocalization hubs.

Gene ontology (GO) analysis

Custom R scripts with clusterProfiler'*? (v3.20) were used for GO analysis. A 5% false discovery
rate (FDR) cutoff was used and GO terms for biological process, molecular function, and cellular
components were analyzed together for enrichment in each hub (Figure 3C). Hubs 4, 9, and 10
had the greatest number of significant GO terms. For these hubs, the simplify function with a
70% identity cutoff was used to eliminate redundant GO terms, keeping the GO term with lowest
g-value. Then the top 10 GO terms by lowest g-value were used for plotting. For all other hubs,

41


https://paperpile.com/c/gSQv3K/hBUHH
https://doi.org/10.1101/2025.04.19.649570
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.19.649570; this version posted April 20, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

all significant GO terms with a 5% FDR are plotted. Hubs 1, 3, 6, and 8 had no significant GO
terms.

Deep learning models

We aimed to develop a deep learning (DL) model to predict colocalization specificity from the
RNA sequences of the two colocalizing species. Custom scripts can be found at
https://github.com/davidaknowles/locnet. DL models including convolutional neural
networks'3-4% (CNN), recurrent neural networks'®'#" (RNN), transformers, and hybrids of these
models'®, have had substantial success as “sequence-to-function” models predicting diverse
molecular phenotypes including transcription factor binding, chromatin accessibility, RBP
binding and splicing. However, these existing models only take one sequence as input, rather
than two as required in our case, and cannot easily handle varying length inputs. We therefore
developed a novel neural network architecture. First, the network embeds both sequences into
corresponding latent representations (K-dimensional vectors), using the same subnetwork for
each. After exploring multiple choices for this subnetwork, including RNNs, we settled on using
several convolutional layers with max-pooling followed by a single multi-headed attention (MHA)
layer to summarize across the sequence dimension and produce the 32d vector. Second, the
network calculates a weighted inner product of the two vectors, which is used as the prediction
for colocalization specificity. We considered alternatives including a bilinear form with a KxK
symmetric weight matrix, but did not see improvements in predictive performance. To represent
an mRNA sequence of length L, we construct a 10kb one-hot encoding (i.e., with four channels
corresponding to the four nucleotides) where the 5’ end corresponds to the first L/2 nucleotides,
and the 3’ end corresponds to the last L/2 nucleotides. For rare very long mRNAs where
L>10kb, some sequence in the middle of the mRNA will not be used. We ensure that the model
only attends to the parts of the 10kb input that are not missing (i.e., correspond to actual mMRNA
sequence) by using the masking mechanism of MHA. This representation allows the model to
reason about the relevance of different motifs at varying distances from the 5’ or 3’ end of the
mMRNA, and additionally simplifies saliency analysis.

We train the model to predict asinh-transformed Pearson residuals from the NBR so that total
colocalizations per mRNA and genomic distance are already accounted for. asinh
transformation is used to reduce the influence of rare large residuals. asinh behaves like log for
large absolute values, linearly around 0, and is antisymmetric around 0. We use
backpropagation and the Adam optimizer™® in torch v2.3.1 to train the network parameters,
including the inner product weights, minimizing mean-squared error loss. We split the data
randomly into 80% training, 10% validation and 10% test. Validation data was just for early
stopping and hyperparameter optimization. We used ray.tune v1.13.0 ™ to select optimal
hyperparameters: learning rate of 1e-3, dropout rate of 0.1, 5 convolutional layers, 16 hidden
channels, filter width of 7, max-pooling stride of 3, 4 heads in the MHA and latent dimension
K=32.

To understand the sequence features that the model learns to use to predict colocalization, we
used saliency analysis, an approach adapted from computer vision'®. The first convolutional
layer of the network acts by scanning along the input sequence scoring how well each position
matches to the learned convolutional filters (i.e., sequence motifs represented as position
weight matrices, PWMs). These scores are passed through a rectified linear unit (ReLU) which
zeros out negative entries to produce the first layer activations. For every positively colocalizing
pair A and B (Pearson residual > 0) in the dataset we used backpropagation to calculate the
gradient of the model output with respect to the first layer activations. The “saliency map” is
defined as the gradient multiplied by the activation, and represents how much each motif match,
at each position, contributes to the colocalization prediction for mRNA pair A-B. We average
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these saliency maps across pairs per sequence position to produce a 10kb average saliency
map for each motif. Due to our strategy of placing the 5 and 3’ mRNA sequence at the start and
end of the 10kb input, we can directly read off the motif contribution at different distances from
the 5’ or 3’ end.

We matched learned PWMs from the first to our curated set of known RBP motifs (see
RNA-binding protein motif analysis above) accounting for differences in length by 0-padding and
allowing position offsets in the match of up to 3 nucleotides.

High performance computing

The analyses presented in this article were performed on computational resources managed
and supported by Princeton Research Computing, a consortium of groups including the
Princeton Institute for Computational Science and Engineering (PICSciE).
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