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Summary

Chemical modifications in mRNAs such as pseudouridine (psi) can regulate gene expression,
although our understanding of the functional impact of individual psi modifications, especially
in neuronal cells, is limited. We apply nanopore direct RNA sequencing to investigate psi
dynamics under cellular perturbations in SH-SY5Y cells. We assign sites to psi synthases using
siRNA-based knockdown. A steady-state enzyme-substrate model reveals a strong correlation
between psi synthase and mRNA substrate levels and psi modification frequencies. Next, we
performed either differentiation or lead-exposure to SH-SY5Y cells and found that, upon lead
exposure, not differentiation, the modification frequency is less dependent on enzyme levels
suggesting translational control. Finally, we compared the plasticity of psi sites across cellular
states and found that plastic sites can be condition-dependent or condition-independent;
several of these sites fall within transcripts encoding proteins involved in neuronal processes.
Our psi analysis and validation enable investigations into the dynamics and plasticity of RNA
modifications.
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Introduction

RNA modifications are enzyme-mediated chemical changes to the canonical structure of RNA
nucleotides. Over 170 types of RNA modifications have been discovered in all types of RNAS'
and play roles in diverse biological processes such as RNA metabolism®, translational
control*®, gene expression’, splicing®® RNA-protein interactions’, and immune response®. Of
the total uridines in mammalian mRNA, 0.2% - 0.6% are pseudouridine (psi) '>'", whereas
0.15-0.6% of all adenosines are estimated to bear the m°A modification'®'*, Psi is an isomer of
uridine'* in which a new hydrogen bond is available to base-pair with adenosine. However, it is
known to base-pair with other nucleobases in a duplex and stabilize them'. Substitution of U
with psi can stabilize the overall RNA structure®'®'” and duplex formation, which is likely to
modulate cellular interactions with proteins and other biomolecules®®.

Various methods involving next-generation sequencing have recently been utilized for psi
mapping in mMRNAs®'%'®2": however, these methods all require chemical mediators (i.e., CMC
labeling and bisulfite conversion) combined with reverse transcription to cDNA before
amplification and sequencing. We and others have recently developed algorithms to classify
psi sites from nanopore direct RNA sequencing (DRS)**®. Our method, Mod-p ID**, compares
the frequency of systematic basecalling errors at the modification site to an in vitro transcribed
(IVT) unmodified transcriptome?. Mod-p ID accounts for the sequence context surrounding
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individual psi modifications and coverage at a given site to determine a statistical probability of
a modification and provides a low-limit occupancy value. However, a caveat of this and other
nanopore-based methods for psi-calling is that systematic basecalling errors are insufficient to
validate psi modifications, necessitating exhaustive orthogonal validation approaches such as
synthetic controls®° or biochemical assays®. A suitable route for transcriptome-wide
validation is to utilize knockdown/knockout of pseudouridine synthases (PUS) and measure
changes in psi occupancies®?' at the sites that match the motif of the respective PUS
enzymes.

In this work, we aim to understand how psi occupancies in mMRNAs of neurons respond to
changes in cellular state. Dysregulation in genes that encode PUS enzymes has been
associated with neuronal impairment.®"** However, the environmental factors that affect the
mRNA substrates of PUS enzymes (i.e., targets that get modified) in neurons are unknown. For
our model system, we chose SH-SY5Y neuroblastoma cells, which continuously express
markers similar to immature catecholaminergic neurons while maintaining the ability to divide®.
Upon retinoic acid (RA) differentiation, SH-SY5Y cells become morphologically similar to
primary neurons; their proliferation rate is decreased (similar to mature neurons), and the
activity of enzymes specific to neuronal tissues is increased™. First, we investigated how RA-
induced differentiation affects the landscape of psi modifications, modeling a healthy change
to the cellular state. Next, we focused on a very different change in cellular state and measured
the impact of exposure to lead (Pb?*) on the psi landscape of SH-SY5Y cells. Pb?* is an
environmental toxin that has been shown to adversely affect neuron functionality, especially
during the developmental stages of the human brain.%>%%

We specifically focus on differential analysis, i.e., changes in psi levels at validated psi sites, by
comparing our data with SH-SY5Y cells in which we have used siRNA to knock down two key
PUS enzymes, TRUB1 (motif GUUCN)* and PUS7 (motif UNUAR)*. Knockdowns were used
as controls to validate that the uridine modification is psi. Differential analysis was then used to
compare cell states at specific positions — this is a precise measurement of changes in psi
occupancy at a given position. Our hypothesis is that by comparing 3 very different states we
can understand the relative plasticity of psi sites at steady state (i.e., untreated SH-SY5Y cells)
and in response to environmental cues for differentiation and Pb** exposure. Such plasticity
has been observed with m°A, for which modification levels increase significantly throughout
brain development, which is suggested as a mechanism to achieve higher-order brain
function®.

Results

We used DRS to perform a transcriptome-wide survey of the impact of three types of
perturbations on psi modifications: 1. siRNA-based knockdown of the predominant mammalian
psi synthase (PUS) enzymes, TRUB1 and PUS7; 2. retinoic acid-induced differentiation into
neuron-like cells, and 3. environmental toxin exposure. We use the siRNA knockdown to
validate sites of psi modification, then quantify the differential occupancy of psi at validated
sites for untreated and perturbed cells across Pb?* treatment and differentiation to characterize
plasticity.

Knockdown and nanopore sequencing of human psi synthases TRUB1 and PUS7

We generated siRNA knockdown (KD) sequencing libraries for the two prevalent PUS enzymes
acting on mammalian mRNAs, TRUB1%* and PUS7*'. We performed DRS to assign a specific
enzyme to our detected psi positions (Fig. 1a). SH-SY5Y cells were treated with TRUB7 siRNA,
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PUS7 siRNA, and a scrambled siRNA control for three days (Supplementary Fig. 1).
Subsequently, gPCR analysis was conducted to evaluate the extent of knockdown achieved by
TRUB1 KD and PUS7 KD compared to the scrambled siRNA control. The results indicated
substantial MRNA KD for TRUB1 (82.3% + 5.6%) and PUS7 (57.1% + 5.6%; Fig. 1b). Next, we
stained the KD and scrambled control cells with anti-Pus7 and anti-Trub1 antibodies to
evaluate protein expression following the knockdown (Supplementary Fig. 1). We observed a
substantial fold-decrease in mean fluorescence intensity for Pus7 (0.56-fold + 0.0275) as well
as Trub1 (0.45-fold + 0.0321) KD cells as compared to the scrambled siRNA control. We
extracted polyA+ RNA and prepared libraries for each sample, including a scrambled siRNA
control library for comparison.

RNA expression profiling for TRUB1 and PUS7 KD of SH-SY5Y cells

To assess the effects of TRUBT and PUS7 KD on other psi-synthases, we evaluated mRNA
expression levels for 13 different PUS enzymes from TRUB1 KD, PUS7 KD, and scrambled
siRNA control libraries (Fig. 1¢). For the PUS7 KD library we observed a 21.5-fold + 0.07 (p =
0.0004) decrease in PUS7 mRNA (TPMs) compared to the scrambled control. For the TRUB1
KD library, we observed an 8.9-fold + 0.11 (o = 0.00005) decrease in TRUBT mRNA (TPMs)
compared to the scrambled control. We also observed significant alterations in other PUS
enzymes in response to PUS7 and TRUB1 KD: For the PUS7 KD library compared to the
scrambled control library, we observed a 1.8 fold + 0.35 (p = 0.006) reduction in PUSL1
mRNA, a 3.4 fold + 0.14 (p = 0.0002) reduction in RPUSD1 mRNA, a 1.6 fold + 0.50 (p = 0.03)
decrease in TRUBT mRNA, a 2.1 fold + 0.14 reduction (p = 0.00001) in DKC7 mRNA, a 2.6 +
0.35 fold (p = 0.0007) reduction in RPUSD4 mRNA, and a 3.3 fold + 0.43 (p = 0.0001) reduction
in RPUSD3 mRNA. For the TRUB1 KD library compared to the scrambled control library, we
observed a 1.9-fold + 0.39 (p = 0.007) reduction in RPUSD17 mRNA. To ensure the observed
decrease in off-target PUS enzymes mRNA levels was not due to sequence similarity with
TRUB1 and PUS7 enzymes, we performed a multiple sequence alignment (MSA) of all the 13
enzymes nucleotide sequences. We found low similarity scores between the enzymes, which
supports the absence of off-target silencing effects of the TRUB1 and PUS7 siRNAs used for
the knockdown (Supplementary Fig. 2).

Transcriptome-wide mapping using Mod-p ID for TRUB1 and PUS7 KD libraries.

We generated a paired, unmodified transcriptome for SH-SY5Y cells to identify putative psi
positions. All the positions with a high number of reads in the DRS sample and zero coverage
in the paired IVT library were enriched using a pan human IVT. By enriching our dataset using
the pan-human IVT, we were able to achieve sufficient coverage for an additional 22199
putative psi sites that were already detected by Mod-p ID. These sites would have been
otherwise filtered out due to minimal coverage in the paired IVT. The pan-IVT merges IVT
libraries from 5 other human cell lines. We apply a conditional approach to determine the
baseline: we used the paired IVT when the number of reads was sufficient (>10), and we
recovered sites with insufficient reads in the paired IVT by using the pan-human IVT*® as a
baseline. Using this conditional IVT we compared the U-to-C basecalling error between the KD
and scrambled siRNA control libraries. We identified putative psi sites based on significant
differences in U-to-C basecalling error (p < 0.001) between the unmodified and modified (KD
and scrambled (control) libraries using Mod-p ID** (Supplementary Table 1).

First, we selected positions for which we had measured p < 0.001 in the scrambled control
(indicating the presence of putative psi) that also had sufficient reads (>10) in the KD libraries
(Supplementary Table 1). We needed to give more weight to samples with higher coverage or
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a more prominent U-to-C error signature indicative of a psi site. To this end, we computed the
log marginal likelihood ratio of DRS and IVT modeled by separate distributions versus a single
combined distribution (See Methods). This calculation modeled each state as a beta-binomial
distribution using Jeffrey’s noninformative prior*>-44. We used this metric as the signal-to-noise
ratio (SNR) (Fig. 1d; Supplementary Table 2). According to Kass and Raftery's model 45, we
selected a value of SNR = 1 to guarantee a strong DRS signal level as compared to the IVT. We
observed that 10,636 sites exceeded this threshold. Of these sites, 232 fell within a TRUB1
motif sequence (GUUCN). For this step, we selected only the sites that showed a decrease in
U-to-C error frequency in response to knockdown.

We defined sites as knocked down if they met the SNR = 1 criteria and met a specific read
count threshold (>10) and a specified % difference between U-to-C error in the KD sample and
the control (Fig. 1e; Supplementary Table 3). For positions with more reads (>30 reads), we
set the cutoff at a 15% difference between the samples. For positions with <30 reads, we set
the cutoff at a 30% difference between the samples. These cutoffs are selected to be more
stringent with sites that have fewer reads. We observed 74 sites that met these criteria and
defined these as targets of TRUB1. We were able to cross-validate 82% of our TRUB1
knockdown with other, previously reported, chemical-based methods. Additionally, we
uncovered several Trub1 substrates that have not previously been reported, including: BAIAP2
(chr17:81053684), DMACT (chr9:7796614), FAM120A0S (chr9:93451399), EFEMP2
(chr11:65866534), NKAIN1 (chr1:31181249), PPFIBP2 (chr11:7651750), RPUSD3
(chr:39841823), SLCO4A1 (chr20:62660502), SNX29 (chr16:12571888), SSUH2 (chr3:8630871),
THY1 (chr11:119418679), YJEFN3 (chr19:19537445), ZCCHCS8 (chr12:122478274), C20rf42

(chr2:70215492). A sequencing logo to identify the motifs that fell within the SNR = 1 criteria

(Fig. 1e) shows that sites assigned to TRUB1 were harbored by the expected GUUCN motif,
while non-TRUB1 sites tended to be flanked by cytidine in the -2, -1 and +1 positions.

We performed the same analysis for PUS7 KD sites and observed that 6,070 sites exceeded
the SNR = 1 threshold, of which 120 sites fell within a PUS7 motif sequence (Fig. 1f-g;

Supplementary Table 3). We observed nine sites that met the read and mismatch error cutoffs
and defined these as targets of PUS7. Of these, four are not found by any other orthogonal
method (TPM3 chr11:54158663, PIR chrX:15384850, HDGFL2 chr19:4502197, and NES chr1:

156669130). We derived a sequencing logo to identify the motifs that fell within the SNR= 1

criteria (Fig. 1g). We found that the sites assigned to PUS7 were harbored by the canonical
UNUAR motif, while the sites with a different motif tended to be flanked by two cytidines in the
-2 and -1 positions.

Modeling the cooperative effects of TRUB1 and PUS7 KD on mRNA substrates

We observed that the positive shift in U-to-C error of TRUB1 targets was matched by a
positive shift of positions within PUS7 motifs (i.e., the TRUB1 KD determines higher expression
of psi within PUS7 motifs (Fig. 1d). To explore this observation further, we first assessed the
changes in PUS7 mRNA levels upon TRUB1 KD and observed a reduction in PUS7 mRNA
compared to the scrambled control (Fig. 1c). To test the hypothesis that TRUB1 KD has a
global effect on psi levels within PUS7 motifs, we compared the differences in positional
occupancy for the TRUB1 KD with the PUS7 KD for the same positions to a random
distribution model of positions that were constrained on the parameters of the observed
sequencing data (Fig. 1h). We found that the data are inconsistent with a random model
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(Mann-Whitney-Wilcoxon test, p < 0.001) in the region where the position shows a decreased
positional occupancy for both conditions.

Steady-state enzyme-substrate model of pseudouridylation

Since DRS provides access to both transcript levels and relative occupancy of site-specific
RNA modifications, we reason that changes in levels of a PUS enzyme specific to a U-site in a
transcript would impact psi occupancies at that site. Since assigning psi levels based on U-to-
C mismatch errors is semi-quantitative®, we can probe differential psi levels as cells change
from conditions A to B for a given position. Despite the fact that enzyme-substrate action
requires substantial correction when the enzyme and substrate are within small compartments
(<0.1 um),*® assuming an unconfined MRNA substrate and PUS enzyme distribution in the cell
we tested the following first-order steady-state relationship:

[MRNAU]cond AIMRNApuUS]cond A § [MRNAu]cond 8lMRNARUs]cond 8 > MRNAya E mRNAyz,

where [MRNAy]cona x is the number of substrate transcripts in Condition X; [MRNApus]cona x is the
value in transcripts per millions (TPMs) for a transcript that encodes for a PUS enzyme in
Condition X (used as a proxy for PUS levels in that cell line); mRNAyx is the number of
transcripts in condition X (Fig. 1i). We use mRNAsys TPMs as a proxy for enzyme expression.
Here, we assume that the encoded protein levels are proportional to mRNA levels because 1.
the cell types are similar (SH-SY5Y cells, perturbed and untreated), and 2. there is active
protein degradation*’. We applied our data (i.e., sequencing reads) to this model and compared
it to the difference in psi occupancy (as determined by U-to-C error at a position of validated
psi) and found a positive correlation for TRUB1 sites when using the TRUB1 enzyme levels (r =
0.89; Fig. 1j). As a control, we compared PUS7 sites to TRUB1 mRNA levels and found a
decreased correlation (r = 0.38; Fig. 1j), as expected for sites not meant to interact with the
TRUB1 enzyme.

Retinoic acid-induced differentiation of SH-SY5Y cells leads to a change in cell state
We differentiated SH-SY5Y cells into neuron-like cells by supplementing them with retinoic
acid*, according to Kovalevich et al.*® (Fig. 2a). We compared the cellular morphology to
assess the change in cell state from undifferentiated to differentiated and observed the
elongation and branching of neurite-like processes from the differentiated cells (Fig. 2b). Total
RNA was extracted, and poly-A selection was performed on differentiated and untreated SH-
SY5Y cells (n = 3 biological replicates for each group). Subsequently, DRS libraries were
prepared, sequenced on a MinlON device using R9 flow cells and aligned to the human
reference genome (hg38). Next, we performed a comparative analysis of mMRNA expression
using DESeq2. We observed differential mMRNA expression when comparing the two groups,
supporting a change in cell state (Fig 2c). Importantly, we observed the expected differential
mRNA expression of known differentiation markers®**2. CRABP2, RARB, RGS2, RET, and
DKK?2 exhibited upregulation and ISOC1, MYC, SPRY2, and ASCL1 displayed decreased RNA
expression in differentiated SH-SY5Y cells compared to the untreated counterparts
(Supplementary Fig. 3). To assess the effects of retinoic-acid-mediated differentiation on psi
machinery, we evaluated expression levels for 13 different PUS enzymes from untreated and
differentiated libraries (Fig. 2d). We observed a significant difference in the RNA expression
levels for PUS7L and RPUSDS in response to differentiation (o < 0.05).

Transcriptome-wide mapping of psi-modifications before and after differentiation
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We identified psi positions in differentiated and untreated SH-SY5Y cells by first generating a
paired, unmodified transcriptome. Following the same approach described for KD libraries, we
defined the baseline using the paired IVT when the number of reads was sufficient (>10), while
we recovered sites with insufficient reads in the paired IVT by using the pan-human IVT?¢ as a
baseline. We applied Mod-p ID to identify putative psi sites based on significant differences in
U-to-C basecalling error (p < 0.001) in the untreated and differentiated libraries compared to the
IVT control library. We selected positions that were represented in both the untreated and
differentiated libraries and defined the SNR for each site by calculating the number of standard
deviations separating the mismatch error for sites observed in both the untreated and
differentiated libraries from that of the IVT control (Fig. 2e). We made a cutoff at SNR =1 as
described earlier. We observed that 1,786 sites exceeded this threshold indicating that the
signal-to-noise ratio was sufficient for analysis (Supplementary Table 4).

We defined differences in positional occupancy in response to differentiation if they met two
significance criteria: SNR = 1 and = 10 reads in both libraries (Fig. 2f, Supplementary Table 4).
Of the sites with = 5% difference in U-to-C error between the untreated and differentiated
samples, we identified several as psi sites based on the knockdown of their corresponding psi
synthase (Supplementary Table 5). Among the Trub1 substrates, FBXO5 (chr6:152975604),
HECTD1 (chr14:31101239), NKAIN1 (chr1:31181249), CCDC22 (chrX:49249707), EFEMP2
(chr11:65866534), IDI1 (chr10:1044099) showed decreased positional occupancy in response
to differentiation. Among the Pus7 substrates, NES (chr11:56669130), MCM5
(chr22:35424407), RPL22 (chr1:6185970), and RHBDDZ2 (chr7:75888787) showed decreased
positional occupancy in response to differentiation. HPS4 (chr22:26452838), TAF9B
(chrX:78129969), CDC6 (chr17:40295391), TTYH3 (chr7:2663889), RNF167 (chr17:4944900),
SCP2 (chr1:53027999), ZNF317 (chr19:9161020), THY1 (chr11:119418679), are all Trub1
substrates that each showed increased positional occupancy in response to differentiation. The
most substantial changes were for ZNF317 (chr19:9161020), which increased from a 15% U-to-
C error in the untreated sample to 52% in the differentiated sample. The next most substantial
change was for THY1 (chr11:119418679), which increased from a 34% U-to-C error in the
untreated sample to a 61% U-to-C error in the differentiated sample. ZNF317, known to play a
role in brain development >, is part of the zinc finger protein family, involved in transcriptional
regulation, crucial for cellular adaptation to changes. THY7 encodes a cell surface glycoprotein
involved in cell adhesion processes and modulates neurite outgrowth®. An example of a
reduced psi occupancy upon differentiation (25% to 12%) is for NKAIN7, which encodes a
protein involved in sodium-potassium transport in the brain®°.

We exported the sequencing logo for positions categorized into three groups: those with
higher U-to-C base-calling errors during differentiation, positions showing no difference
between differentiated and untreated samples, and positions with lower U-to-C base-calling
errors during differentiation (Fig. 2f). We observed that for the positions in which the positional
occupancy decreased after differentiation, the +1-nucleotide neighboring the psi position was
frequently uridine. We found 26 positions with differential expression of psi that were assigned
to a specific PUS enzyme using our KD experiments (Fig. 1) and cross-validated these using
orthogonal controls (Fig. 2g). We found that several positions (DMAC1 chr9:7796614, EFEMP2
chr11:65866534, NES chr1:56669130, NKAINT chr1:31181249, THY1 chr11:119418679) were
validated by our knockdowns but have not been discovered by other orthogonal methods.

We calculated TPMs for each TRUB1 and PUS7 target with differences in psi levels to explore
differences in mMRNA expression for transcripts that harbor a psi. We found that only IDI1
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(chr10:1044099; 15.3 TPM in the untreated sample and 58.9 TPM in the differentiated sample)
showed a significant difference in mRNA expression between the two conditions (p < 0.001;
Fig. 2h). This site has been reported by other methods as a substrate for Trub1'. IDI7 encodes
an enzyme that is involved in the synthesis of cholesterol metabolites. The other mRNA levels
remained unchanged while having differences in psi occupancy. Furthermore, we examined the
protein expression levels in cellular compartments for the two dominant PUS enzymes for
humans, PUS7 and TRUB1, using immunofluorescence in untreated and differentiated SH-
SY5Y cells. Our analysis revealed no significant differences in the subcellular distribution of
these two PUS enzymes (Supplementary Fig. 4).

Testing the steady-state enzyme: substrate model (Figure 1i, j) as we have done for the PUS
knockdowns, we find a positive correlation between the changes in U-to-C mismatches with
the product of PUS enzyme and mRNA site concentrations (see Fig. 2i, r = 0.95). This further
supports that TRUB1-mediated pseudouridylation of putative TRUB1 sites with the motif
GUUCN follows a simple enzyme:substrate model. In contrast, for PUS7-mediated
pseudouridylation of UNUAR motifs we find a weaker correlation (r = 0.63).

SH-SY5Y cell state changes in response to lead (Pb*) exposure

We introduced the neurotoxicant Pb®* to SH-SY5Y cells as an alternative change in cellular
state. The cells were cultured in growth media for 24 hours before changing to growth media
supplemented with 50 pM Pb?* for six days (Fig. 3a). Previous studies have shown that 5 pM is
close to the Pb?* levels in human blood that can cause encephalopathy in children®; however,
we chose to use a relatively high Pb?* concentration (50 pM) because the in vitro tolerance for
cytotoxicity is higher than in vivo®”. RNA was extracted from the untreated and Pb**-exposed
cells, and each sample underwent library preparation and subsequent analysis. As anticipated,
the cellular morphology remained unchanged following exposure to Pb?* (Fig. 3b).

We conducted gene expression analysis to compare untreated and Pb®*-exposed libraries to
demonstrate a change in cellular state (Fig. 3c). Gene ontology (GO) analysis of the genes that
exhibit significant downregulation reveals an association with the TGF-beta signaling pathway
(Supplementary Table 9). The upregulated gene PTN plays a role in Leukocyte Chemotaxis
Involved In Inflammatory Response (GO:0002232) and Dendrite Arborization (GO:0140059);
together with the gene ID2 PTN also shows an association with Positive Regulation Of Glial
Cell Differentiation (GO:0045687). The upregulated genes CUX2 and PLXNAZ2 are associated
with positive regulation of neurogenesis (GO:0050769). The genes CHGA and RAMP1 exhibit
downregulation and are associated with the pathways ADORA2B Mediated Anti-Inflammatory
Cytokine Production (R-HSA-9660821) and Anti-inflammatory Response Favoring Leishmania
Infection (R-HSA-9662851; Supplementary Table 9). The downregulated gene SPOCKT1 is
associated with Nervous System Development (GO:0007399), Neurogenesis (GO:0022008),
and Central Nervous System Neuron Differentiation (GO:0021953). To assess the effects of
Pb?* exposure on other psi-synthases, we evaluated expression levels for 13 different psi-
synthases from Pb?* treated and untreated SH-SY5Y cell libraries, and we found no significant
differences in expression levels (Fig. 3d).

Transcriptome-wide mapping of psi-modifications following Pb* exposure.

To explore changes in psi modification between untreated and Pb?* treated cells, we generated
a paired, unmodified transcriptome for untreated SH-SY5Y cells to identify putative psi
positions. We applied Mod-p ID to identify putative psi sites based on significant differences in
U-to-C basecalling error (p < 0.001 in at least two biological replicates) in the untreated and
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Pb* treated libraries compared to the IVT control library. We selected positions found in both
the untreated and Pb** treated libraries and calculated the SNR for each site (Fig. 3e). We

made a cutoff at SNR = 1. We observed that 946 sites exceeded this threshold.

We defined sites as changed in response to Pb** treatment if they met the same criteria
described for differentiated cells (Fig. 3f, Supplementary Table 6). We identified several of
these sites as psi sites based on the knockdown of their corresponding psi synthase
(Supplementary Table 7). SH2B1 (chr16:28872589), HECTD1 (chr14:31101239), FBXO5
(chr6:152975604), IDI1 (chr10:1044099), SLC30A5 (chr5:69123368), AK2 (chr1:33014553),
PMPCB (chr7:103311810; Trub1 substrates), and CKAP5 (chr11:46743829), HDGFL2
(chr19:4502197), RPL22 (chr1:6185970), and MCM5 (chr22:35424407; PUS7 substrates)
showed decreased positional occupancy in response to Pb?* treatment. RAD21
(chr8:116863212), SPPL3 (chr12:120764051), ERH (chr14:69380270), SCP2 (chr1:53027999),
PSMB2 (chr1:35603333), PABPC4 (chr1:39565149), CDC6 (chr17:40295391), AMFR
(chr16:56362360), AMOTL1 (chr11:94874364), INSIG2 (chr2:118109417), ST13
(chr22:40824900), SCAFT1 (chr19:49654781), PHF13 (chr1:6623607), THY1
(chr11:119418679), ASDHPPT (chr11:106090565), PSMB2 (chr1:35603333), and GTF3C2
(chr2:27326828; TRUB1 substrates) showed increased positional occupancy in response to
Pb?* treatment. The biggest change was for PHF13 (chr1:6623607), which increased from 26%
U-to-C error in the untreated library to 56% U-to-C error following Pb** treatment.

Among these, six sites are found to be on genes involved in cellular processes that occur when
cells are exposed to toxic molecules®®*°. In particular, FBXO5 encodes a protein involved in the
ubiquitin-proteasome system, which is crucial for protein degradation and cellular response to
various stresses, including exposure to toxic molecules such as chromium®®. CKAP5 encodes
a protein involved in microtubule organization and dynamics, which are crucial for various
cellular processes, including cell division and response to cellular stressors, including oxidative
stress®®'. MCM5 and RAD21 are involved in DNA repair mechanisms, which are common in
cells exposed to toxic agents®®®. CDC6 plays a role in DNA replication initiation and is
regulated in response to cellular stress induced by toxicants®. SCP2 is involved in lipid
metabolism and may play a role in cellular responses to lipid-related toxins or oxidative
stress®. PHF13, also known as SPOC1, has a functional role in cell differentiation and DNA
damage response® ¥,

We exported the sequencing logo for positions categorized into three groups: those with
higher U-to-C base-calling errors following Pb?* treatment, positions showing no difference
between Pb* treated and untreated samples, and positions with lower U-to-C base-calling
errors following Pb?* treatment (Fig. 3f). We found that psi sites with increased positional
occupancy following Pb?* treatment tend to be flanked by two uridines, while those with
decreased positional occupancy following Pb* treatment have uridine in the N+1 position. We
found 28 positions with differential expression of psi that were assigned to a specific PUS
enzyme using our KD experiments and cross-validated these using orthogonal controls (Fig.
3g). We were not able to orthogonally confirm two out of 28 psi sites on HDGFL2
(chr19:4502197) and THY1 (chr11:119418679) transcripts.

To test for differences in mMRNA expression for the psi targets that change in response to Pb?*
treatment, we calculated transcripts per million for each TRUB1 and PUS7 target with
differences in psi levels. We found that only ERH (chr14:69380270; 158 TPM in the untreated


https://paperpile.com/c/kD06Ct/krGR+RUSM
https://paperpile.com/c/kD06Ct/RUSM
https://paperpile.com/c/kD06Ct/q6SM+UyWI
https://paperpile.com/c/kD06Ct/krGR+mrFk
https://paperpile.com/c/kD06Ct/1t8T
https://paperpile.com/c/kD06Ct/Upnk
https://paperpile.com/c/kD06Ct/quVk+QdXJ+J9t4
https://doi.org/10.1101/2024.03.26.586895
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.26.586895; this version posted April 11, 2024. 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-ND 4.0 International license.

sample and 207 TPM in the Pb** treated sample) showed a significant difference in mRNA
expression between the two conditions (p < 0.05 (Fig. 3h). We examined the protein
expression levels in cellular compartments for the two dominant PUS enzymes for humans,
PUS7 and TRUBH1, using immunofluorescence in untreated and Pb* treated SH-SY5Y cells
and found no significant differences in the subcellular distribution of these two PUS enzymes
(Supplementary Fig. 5).

Finally, we tested the steady-state enzyme: substrate correlation with psi levels for Pb**-
treated and untreated cells (Fig. 3i). We found that the correlation of changes in U-to-C
mismatches upon Pb?* treatment is not as linear as in the case of SH-SY5Y differentiation. For
TRUB1-mediated pseudouridylation of putative TRUB1 sites, we find a correlation of r = 0.79,
whereas for PUS7-mediated pseudouridylation of UNUAR motifs, we observe a weak
correlation (r = 0.48).

Plasticity of pseudouridylation of mMRNAs in response to changes in the cellular state
We wanted to see which psi modification positions static and which psi modifications are are
plastic. To assess differences in pseudouridylation at identified positions between
differentiated and Pb?*-exposed samples, we compared the U-to-C basecalling errors for psi-
modified positions across perturbations. We selected positions that met the following criteria
to evaluate the changes to individual positions between the three conditions: 1. Detected by
Mod-p ID as a psi position with p-value < 0.001 in at least one condition; 2. The U-to-C
mismatch was >40% in at least one of the conditions. We rank-ordered these 65 positions
based on a similarity score calculated as the rounded standard deviation over the three
conditions (Fig. 4a). The most similar position between the three conditions is INTS1
(chr7:1476655), with a similarity score of 0 and >90% U-to-C error for each condition. INTS1 is
a component of the integrator complex which has been linked to developmental delays and is
involved in in RNA processing and transcriptional regulation®. We identify 39 sites with
similarity scores below five, which we consider the most static positions. Interestingly, 17 out
of 39 positions with similarity scores below five falls within a TRUB1 motif, and 1 out of 39
positions falls within a PUS7 motif. The least similar position is on SZRD1 (chr1:16396654),
with a similarity score of 25.2 and U-to-C errors of 67.3%, 31,6%, and 53.8%, on untreated,
differentiated, and lead-treated libraries respectively. Overexpression of SZRD1 (SUZ domain-
containing protein 1), can arrest the cell cycle and can inhibit cell proliferation, inducing
apoptosis®. Positions with a similarity score of >5 are considered to have higher plasticity.
Among the positions detected as a psi with high plasticity we find YTHDF1 (chr20:63202504),
which encodes a well-characterized m°A reader protein that promotes protein synthesis in
response to neuronal stimuli’.

The abundance of psi synthase may account for some of the differences in psi percentage
within that condition. Hence, we compared mRNA levels for 11 psi synthases across all three
conditions and found no significant differences in mMRNA expression (Fig. 4b). We also
hypothesized that for the sites with higher plasticity, mRNA expression of the target may
explain the discrepancy (Fig. 4c). However, we did not observe an association between mRNA
expression levels and the percentage of U-to-C error for targets with >10 similarity score. For
example, THY1 (chr11:119418679) has similar U-to-C error for the differentiated and Pb?*
treated conditions (61.3% and 45.1%, respectively) and 33.5% for the untreated; however, the
MRNA expression levels for this target across each condition are not statistically different.
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To assess which cell condition had the highest pseudouridylation, we calculated the number of
significant pseudouridine sites (p-value < 0.001 in at least two biological replicates) with
sufficient coverage (>10 reads in DRS and IVT libraries) detected by Mod-p ID across cell
conditions and normalized it by the total number of reads in each of the three samples (see
Methods). We found that the Pb**-exposed sample has the higher normalized percentage of
psi sites (0.14%), followed by the differentiated (0.13%) and untreated conditions (0.09%; Fig.
4d-g).

Finally, we divided the positions into different zones based on the relationship between the
conditions: 1. Univariate positional occupancy whereby the relative occupancy of a given site
changes for either differentiation or Pb?* exposure (Pb2+1| and Diff = or Pb?* = and Difft ),
demonstrating the plasticity of a given site; 2. Bivariate uni/bidirectional positional occupancy
whereby the positional occupancy changes for both differentiation and Pb?+ exposure (Pb?* and
Difft|), demonstrating plasticity; 3. Condition-independent positional occupancy (Pb?* and Diff
=), whereby the positional occupancy does not change in response to the different conditions
(these modifications are present and stable between different perturbations, i.e., static; Figure
4h). We found that 73% of these sites are static and 27% are plastic (Supplementary Table
10). Most of the Trub1 targets fell within condition 3 (static). Notably, we found two TRUB1 KD
validated sites in the univariate group affected by differentiation and ten TRUB1 KD validated
psi sites in the univariate lead-dependent group. These include sites within PHF13, CDC6 and
RAD21, which are described as being linked to DNA repair mechanisms and cellular reponse to
toxicants62.63.67,

Interestingly, we observed a cluster of targets (541 sites) that were decreased for both Pb**
exposure and differentiation. We compared this distribution to a random distribution. We found
that the two distributions were significantly different (Mann-Whitney-Wilcoxon test, p < 0.001),
meaning that the concomitant decrease in both libraries is inconsistent with a random effect.
Among these plastic sites with a bivariate, unidirectional decrease in occupacy, we find sites
within MCM5 and FBXO5, involved in cellular stress response; HECTD1, which is known to
modulate retinoic acid signaling during the development of the aortic arch” and RPL22, a
ribosomal protein linked to common cancer-associated mutations and nucleolar stress
response’.

Discussion

This study assessed the plasticity of psi modifications in SH-SY5Y cells in response to
perturbation of cellular state. We first validated psi sites by siRNA knockdown of the
predominant psi synthases acting on human mRNAs, TRUB1 and PUS7. Although the siRNA
knockdown was not complete (known to be low efficiency in SH-SY5Y cells™®™*), we were able
to achieve a significant decrease in PUS protein expression and validate psi sites through a
shift in occupancy levels within the expected PUS motifs. We found that TRUB1 and PUS7
knockdowns affect the psi machinery. This effect is stronger in PUS7 KD cells, as the other six
PUS enzymes (RPUSD1, TRUB1, DKC1, PUSL1, RPUSD4, RPUSD3) have a significant
reduction in their mMRNA levels, while TRUB1 KD only affects the RPUSD1 enzyme. This finding
suggests that the Pus7 protein may act as a transcription factor for the other psi synthase
enzymes. Interestingly, in TRUB1 KD libraries, certain positions displaying TRUB1 motifs with
high U-to-C basecalling errors did not exhibit changes following TRUB1 KD, and most of these
positions have been validated through chemical-based methods. It is possible that, with only a
partial knockdown, there were sufficient levels of enzyme available to modify the site.
Alternatively, other PUS enzymes could compensate for the decrease in Trub1 enzyme.
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We tested the validity of a steady-state mRNA site/PUS enzyme action model by correlating
changes in PUS enzyme and mRNA U-site levels with the corresponding changes in U-to-C
mismatch frequencies (i.e., psi levels for these validated motif sites). We observed a strong
correlation between the enzyme-substrate levels and U-to-C mismatch frequencies for TRUB1
and PUS7 knockdown experiments, and expectedly, a weaker correlation when comparing
PUS?7 levels to TRUBT mRNA targets and TRUBT1 levels to PUS7 mRNA targets. These findings
affirm the specificity of Trub1 and Pus7 to their consensus motifs (GUUCN for Trub1 and
UNUAR for Pus7). While we observe a similar steady-state enzyme-substrate response for SH-
SY5Y differentiation using retinoic acid, we find that for the Pb**-treated undifferentiated SH-
SY5Y cells, there is a weaker correlation between enzyme-substrate product levels and psi
levels. The lower number of PUS7 targets could partially explain this reduced correlation,
although this can alternatively suggest that for Pb** treatment where the cells are under stress
conditions, there are additional factors (e.g., a trans-acting factor or other PUS enzyme
dysregulation mechanisms) that disrupt the simple steady-state enzyme-substrate
pseudouridylation.

We confirmed the knockdown-validated sites found in the differentiated and Pb?*-exposed
libraries with orthogonal chemical-based methods. We found that DMAC1, EFEMP2, NES,
NKAIN1, THY1, and HDGFL2 transcripts carried a psi site that had not been discovered by
other orthogonal methods in the differentiated sample. We found the same for four transcripts
(TPM3, PIR, HDGFL2, and NES) in the Pb?*-exposed library. This could be explained by the use
of the SH-SY5Y cell line, which has not been analyzed by any of the orthogonal methods
available.

Our comparative analysis of the positional occupancy in multiple cellular conditions (untreated,
differentiated, and Pb?* treated) revealed various types of site responses: we found numerous
positions with high variable occupancy across conditions, indicating plasticity at those sites.
Interestingly, the most static psi positions were frequently targets of TRUB1, which suggests a
high degree of conservation, independently of the cellular state. We also found that 3 out of 4
PUS?7 sites were in the plastic group, which may indicate that PUS7 deposited sites are less
conserved across conditions although this may be due to a low number of reads. Among
these, NES (chr1:156669130) encodes the neuronal marker and cytoskeletal protein Nestin,
which plays a role in differentiation and self-renewal. This NES psi site has decreased psi levels
following differentiation, while it does not change upon Pb?* treatment. Noteworthy, mRNA
levels for NES are unchanged across conditions (Fig. 4e), suggesting a possible mechanism of
psi-mediated translational control. In contrast, both THY7 (chr11:119418679) and
NKAIN1(chr1:31181249) exhibit high upregulation of psi occupancy for both Pb?* treatment
and differentiation, and both encode for proteins that are involved in neuronal processes.
Possible functions for sites highly sensitive to environmental factors include translational
control in response to cellular stress and maintenance of cellular fitness.

Among the most static positions, some psi sites are found on genes linked to neuronal
functions: SLC2A1 is associated with GLUT1 deficiency syndrome, a neurological disorder
characterized by seizures, developmental delay, and movement disorders”. Dysregulation of
UHRF1 has been implicated in various cancers and neurodevelopmental disorders’"".
EIF4EBP2 regulates translation initiation by binding to eukaryotic translation initiation factor 4E
(elF4E) and inhibiting its interaction with the mRNA cap structure. It plays a role in synaptic
plasticity and memory formation, as well as in neurodevelopmental disorders such as autism
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spectrum disorders’’®. Other transcripts, although not relevant to neuronal functions, contain
psi static sites. The biological function of these genes is general and related to basic functions
and cellular mechanisms such as kinetic regulation of the ribosome during translation,
formation of amino acid substitution at the protein level, or recruitment of essential RNA-
binding proteins.

Finally, a global pseudouridylation level assessment of each cell condition (untreated,
differentiated, and Pb?* treated) showed that the Pb®* libraries had a higher normalized
percentage of psi sites compared to the untreated. We hypothesize that this upregulation of psi
levels can be used by cells as a mechanism of protection/response to the treatment; however,
further studies will be required to assess.

This study was the first to determine the plasticity of psi modifications across cellular states.
Future analysis will determine whether static sites play critical roles in the cell's biological
function and whether the plastic sites are responses to external cues for fine-tuning gene
expression.

Methods

Experimental Model and Subject Details

Cell culture

Human neuroblastoma SH-SY5Y cells were cultured in EMEM/F12 (EMEM from Quality
Biological Inc and Cytiva HyClone Ham's Nutrient Mixture F12 Media) supplemented with 10%
Fetal Bovine Serum (FisherScientific, FB12999102). For untreated SH-SY5Y cells, the culture
remained in this medium for seven days at 37C and 5% CO., refreshed every three days. For
differentiated SH-SY5Y cells, after 24h, the media changed to differentiation media, which is
Neurobasal media (Gibco Neurobasal-A Medium, minus phenol red) supplemented with 10uM
all-trans-retinoic acid (Fisher, AC207341000), 1X B27(Fisher, A3582801), and 1X Glutamax
(Fisher, 35-050-061). The differentiation media was renewed every other day. For lead
exposure SH-SY5Y cells, after 24 hours, the culture media was removed, and a 50 pM Pb?*-
supplemented (Lead (Il) acetate trinydrate, Sigma) untreated media was added to the cells. The
media was replaced every three days.

Immunofluorescence (IF)

For fixing SH-SY5Y cells, half of the culture media was removed, and an equal volume of 4%
formaldehyde (Fisher, F79500) in PBS was added to each well for the final of 2%
formaldehyde. After 2 min incubation at room temperature, the solution was aspirated,
replaced by 4% formaldehyde, and incubated for 10 mins. The cells were then washed with
PBS and permeabilized by incubating in PBS-Triton (0.1%) for 10 min. The cultures were
blocked by incubation in 2% bovine serum albumin (BSA) in BS-Triton (0.1%) for one hour,
followed by three times washed with PBS-Tween 20 (0.1%). The cells were then incubated with
1ug/ul primary antibody (For TRUB1 staining, TRUB1 Rabbit anti-human polyclonal, 50-172-
8037, Protein tech; for PUS7 staining, PUS7 Rabbit anti-human, HPA024116, Sigma) in 1%
BSA/PBS-Triton (0.1%) overnight at 4C. The following day, the cells were washed with PBS-
Tween 20 (0.1%) and incubated for one hour in 1:1000 secondary antibody (Mouse anti-rabbit
IgG-PE-Cy7, NC1569698, Fisher) in 1% BSA/PBS-Triton (0.1%) at room temperature, and
stained using DAPI.

siRNA Knockdown (KD)
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SH-SY5Y cells were cultured in untreated media for 24h for KD and control samples. The
media was replaced with siRNA delivery media (Horizon, B-005000-500) with 1TuM of Accell
Non-targeting Control Pool (Horizon, D-001910-10-05), PUS7 siRNA (Horizon, E-015341-00-
0050) or TRUB1 siRNA (Horizon, E-016391-00-0050) in delivery media for KD samples and
cultured for 72h. Total RNA was extracted for gPCR KD confirmation or fixed for IF imaging.

Total RNA extraction

Total RNA was extracted from cells by combining a TRIzol (Invitrogen,15596026) RNA
extraction and the PureLink RNA Mini Kit (Invitrogen, 12183025). Cells were first washed with
ice-cold PBS, followed by incubation for 5 min in TRIzol at RT (2ml for 10mm dishes and 300ul
for 8-well plates). Then, the solution was transferred to Eppendorf tubes, and 200ul chloroform
(Thermo Scientific Chemicals, AC423555000) was added to each 1ml of TRIzol. The solution
was mixed by shaking it for 15 sec and incubated at RT for 3 min, followed by centrifugation
for 15 min at 12000 x g at 4C. The aqueous supernatant was then transferred to a new tube,
and the manufacturer's recommended protocol was followed for PureLink RNA Mini Kit RNA
extraction. RNA was quantified using the RNA Qubit assay.

Poly-A RNA isolation

According to the manufacturer's protocol, poly-A mRNA was selected using the NEBNext
Poly(A) mRNA Magnetic Isolation Module (E7490L). RNA was quantified using the RNA Qubit
assay.

RT-qPCR

The extracted total RNA was treated with TURBO DNase (Fisher, AM2238) following the
manufacturer’s protocol. The RNA is then reverse transcribed using SuperScript Il RT kit
(Fisher,18080044) using the target primers and housekeeping gene HPRT. gPCR was
performed using Luna gPCR master mix (NEB, M3004).

Direct RNA library preparation and sequencing

A direct RNA sequencing library (SQK-RNA002) was prepared following the manufacturer’s
instructions. Briefly, 500ng poly-A tailed RNA was ligated to ONT RT adaptor (RTA)

using T4 DNA ligase (NEB, M0202M) and reverse transcribed by SuperScript Il Reverse
transcriptase (Invitrogen, 18080044). The product was then purified using Agencourt RNAClean
XP beads (Beckman, A63987) ligated to the RNA adaptor (RMX) and purified by Agencourt
RNACIean XP beads, followed by washing with wash buffer (WSB) and eluted in elution buffer
(ELB). The final product was mixed with an RNA running buffer and loaded into R9.4.1 FLO-
MIN106D flow cells from ONT. For the KD samples and scrambled control, the samples were
loaded onto PromethION flow cells (ONT, FLO-PROO004RA).

Base-calling and alignment

Fast5 files were basecalled using Guppy version 6.4.2 and aligned to the human reference
genome (hg38) using Minimap?2 version 2.17 with the ““-ax splice -uf -k 14’’ option. The aligned
.sam files were converted to .bam and indexed using samtools version 2.8.13.

Mod-p ID filtration criteria

We filtered the putative psi positions detected by the Mod-p ID tool according to multiple
criteria. First, we defined a psi site to be significant if at least two biological replicates had a p-
value<0.001. We then filtered all the significant sites for the number of reads in the DRS and
IVT samples, to retain positions with at least 10 reads in both libraries. To account for the
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presence of SNVs, we filtered the significant sites with sufficient coverage to those with a U-to-
C basecalling error < 10 in the IVT library.

SNR Calculation
We modeled the IVT and DRS data separately for each target position with a beta-binomial
distribution and Jeffrey’s prior. We used U counts and C counts to parameterize the beta of the
beta-binomial distribution and calculate the log marginal likelihood of the posterior distribution.
Additionally, we modeled a combined distribution of IVT and DRS U and C counts with the
same beta-binomial and Jeffrey’s prior. The ratio of these log marginal likelihoods
approximates the degree to which the U to C mismatch at a position is better modeled with
two independent distributions instead of a single joined distribution.

SNR = | Oprs (Xprs) * Ot (Xv7)

= log(

Oprs +1vT (XDRs+1vT)

© = BetaBinom (n,q,B)

Resource availability

Lead contact.

Further information and requests for resources should be directed to and will be fulfilled by the
lead contact, Sara H. Rouhanifard (s.rouhanifard@northeastern.edu).

Accessing Publicly Available Data Sets
All IVT Libraries used in this work were sourced from NIH NCBI SRA under BioProject
accession PRJNA947135.

Data and code availability
All fast5 raw data for Direct Libraries generated in this work has been made publicly available
in NIH NCBI SRA under the BioProject accession PRUINA1092333.

All code can be found at github.com/RouhanifardLab/NeuronalEpitranscriptomePlasticity.
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Figure 1. Enzymatic KD of PUS enzymes and DRS is used to determine enzyme-mediated psi-sites.
a. Schematic workflow of siRNA knockdown (KD), DRS, and analysis.
b. The concentration of PUS7 and TRUB1 mRNA in SH-SY5Y cells for the scrambled (control), PUS7 KD, and TRUB1 KD,
respectively, following siRNA KD, was quantified by RT-qPCR.
c. TPM of various PUS enzymes following TRUB1 knockdown (KD), PUS7 knockdown (KD), and scrambled (control) determined by
DRS. Individual colored bars represent each experimental condition, with error bars describing the standard error of the mean
(SEM) across downsampled replicates. Individual replicates are shown as black dots.
d. SNR was calculated using beta-binomial distribution and Jeffrey’s prior, and particular points were plotted against the difference
in U-to-C error between the Scrambled (control) and TRUB1 KD. Orange dots represent uridine positions within a TRUB1 motif,
and blue dots represent uridine positions within a PUS7 motif.
e. Putative psi-positions determined by Mod-p ID are plotted according to the difference in U-to-C basecalling error in the
scrambled (control) and the TRUB1 KD against the reads for each position. The inlet shows the sequencing logo for positions
within the TRUB1 motif, grey points above the threshold line, and total points above the threshold line.
f. SNR was calculated using beta-binomial distribution and Jeffrey’s prior, and particular points were plotted against the difference
in U-to-C error between the Scrambled (control) and PUS7 KD. Orange dots represent uridine positions within a TRUB1 motif, and
blue dots represent uridine positions within a PUS7 motif.
g. Putative psi-positions determined by Mod-p ID are plotted according to the difference in U-to-C basecalling error in the
scrambled (control) and the TRUB1 KD against the reads for each position. The inlet shows the sequencing logo for positions
within the PUS7 motif, grey points above the threshold line, and total points above the threshold line.
h. (left) Random distribution model of points constrained by the data parameters. Histograms indicate the distribution of points in
the lower left quadrant as a function of each simulated knockdown. (right) distribution of TRUB1 KD plotted against PUS7
knockdown. Histograms indicate the distribution of points in the lower left quadrant as a function of each knockdown.
i. (Left) Steady-state model of PUS enzyme concentration affecting psi deposition at a given position. (Right) Steady-state model of
the difference in pus concentration between two conditions being proportional to the substrate concentration (transcript).
j. Steady-state PUS enzyme:mRNA substrate correlation with psi levels for knockdown cell lines. Left: plot of number of reads per
million that contain U-C mismatches vs. the difference in the product of TRUB1 substrate and the TRUB1 enzyme concentrations
between Scrambled and TRUB1 knockdown cell lines (plotted for both TRUB1 and PUS7 sites). Right: Similar plot as in Left,
except the comparison was made for PUS7 enzyme concentrations. The lines shown are Pearson correlations with R? and p values
indicated in boxes.
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Figure 2. Effects of RA-mediated differentiation on mRNA psi modification and machinery in SH-SY5Y cells

a. Timeline illustrating the stages and duration of the RA treatment applied to SH-SY5Y cells.

b. A representative photomicrograph of untreated and differentiated SH-SY5Y cells is shown.

c. We used Deseq2 to identify the transcripts with the highest fold change between the untreated and differentiated samples.
Three biological replicates for each condition were used. The color scale shows a Z score based on the relative fold change.

d. TPM of various PUS enzymes in untreated and differentiated SH-SY5Y cells determined by DRS. Individual colored bars
represent each experimental condition, with error bars describing the standard error of the mean (SEM) across downsampled
replicates. Individual replicates are shown as black dots.

e. SNR was calculated using beta-binomial distribution and Jeffrey’s prior, plotting points against the difference in U-to-C error
between the untreated and differentiated libraries. Orange dots represent uridine positions that are validated TRUB1 substrates,
and blue dots represent uridine positions that are validated PUS7 substrates.

f. Putative psi-positions determined by Mod-p ID are plotted according to the difference in U-to-C basecalling error in the
untreated and differentiated samples against the reads for each position. A dotted line at the +5% and -5% marks indicate the
cutoff for a position to be changed in response to perturbation. The inlet shows the sequencing logo for positions within the
TRUB1 motif, grey points above the threshold line, and total points above the threshold line.

g. Annotation of genes containing a psi modification validated by PUS7 or TRUB1 KD (Figure 2) and orthogonal methods.

h. TPM of the transcripts bearing a validated psi modification that had the most significant differences between conditions,
determined by DRS. Individual colored bars represent each experimental condition, with error bars describing the standard error of
the mean (SEM) across downsampled replicates. Individual replicates are shown as black dots.

i. Correlation of the differential U-C mismatch number of reads vs. the enzyme: substrate product for untreated and differentiated
SH-SYS5Y cells. A positive correlation was observed for both PUS enzymes (R?=0.73 for TRUB1 and R?=0.33 for PUS7).
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Figure 3. Effects of Pb?* treatment on mRNA psi modification and machinery in SH-SY5Y cells

a. Timeline illustrating the stages and duration of the Pb?* treatment applied to SH-SY5Y cells.

b. A representative photomicrograph of untreated and Pb?* treated SH-SY5Y cells is shown.

c. We used Deseq? to identify the transcripts with the highest fold change between the untreated and Pb?* treated samples. 3
biological replicates of each condition were used. The color scale shows a Z score based on the relative fold change.

d. DRS determined the TPM of various PUS enzymes in untreated and Pb?*-treated SH-SY5Y cells. Individual colored bars
represent each experimental condition, with error bars describing the standard error of the mean (SEM) across downsampled
replicates. Individual replicates are shown as black dots.

e. SNR was calculated by using beta-binomial distribution and Jeffrey’s prior, plotting points against the difference in U-to-C error
between the untreated and Pb?* treated libraries. Orange dots represent uridine positions that are validated TRUB1 substrates, and
blue dots represent uridine positions that are validated PUS7 substrates.

f. Putative psi-positions determined by Mod-p ID are plotted according to the difference in U-to-C basecalling error in the
untreated and Pb?* treated samples against the reads for each position. A dotted line at the +5% and -5% marks indicate the
cutoff for a position to be changed in response to perturbation. The inlet shows the sequencing logo for positions within the
TRUB1 motif, grey points above the threshold line, and total points above the threshold line.

g. Annotation of genes containing a psi modification that changed in response to perturbation and validated by PUS7 or TRUB1
KD (Figure 2) and orthogonal methods.

h. TPM of the transcripts bearing a validated psi modification that had the most significant differences between conditions
determined by DRS. Individual colored bars represent each experimental condition, with error bars describing the standard error of
the mean (SEM) across downsampled replicates. Individual replicates are shown as black dots.

i. Correlation of the differential U-C mismatch number of reads vs. the enzyme: substrate product for untreated and Pb?* treated
SH-SYS5Y cells. Lines are Pearson correlation fits showing weak positive correlations for both PUS enzymes (R?=0.62 for TRUB1
and R?=0.23 for PUSY7).
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Figure 4. Psi analysis across three cellular states enables the classification of plastic and static sites of modification,
transcriptome wide.

a. Heatmap of sites with at least 40% U-to-C basecalling error in one of three conditions. Colors indicate the percentage of U-to-
C basecalling errors. A similarity score is calculated for each of these positions, and they are ranked in order, with the most similar
at the top and the least similar at the bottom. Positions validated substrates for TRUB1 are shown in orange, and TRUB1 motifs
that have not yet been validated are shown in red. Positions that are validated substrates for PUS7 are shown in dark blue, and
PUS7 motifs that have not been validated are shown in light blue.

b. DRS determined the TPM of various PUS enzymes in untreated, differentiated, and Pb?*-treated SH-SY5Y cells. Individual
colored bars represent each experimental condition, with error bars describing the standard error of the mean (SEM) across
downsampled replicates. Individual replicates are shown as black dots.

c. TPM of the transcripts bearing a validated psi modification that had the most significant differences between conditions
determined by DRS. Individual colored bars represent each experimental condition, with error bars describing the standard error of
the mean (SEM) across downsampled replicates. Individual replicates are shown as black dots.

d. Untreated SH-SY5Y number of total DRS reads are plotted against the U-to-C mismatch error of putative W sites detected by
Mod-p ID (p-value < 0.001 in at least two biological replicates). Blue dots represent uridine positions within a PUS7 motif, while red
dots represent uridine positions within a TRUB1 motif. All the other motifs are shown in grey. Dashed lines represent the criteria
used for defining a position as a psi site (number of reads>10; U-to-C error>10).

e. Differentiated SH-SY5Y number of total DRS reads are plotted against the U-to-C mismatch error of putative W sites detected
by Mod-p ID (p-value < 0.001 in at least two biological replicates).

f. Pb?* treated SH-SY5Y number of total DRS reads are plotted against the U-to-C mismatch error of putative W sites detected by
Mod-p ID (p-value < 0.001 in at least two biological replicates).

g. Colored bars shows the number of significant pseudouridine sites, labeled as U-to-C error in panels d,e,f, normalized it by the
total number of reads in each of the three conditions. Error bars show the standard error of the mean across biological replicates.
h. Putative psi-positions determined by Mod-p ID are plotted according to the difference in U-to-C basecalling error in the
untreated and Pb?* treated samples against the difference in U-to-C basecalling error between the differentiated and untreated for
each position. A dotted line at the +10% and -10% marks indicate the cutoff for a position to be changed in response to
perturbation. Condition-independent positional occupancy (static) positions are in the center square. Single condition-dependent
positional occupancy is shown in the blue stripes. Double condition-dependent positional occupancy is shown in the purple areas.
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