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Abstract

The formation, stabilization, and elimination of synapses are tightly regulated during neural 

development and into adulthood. Pumilio RNA-binding proteins regulate the translation and 

localization of many synaptic mRNAs and are developmentally downregulated in the brain. 

We found that simultaneous downregulation of Pumilio 1 and 2 increases both excitatory and 

inhibitory synapse density in primary hippocampal neurons and promotes synapse maturation. 

Loss of Pum1 and Pum2 in the mouse brain was associated with an increase in mRNAs involved 

in mitochondrial function and synaptic translation. These findings reveal a role for developmental 

Pumilio downregulation as a permissive step in the maturation of synapses and suggest that 

modulation of Pumilio levels is a cell-intrinsic mechanism by which neurons tune their capacity 

for synapse stabilization.

In brief

Pumilio RNA-binding proteins are developmentally downregulated in the brain. Randolph et al. 

report that the simultaneous downregulation of Pumilio 1 and 2 promotes synapse maturation and 

increases the density of excitatory and inhibitory synapses. Thus, the regulation of Pumilio protein 

levels represents a cell-intrinsic mechanism for the modulation of synapse maturation.

Graphical Abstract
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INTRODUCTION

Neurons are among the most morphologically complex, dynamic, and long-lived cells. 

Consequently, neuronal gene expression must be tightly regulated both spatially and 

temporally. RNA-binding proteins (RBPs) contribute to this precise regulation by controlling 

mRNA transport, translation, and stability.1,2

Coordinated RNA regulation is especially important for highly sensitive processes such 

as synapse formation and stabilization. New protein synthesis is required for long-

term potentiation,3–5 including the dendritic synthesis of CaMKIIα,6–8 Arc,9–12 and 

BDNF.13 Presynaptic protein synthesis is required for inhibitory long-term depression,14 

and presynaptic β-catenin synthesis modulates vesicle release.15 Additionally, we have 

previously reported that axonal synthesis of synaptosomal-associated protein 25 (SNAP-25) 

is required for presynaptic terminal formation and regulates vesicle release.16

Despite tremendous progress in defining the significance of spatially and temporally 

restricted protein synthesis in neurons, much remains unknown about the molecular 

machinery governing how the neuronal transcriptome is dynamically regulated to support 

distinct functions across developmental stages. We have previously reported that the 

presence of one or more Pumilio-binding elements (UGUAHAUA) in the 3ʹ UTR prevents 

the localization of mRNAs into developing axons due to the retention of the transcripts 

in the cell body by the RBP Pumilio 2 (Pum2).17 An intriguing implication of these 

findings is that developmental changes in the expression of RBPs, such as Pumilios, 

might permit the transport and/or translation of their target mRNAs only at certain times, 

thereby matching the local transcriptome to changing demands. Indeed, Pumilio expression 

is reduced once axons complete their phase of rapid growth and start forming synapses.17,18 

This developmental drop in Pumilio expression in the mouse brain is accompanied by 

increased localization of Pumilio targets into axons.17 The presynaptic transcriptome in 

adult C. elegans is also enriched for Pumilio target mRNAs.19

Most studies to date have focused on the roles of Pum1 and Pum2 individually. However, 

Pum1 and Pum2 regulate each other’s expression and share nearly 700 mRNA targets.18 

Conditional neural loss of both Pum1 and Pum2 leads to impairments in neurogenesis, 

learning, and memory.18 Furthermore, Pum1 and Pum2 share similar developmental 

expression profiles, with both proteins being highly expressed in the mouse brain in early 

development and substantially downregulated by post-natal day (P)15–P30.18 To determine 

the function of their developmental downregulation, we simultaneously knocked down Pum1 

and Pum2 in hippocampal neurons and found that the loss of both Pumilios increases 

synapse density across multiple stages of neuronal maturation and specifically increases 

the number of mature synapses. Conversely, individual downregulation of Pum1 or Pum2 

reduces synapse density. Our results reveal that Pumilios are important regulators of synapse 

stability and maturation and highlight the importance of studying the function of RBPs in 

the context of their own regulatory networks.
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RESULTS

Pum1 and Pum2 targets are developmentally regulated

To gain insight into the expression and regulation of Pum1 and Pum2 and their RNA 

targets throughout neurodevelopment, we analyzed RNA sequencing data from various 

developmental stages in the mouse cortex.20 Consistent with previous findings,17,18,20 we 

observed a significant shift in cortical gene expression around P7 (Figure S1A) and a 

decrease in Pum1 and Pum2 mRNA levels throughout neurodevelopment (Figure 1A). We 

next investigated the developmental expression of shared RNA targets of Pum1 and Pum2, 

which we identified by analyzing an iCLIP dataset from neonatal mouse cortex.18 Consistent 

with an established function of Pumilio proteins as negative regulators of translation, 

the overall expression of our identified shared Pum1 and Pum2 targets increased across 

neurodevelopment and peaked at P7 (Figure 1A), a time when cortical neurons switch their 

program to synapse formation.20

To understand if developmental Pumilio downregulation is a neuron-intrinsic mechanism, 

we measured Pumilio protein levels over time in cultured primary rat hippocampal neurons. 

Both Pum1 and Pum2 were significantly downregulated over the course of 21 days in vitro 
(DIV), averaging at least a 50% reduction in protein levels from DIV6 to DIV21, suggesting 

that this is a cell-autonomous process (Figure 1B).

Individual Pum1 or Pum2 knockdown reduces synapse density

To investigate whether the downregulation of Pumilio proteins affects synapse density, we 

suppressed Pum1 or Pum2 expression individually using short hairpin RNAs (shRNAs) 

delivered by lentivirus at DIV2 (Figure S1B). As Pum1 and Pum2 mRNAs contain several 

Pumilio binding elements and regulate each other’s expression, there is a modest but 

statistically non-significant increase in one Pumilio paralog when the other is reduced 

(Figure S1B).

At DIV14–DIV15, when cultured neurons have begun to establish mature synapses, we 

assessed the number of synapses by measuring the juxtaposition between the presynaptic 

marker synapsin I (Syn-I) and the excitatory postsynaptic marker postsynaptic density 

protein 95 (PSD-95).21,22 Knockdown of either Pum1 or Pum2 dramatically reduced 

excitatory synapse density (Figures 1C and 1D).

Dual Pumilio knockdown increases synapse density

Because both Pumilio paralogs are downregulated in parallel during neuronal maturation, we 

investigated the effect of simultaneously downregulating both Pum1 and Pum2 by designing 

an shRNA, shPum, that targets a homologous region of the rat Pum1 and Pum2 mRNAs 

(Figures S1C and S1F). In contrast to individual knockdown, the synaptic density of shPum 

neurons at DIV14–DIV15 was significantly increased (Figures 1E and 1F). The same effect 

was observed when we combined the two shRNAs previously used for single knockdown 

into the same construct (shPum1-shPum2) (Figures S1D and S1E).
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To test whether the loss of either Pum1 or Pum2 function was largely responsible for the 

increase in synaptic density, we knocked down both Pumilios with shPum and co-expressed 

a rescue construct (Pum1R or Pum2R) (Figures S1F and S1G). Restoring Pum2, but not 

Pum1, levels reversed the increase in synapse density (Figures 1G and 1H), indicating that 

specifically the downregulation of Pum2 is required for the increase in synapses upon dual 

Pumilio knockdown, although this does not rule out a role for Pum1.

Dual Pumilio downregulation increases dendritic spine density but not dendrite complexity

As Pum2 regulates dendrite morphogenesis and arborization,23–25 the upregulation of 

synapses seen in shPum neurons could be due to altered dendritic architecture. Analysis 

of dendrite complexity by Sholl analysis26 revealed that knockdown of Pum2 individually 

caused an increase in short dendrites (Figure 2A), which is consistent with previous 

findings,24 while there was no effect of Pum1 knockdown. There was no significant 

difference between shControl and shPum dendrites (Figure 2B).

To determine if dendritic spines were affected, we co-stained neurons with MAP2 and 

phalloidin to label microtubules and actin structures. Dendritic spines were apparent in both 

MAP2 and phalloidin channels, and the MAP2 channel was selected for quantification due 

to its enhanced signal-to-noise ratio. We found that dendritic spine density was significantly 

increased in shPum neurons, consistent with an increase in synapse density, while the length 

of dendritic spines was not affected (Figure 2C).

Dual Pumilio knockdown drives increased synapse maturation

Next, we asked whether dual Pumilio downregulation drives premature synapse formation or 

enhanced maturation and stabilization of nascent synapses by assessing synapse density in 

shControl vs. shPum neurons at five time points over the course of 21 days. Both Pum1 and 

Pum2 levels were significantly reduced by DIV8 (Figure S2A). Synapse density progressed 

normally in shPum neurons at early time points (DIV6–DIV11) but surpassed shControl 

levels at DIV15 and to an even greater extent at DIV21 (Figures 3A and 3B), indicating 

that dual Pumilio downregulation does not trigger premature synapse formation but instead 

increases the overall density of synapses after the onset of synaptogenesis. To directly test 

the role of Pumilios in regulating synapse density at late stages of neuronal maturation, 

we infected neurons with shRNA-expressing lentiviruses at a late time point (DIV15) and 

performed the synapse density analysis at DIV21. In contrast to the marked reduction 

in synapses observed when Pum1 or Pum2 are knocked down individually at early time 

points, there was no effect of either shPum1 or shPum2 when cells were infected on DIV15 

(Figures 3C, 3D, and S2B). However, dual Pumilio knockdown at DIV15 again resulted in a 

significant increase in synapse density at DIV21 (Figures 3E, 3F, and S2C).

To assess the effect of Pumilio downregulation on synapse maturation, we treated neurons 

with latrunculin A (LatA) to depolymerize F-actin. LatA specifically destabilizes immature, 

but not mature, synapses.27 LatA treatment reduced the percentage of the area covered 

by Syn-I+ puncta in both shControl and shPum neurons, but shPum neurons still had 

significantly more Syn-I+ area than shControl neurons after LatA treatment (Figures 3G 
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and 3H). Together, these results indicate that dual Pumilio downregulation increases synapse 

density by driving an increase in synapse maturation.

Dual Pumilio downregulation increases both excitatory and inhibitory synaptic density

To determine whether inhibitory synapses are also affected by Pumilio downregulation, 

we measured the co-localization of the vesicular GABA transporter (VGAT) and gephyrin. 

shPum treatment led to a significant increase in inhibitory synapses, and the average size 

of gephyrin puncta was also modestly increased (Figure 4A). Gephyrin cluster size is 

associated with increased maturity of inhibitory synapses,28 again supporting a role for 

Pumilios in synapse maturation. We next directly compared the number of excitatory and 

inhibitory presynaptic puncta using the vesicular glutamate transporter 1 (VGLUT1) and 

VGAT in the same optical field. Both VGLUT1 and VGAT were significantly upregulated 

by shPum, and the VGLUT1/VGAT ratio was significantly decreased (Figure 4B), indicating 

a larger increase in inhibitory vs. excitatory synapses. Baseline firing rates of shPum neurons 

were not affected as measured by live calcium imaging (Figures S3A and S3B), although 

this does not rule out the possibility that more subtle aspects of synaptic activity are altered.

Synaptic gene regulation by Pum1 and Pum2

To elucidate the specific gene classes regulated by Pum1 and Pum2 that might account for 

the synaptic phenotypes observed, we conducted Gene Ontology analysis on the neonatal 

cortical iCLIP Pum1/2 targets that we previously identified (Figure 1A). This analysis 

revealed a notable enrichment of genes involved in axonogenesis, synapse organization, and 

synapse structure (Figure 4C). Further analysis of shared Pum1/2 targets using SynGO29 

highlighted significant enrichment in synaptic terms, encompassing both postsynaptic and 

presynaptic processes, such as postsynaptic specialization and presynaptic active zone 

(Figure 4D).

We next examined RNA sequencing data from mice with either Pum1, Pum2, or Nestin-

Cre-mediated conditional double knockout (Ndcko).18 Consistent with prior reports, single 

knockout of Pum1 or Pum2 did not significantly alter global gene expression.17,30,31 

Conditional double knockout resulted in notable changes to the transcriptome (Figure S4A), 

including an activation of mitochondrial processes and a suppression of axonal development 

(Figure 4E). While genes involved in synapse assembly were suppressed, genes involved in 

synaptic translation were upregulated. Approximately 15% of the differentially expressed 

genes in this dataset were direct targets of both Pum1 and Pum2 identified in our iCLIP 

analysis. This significant, yet partial, overlap suggests that while Pumilios play a direct 

post-transcriptional regulatory role, there are likely additional, indirect changes in gene 

expression.

To investigate the regulation of an individual synaptic Pumilio target mRNA target, we 

focused on Snap25 because of its importance for presynaptic terminal differentiation,16 

identification as a target of Pum1 and Pum2,18 and role at both excitatory and inhibitory 

synapses. RNA immunoprecipitation (RIP) from embryonic day (E)17 rat cortex confirmed 

the interaction of Pum1 and Pum2 with Snap25 mRNA (Figure S4B). Although we did 

not observe significant changes in the global mRNA or protein levels of Snap25 or three 

Randolph et al. Page 6

Cell Rep. Author manuscript; available in PMC 2024 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



additional synaptic Pumilio targets (L1cam, Syt1, and Nrxn1) with dual Pumilio knockdown 

(Figures S4C and S4D), puromycin labeling coupled with proximity ligation assay (puro-

PLA)32 revealed significantly elevated Snap25 translation (Figures S4E and S4F). Over 85% 

of SNAP-25 puro-PLA puncta localized to neurites, and translational events in neurites were 

also significantly increased by shPum (Figure S4F). Pumilios regulate large sets of mRNAs 

and likely exert their effects at the synapse by coordinated changes in the translation and 

subcellular localization of many of the target genes identified in our analysis. Increased 

synthesis of SNAP-25 represents one potential mechanism among these by which dual 

Pumilio downregulation may enhance synapse stability.

DISCUSSION

We demonstrate that dual Pumilio downregulation increases excitatory and inhibitory 

synapses in cultured hippocampal neurons specifically at late stages due to enhanced 

synaptic stabilization and maturation. We also find that Pumilio downregulation impacts 

synapses differently depending on whether they are downregulated individually or in 

parallel. One possible explanation for this is that the decrease in synapses observed with 

individual knockdown is driven primarily by overcompensation of the paralog Pumilio. 

An alternate possibility is that these differing effects are due to differential disruption of 

the network of Pumilio-interacting proteins. The Pumilio interactome varies among brain 

regions and neuronal subtypes.33,34 A mild reduction of Pum1 disrupts only the expression 

of Pum1 targets, while more severe reductions also affect the expression of Pum1-interacting 

proteins.34 Lowering the levels of either one or both Pumilio proteins could perturb the 

network of interacting proteins in different ways that produce divergent downstream effects.

Dual Pumilio knockdown increased both excitatory and inhibitory synapses, with a greater 

effect on inhibitory synapses. Pum2 knockdown increases miniature excitatory postsynaptic 

current (mEPSC) frequency24,35 and decreases miniature inhibitory postsynaptic current 

(mIPSC) amplitude,30 and reductions in Pum2 are associated with hyperexcitability and 

seizure.24,36–39 While we did not detect any global changes in neural activity, further 

investigation will be required to determine the more subtle effects of dual Pumilio 

knockdown on synaptic transmission, plasticity, or the overall balance of excitation to 

inhibition.

The precise mechanisms by which Pumilios regulate synapse density are still uncertain. 

Pumilio proteins regulate mRNA targets on many different levels, including translational 

repression,40,41 degradation,42–45 translational activation,30,40,46,47 and localization.17,48–50 

We identified synapse organization as one of the top categories of Pumilio mRNA targets, 

and genes involved in translation at the synapse and mitochondrial function are significantly 

upregulated in the Pum1/2 knockout brain. Mitochondria play a critical role in the 

presynaptic terminal for energy production and calcium buffering51,52 and supply the energy 

required for local translation at the dendritic spine during synaptic plasticity.53 Mature 

synapses in the calyx of Held are dependent on mitochondrial oxidative phosphorylation for 

ATP production, while immature synapses can also use glycolysis.54 The upregulation of 

nuclear-encoded mitochondrial mRNAs resulting from a reduction of Pumilio proteins may 

serve as an important step in the developmental shift to mature synapses.
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We identified over 4,000 mRNAs with significantly altered expression after dual Pumilio 

knockout, 15% of which were direct, iCLIP-validated shared Pum1/2 targets. The remaining 

mRNAs may be subject to secondary regulatory events in which direct targets of Pum1 

and Pum2 impact the expression of other genes. For example, Pum1 and Pum2 target Fmr1 
mRNA,18 encoding the RBP FMRP, which has over 800 of its own mRNA targets.55 Such 

secondary events could contribute to the observed phenotypes and further underscore the 

complex regulatory network influenced by Pumilio proteins.

Translation of at least one synaptic Pum1/2 target, Snap25, is increased upon dual Pumilio 

downregulation. Previously, we reported that small amounts of locally synthesized SNAP-25 

are critical for synapse assembly and synaptic transmission.16 As SNAP-25 is a pan-

presynaptic protein and both excitatory and inhibitory synapses are affected by Pumilio 

downregulation, this presents the intriguing notion that local SNAP-25 regulation might be 

one mechanism by which Pumilios regulate synapse density.

In summary, we report a cell-autonomous mechanism for the regulation of synapse 

density in which the developmental reduction of Pumilio serves as a permissive step in 

promoting synapse maturation. Beyond development, these mechanisms may additionally 

have relevance in aging, which is characterized by synaptic reorganization,56–58 as Pum2 

is upregulated in the aging brain,59 and Pum2 hyperactivity is associated with an aging 

phenotype.60 Thus, Pumilio regulation may represent an important mechanism by which 

neurons modulate their ability to stabilize synapses in a cell-autonomous manner at various 

stages throughout the lifespan.

Limitations of the study

We report that the parallel downregulation of Pum1 and Pum2 promotes synapse maturation 

in developing neurons and that Pumilio mRNA targets are enriched for synaptic genes. 

Further work will be required to establish a causal relationship between specific Pumilio 

targets and synaptic phenotypes. Additionally, all experimental manipulations in this study 

are done in primary rat neurons. Further work in in vivo models will be required to 

determine the generalizability of this mechanism.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Ulrich Hengst (uh2112@cumc.columbia.edu).

Materials availability

All unique reagents generated in this study are available upon request from the lead contact 

without restriction.

Data and code availability

• This paper analyzes existing, publicly available data. The accession numbers for 

these datasets are listed in the key resources table.
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• All original code has been deposited on GitHub and is publicly available as of 

the date of publication. DOIs are listed in the key resources table.

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

paper is available from the lead contact upon request.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Rat primary hippocampal neuronal culture—Pregnant Sprague-Dawley rats (Rattus 
norvegicus) were obtained from Envigo (Indianapolis, IN) and housed at the barrier facility 

at the Columbia University Institute of Comparative Medicine. All rodent procedures 

were approved by the Columbia University Institutional Animal Care and Use Committee. 

Pregnant rats were euthanized on embryonic day 17 (E17) by gas displacement with CO2 

at 8 L min−1 for at least 9 min, or until there were no signs of breathing for at least 1 min. 

Bilateral thoracotomy was used as a form of secondary euthanasia. Embryos were removed 

from the uterus, decapitated, and brains were dissected to extract the hippocampus. As it is 

not possible to distinguish between male and female embryos at this stage, hippocampi from 

all embryos in each litter were pooled and all cultures consist of a mix of male and female 

neurons. Thus, we do not expect the effects we report to be specific to only one sex.

Hippocampi from brains of E17 embryos were subsequently incubated in TrypLE Express 

(Thermo Fisher Scientific, Waltham, MA) at 37°C for 20 min. TrypLE Express was removed 

and hippocampi were washed twice with Hank’s Balanced Salt Solution (Thermo Fisher 

Scientific, Waltham, MA) and resuspended in pre-warmed plating medium. Hippocampi 

were dissociated by gentle trituration with a p1000 pipette tip followed by a p200 

pipette tip (30x each tip). After dissociation, cells were passed through a 40 μm cell 

strainer (Fisher Scientific, Waltham, MA) then centrifuged at 800 rpm for 5 min at room 

temperature. Cells were resuspended in 300 μL pre-warmed plating medium and counted 

using C-Chip disposable hemacytometers (INCYTO, Republic of Korea) with Trypan Blue 

(Thermo Fisher Scientific, Waltham, MA) to indicate cell viability. Laminin solution was 

aspirated from culture plates and replaced with neurons suspended in plating medium at 

an experiment-dependent density. Neurons were then cultured in a humidified incubator at 

37°C and 5% CO2. CytoOne multiwell plates (USA Scientific, Ocala, FL) were used in most 

cases. Sterile ddH2O was added to the inter-well/perimeter space to prevent evaporation of 

culture medium over the duration of the culture. On day in vitro (DIV) 1, plating medium 

was aspirated and replaced with growth medium (1X B-27 supplement, 2 mM L-glutamine 

in Neurobasal; all reagents from Thermo Fisher Scientific, Waltham, MA). On DIV3–4, 

half of the medium was replaced with fresh growth medium containing 20 μM 5-fluoro-2ʹ-
deoxyuridine and 20 μM uridine (FdU/U) (Sigma-Aldrich, St. Louis, MO) to prevent glial 

proliferation. Every 3–4 days thereafter, half of the medium was replaced with fresh growth 

medium containing 10 μM FdU/U. Sterile ddH2O was added to the inter-well/perimeter 

space every 7 days to prevent evaporation for long-term cultures.
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METHOD DETAILS

Neuronal culture preparation—Glass coverslips (Carolina Biological Supply, 

Burlington, NC) were autoclaved, rinsed twice with sterile water, then coated in 0.01 mg 

mL−1 poly-D-lysine (Sigma-Aldrich, St. Louis, MO) in borate buffer (10 mM boric acid, 

pH 8.4) overnight at 37°C. Alternately, sterile plastic multiwell plates were coated directly 

with 0.01 mg mL−1 poly-D-lysine in borate buffer. Plates or coverslips were washed three 

times with sterile water, allowed to air dry, then coated with 2 μg mL−1 mouse laminin 

I (R&D Systems, Minneapolis, MN) in plating medium (10% fetal bovine serum, 2 mM 

L-glutamine, 100 U ml−1 penicillin-streptomycin, 1 mM sodium pyruvate in Neurobasal; all 

reagents from Thermo Fisher Scientific, Waltham, MA) overnight at 37°C.

DNA constructs—Lentivirus expression plasmids with shERWOOD-UltramiR short 

hairpin RNAs (shRNAs) targeting Rattus norvegicus Pum1, Pum2, a homologous region 

of Pum1 and Pum2 (shPum), or a control shRNA targeting the SV40 promoter were 

obtained from transOMIC Technologies (Huntsville, AL). Pum1-and Pum2-targeting 

shRNA constructs were designed using algorithms that enhance potency and specificity.77,78 

shPum dual-targeting hairpin was a custom design. Hairpin sequences were as follows with 

capital letters indicating the gene-targeting region of the sequence:

shControl:

tgctgttgacagtgagcgAAGGCAGAAGTATGCAAAGCATtagtgaagccacagatgtaATGCTTTGCA

TACTTCTGCCTGtgcctactgcctcgga;

shPum1:

tgctgttgacagtgagcgcGGGATTGATGCAGACGTCAAAtagtgaagccacagatgtaTTTGACGTCT

GCATCAATCCCatgcctactgcctcgga;

shPum2:

tgctgttgacagtgagcgcGCGAATAAACCACTTGTTGAAtagtgaagccacagatgtaTTCAACAAGT

GGTTTATTCGCttgcctactgcctcgga;

shPum:

tgctgttgacagtgagcgaTGCCTTATACACCATGATGAAtagtgaagccacagatgtaTTCATCATGGT

GTATAAGGCActgcctactgcctcgga.

Plasmids were modified in-house when necessary using In-Fusion cloning technology 

(Takara Bio, San Jose, CA) to replace the mCMV promoter with the hUbC promoter 

for enhanced expression in primary neurons, to replace the ZsGreen1-IRES-Puromycin 

resistance cassette with eGFP or mLumin as an expression marker for certain experiments, 

or to insert the Pum1-and Pum2-targeting shRNAs into the same plasmid. For 

overexpression, FUGW plasmid62 was used as a backbone (#14883, Addgene, Watertown, 

MA). In-Fusion cloning technology was used to replace eGFP in FUGW with mouse 

Pum1 or Pum2 constructs with five silent mutations in the shPum-targeting site to rescue 
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Pum1 or Pum2 levels. Plasmids were purified using QIAprep Spin Miniprep Kit (Qiagen, 

Germantown, MD) or ZymoPURE II Plasmid Midiprep Kit (Zymo Research, Irvine, CA).

Lentivirus preparation and infection—HEK293T cells (ATCC, Manassas, VA) or 

Lenti-X 293T cells (Takara Bio, San Jose, CA) were transfected at 70–99% confluency 

with 7.5 μg lentiviral expression plasmid, 5.25 μg packaging plasmid (pCMV ΔR8.9), 

and 2.25 μg envelope plasmid (pHCMV VSVg)62 in a 10-cm plate or 75-cm flask 

using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA) according to the 

manufacturer’s instructions. pCMV ΔR8.9, pHCMV VSVg, and FUGW plasmids were 

generous gifts from David Baltimore. 14–16 h post-transfection, medium was completely 

changed to 5–6 mL pre-warmed neuronal growth medium after one brief wash with growth 

medium. 24–36 h after changing the medium, the medium (viral supernatant) was collected, 

centrifuged at 2000 rpm for 10 min at room temperature, then filtered through a 0.45 μm 

polyethersulfone (PES) syringe filter (Thermo Fisher Scientific, Waltham, MA). Viruses 

were aliquoted into cryotubes and stored at −80°C. Viral titers were calculated using the 

qPCR Lentivius Titer Kit (Applied Biological Materials, Richmond, Canada) according 

to the manufacturer’s instructions. When necessary, lentiviruses were concentrated using 

the Lenti-X Concentrator kit (Takara Bio, San Jose, CA). Primary hippocampal neurons 

were infected at an MOI of 5–30 on DIV1 for shRNA knockdown or MOI of 1 on DIV1 

for expression of rescue constructs to achieve more than 90% infectivity. Knockdown and 

proper dosage were verified by Western blot for every virus batch.

Latrunculin A treatment—Primary rat hippocampal neurons were plated at a density of 

80,000 cells/well on 18 mm glass coverslips (thickness 0.13–0.17 mm) (VWR, Radnor, PA) 

in 12-well plates. On DIV1, cells were transduced with shControl or shPum lentiviruses. 

On DIV18, cells were treated with 2.5 μM latrunculin A (Tocris, Minneapolis, MN) in 

DMSO or DMSO alone for 24 h, then fixed, stained, and imaged as described below. For 

image analysis, the eGFP channel was thresholded using the Huang threshold79 and the area 

was measured for normalization. The Syn-I channel was thresholded manually for optimal 

identification of puncta with minimal background signal. Comparable threshold settings 

were used across all images in the same replicate. Output values for the total area covered by 

the Syn-I threshold were recorded and then normalized by dividing by the total area of the 

eGFP cell mask obtained previously.

Protein isolation and western blotting—Primary rat hippocampal neurons were plated 

at a density of 100,000–200,000 cells/well in poly-D-lysine- and laminin-coated 12-well 

plates and cultured for 6–21 days. Cells were washed twice in 2 mL ice-cold DPBS 

containing calcium and magnesium (Thermo Fisher Scientific, Waltham, MA) and then 

lysed by scraping on ice in 25 μL ice-cold RIPA buffer (Thermo Fisher Scientific, Waltham, 

MA) containing 1x Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher 

Scientific, Waltham, MA). Samples were collected and transferred to microcentrifuge tubes. 

If not proceeding immediately to sample preparation, samples were snap-frozen in liquid 

nitrogen and stored at −80°C. Otherwise, samples were incubated for 30 min at 4°C with 

rotation, then centrifuged at maximum speed for 10 min at 4°C. Supernatant was removed to 

a new tube on ice and pellet was discarded. Total protein concentration was measured using 
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the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA) by reading 

absorbance at 562 nm. Samples were prepared for Western blotting at final concentration 

of 0.25–0.5 μg μL−1 protein in 1x Laemmli buffer (Bio-Rad, Hercules, CA), 2.5%–5% 

β-Mercaptoethanol, and RIPA buffer (containing Halt inhibitors).

Immediately before running gels, samples prepared in Laemmli buffer were heated at 95°C 

for 5 min, cooled to room temperature, and briefly centrifuged. 20 μL of samples were 

loaded into NuPAGE Bis-Tris gels (Thermo Fisher Scientific, Waltham, MA) for a total of 

5–10 μg protein per well. Gels were run in NuPAGE MOPS SDS running buffer (Thermo 

Fisher Scientific, Waltham, MA) containing a 1:400 dilution of NuPAGE antioxidant 

(Thermo Fisher Scientific, Waltham, MA) in the upper buffer chamber. Gels were run for 30 

min at 65 V, followed by 1 h at 165 V. Gels were removed from gel cassettes and proteins 

were transferred onto 0.45 μm nitrocellulose membranes for 1.5 h at 90 V in cold transfer 

buffer (25 mM Tris, 192 mM glycine, 20% methanol). Membranes were washed briefly 

in TBS-T (0.1% Tween 20 in Tris-buffered saline) then incubated in blocking buffer (2% 

bovine serum albumin in TBS-T) for 1 h at room temperature on a rocker. Membranes were 

incubated overnight at 4°C on a rocker with primary antibodies diluted in blocking buffer. 

Primary antibodies and concentrations are listed in the key resources table.

After primary antibody incubation, membranes were washed three times for 10 min in TBS-

T, then incubated with HRP-conjugated secondary antibodies (Thermo Fisher Scientific, 

Waltham, MA) at 1:10,000 in blocking buffer for 1 h at room temperature on a rocker. 

Membranes were again washed three times for 10 min in TBS-T, then developed with 1-Shot 

Digital ECL (Kindle Biosciences, Greenwich, CT) for 1 min at room temperature on a 

rocker and imaged using the KwikQuant Imager (Kindle Biosciences, Greenwich, CT).

Western blotting quantification—For analysis, images in JPEG format were opened in 

Fiji,63 converted to 8-bit, and inverted. The gel analyzer tool was used to draw a rectangle 

around each band of interest and subsequently measure intensity. Intensity peaks were gated 

by drawing a line across the bottom to close the curve. The area under the curve was then 

measured. Intensity values for the antibody of interest were normalized by dividing by the 

intensity of the β-III-tubulin signal in the corresponding lane from the same membrane. Fold 

change was then calculated by dividing each value by the corresponding control value. For 

statistical analysis, a one-sample t test was performed to compare to a hypothetical value of 

1 representing the control condition.

Immunofluorescence—Primary rat hippocampal neurons were plated at a density of 

60,000–80,000 cells/well on 18 mm glass coverslips (thickness 0.13–0.17 mm) (VWR, 

Radnor, PA) in 12-well plates and cultured for 6–21 days. Cells were rinsed twice quickly 

with warm DPBS containing calcium and magnesium (Thermo Fisher Scientific, Waltham, 

MA) and then fixed with 4% paraformaldehyde (PFA) in cytoskeletal preservation buffer 

(10 mM MES, 138 mM KCl, 3 mM MgCl2, 2 mM EGTA, 320 mM sucrose, pH 6.1) for 

20 min at room temperature. PFA was washed off briefly with phosphate-buffered saline 

(PBS) and coverslips were either stained immediately or stored briefly in PBS at 4°C for 

later processing. Fixed cells were washed three times for 5 min in PBS, then permeabilized 

with 0.3% Triton X-100 for 5 min. Triton X-100 was removed with two brief washes in 
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PBS, then coverslips were incubated for 30 min at room temperature in blocking buffer (5% 

BSA, 0.1% Tween in PBS). Coverslips were then incubated overnight at 4°C with primary 

antibodies diluted in antibody dilutant (1% BSA, 0.1% Tween in PBS). Primary antibodies 

and concentrations are listed in the key resources table. Primary antibodies were washed 

off with three washes in PBS for 5 min each and then coverslips were incubated for 1 h at 

room temperature in the dark with Alexa Fluor or Alexa Fluor Plus conjugated secondary 

antibodies (Thermo Fisher Scientific, Waltham, MA) at a 1:500 dilution in antibody dilutant. 

Secondary antibodies were washed off with three washes in PBS for 5 min each in the dark. 

When necessary, coverslips were incubated a second time with fluorescently conjugated 

β-III-tubulin antibodies (#801203, 1:500, BioLegend, San Diego, CA) for 1 h at room 

temperature in the dark, then washed three times for 5 min in PBS. After washing, coverslips 

were dipped in ddH2O, allowed to briefly air dry in the dark, then mounted with ProLong 

Diamond Antifade Mountant with or without DAPI (Thermo Fisher Scientific, Waltham, 

MA) and allowed to cure overnight in the dark.

For synaptic marker and dendritic spine staining, imaging was performed using a Plan-

Apochromat 63x/1.4 oil objective on an LSM 800 Axio Observer.Z1 confocal microscope 

(Zeiss, Thornwood, NY). Images were acquired at 512 × 512 pixels. For each image, 

a z stack of 7 slices was obtained with an interval of 0.19 μm between each slice. 

For morphological (Sholl) analysis, 1,388 × 1,040 pixel images were obtained using a 

Plan-Apochromat 20x/0.8 objective on an Axio-Observer.Z1 microscope equipped with an 

AxioCam MRm Rev.3 camera (Zeiss, Thornwood, NY). A single plane was obtained for 

each cell for morphology. Imaging settings were kept constant between all images for each 

replicate. In general, 10 optical fields were obtained per coverslip with a minimum of two 

coverslips per condition in each replicate.

Synaptic marker quantification—Image acquisition and analysis were performed by an 

experimenter blind to the experimental condition. During image acquisition, all optical fields 

were chosen to contain a single neuronal soma in the center of the field with surrounding 

neurites. Images in CZI format were imported into Fiji63 using Bio-Formats Importer 

plugin.80 Maximum intensity projections were created for each channel, and then channels 

were merged. Merged image was converted to RGB and saved in TIFF format. The channel 

representing the cell marker (eGFP, ZsGreen1, or β-III-tubulin) was thresholded using the 

Huang threshold79 and the area was measured for normalization.

Counting of synaptic puncta (synapsin I, PSD-95, VGAT, VGLUT1, and gephyrin) was 

performed using the Puncta Analyzer ImageJ plugin according to the author’s instructions.21 

Merged TIFF images were opened in ImageJ 1.2981 using Windows OS. The rectangle 

tool was used to draw a region of interest (ROI) that encompassed the entire field. The 

plugin was then initiated and quantification was performed using background subtraction 

with a rolling ball radius of 50. Thresholds were adjusted for each channel for optimal 

identification of puncta with minimal background signal. Comparable relative threshold 

settings based on the intensity histogram were used across all images in the same replicate 

for each channel. Minimum puncta size of 4 pixels and maximum puncta size of 50–100 

pixels was used, depending on the marker being measured. Output values for total number 

of puncta in each channel and total number of co-localized pre- and post-synaptic puncta 
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were obtained. These numbers were normalized by dividing by the total area of the cell 

mask obtained previously (average cell area per field ~5,000 μm2) and multiplying by 100 to 

obtain the number of puncta per 100 μm2 cell area. For figures, 2x zoomed insets were made 

in Fiji using “Zoom in images and stacks” macro by Gilles Carpentier.

Sholl analysis—Image acquisition and analysis were performed by an experimenter blind 

to the experimental condition. Images in CZI format were imported into Fiji63 using 

Bio-Formats Importer plugin.80 MAP2 channel was isolated. RenyiEntropy threshold was 

applied82 to create a binary image, then manually adjusted to obtain maximal coverage 

of the neuron with minimal background. Analyze particles was performed with a particle 

size of 100-infinity μm2 to remove remaining background signal. “Close” was performed 

under binary processing to smooth edges. The line tool was used to draw a line from the 

center of the soma to the end of the longest dendrite. The Sholl Analysis plugin83 was then 

implemented to measure dendrite complexity using the following parameters: starting radius 

of 25 μm, radius step size of 2 μm, no hemishells (use full shells), 1 sample per radius. 

Output (number of crossings per radius) was obtained and plotted. Curves were segmented 

into sections of 50 μm radius and area under each segment of the curve was calculated. The 

last segment of the curve encompassed 60 μm.

Dendritic spine analysis—Primary hippocampal neurons were prepared, stained for 

MAP2, and imaged as described above with the following exceptions: neurons were plated 

at a lower density (20,000–30,000 cells/well in a 12-well plate), fixed in 1.5% PFA instead 

of 4% PFA, and the Phalloidin-iFluor 647 reagent was added during the secondary antibody 

incubation step (Abcam, Waltham, MA). Optical fields were chosen to contain at least 

one dendritic branch that did not intersect with other dendrites. All images were processed 

using the Fast Iterative Deconvolution parameter in ZEN Blue. Images were converted to 

TIFF format as described above and the MAP2 channel was used for quantification due to 

enhanced signal-to-noise ratio. Briefly, the rectangle tool was used to draw a 20 μm × 10 

μm ROI that encompassed a representative dendritic segment with no intersecting dendritic 

branches. Dendritic protrusions were counted manually using the Cell Counter plugin and 

the total number of spines per ROI was divided by 20 to obtain the number of protrusions 

per μm. For spine length measurement, the line tool was used to draw a line from the edge 

of the dendrite to the tip of the protrusion for each protrusion in the ROI, and the protrusion 

length in microns was recorded.

Live calcium imaging—Primary rat hippocampal neurons were plated at a density 

of 40,000 cells/well on 12 mm glass coverslips (thickness 0.13–0.17 mm) (Carolina 

Biological Supply, Burlington, NC) in 24-well culture plates and cultured for 20 days. 

On DIV1, cells were infected with lentiviruses expressing shControl-mLumin or shPum-

mLumin. On DIV15, cells were infected with AAV1-syn-jGCaMP8f61 (#162376-AAV1, 

Addgene, Watertown, MA) at a 1:10,000 dilution (final dose ~2 × 109 GC ml−1). AAV1-syn-

jGCaMP8f was a generous gift from the Janelia Genetically Encoded Neuronal Indicators 

and Effectors (GENIE) project. FdU/U was not added to the culture past DIV10. On 

DIV20, coverslips were removed and placed on microscope stage in perfusion imaging 

setup pre-filled with calcium imaging buffer (130 mM NaCl, 3 mM KCl, 2.5 mM CaCl2, 
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0.6 mM MgCl2, 10 mM HEPES, 1.2 mM NaHCO3, 10 mM glucose, 21 mM sucrose, 

adjusted to 290–300 mOsm). The microscope stage was pre-heated to 37°C and maintained 

at 5% CO2 using a Tokai Hit stage-top incubator with internal humidifier bath (Tokai Hit, 

Shizuoka, Japan). After placing coverslip, approximately 2 mL fresh calcium imaging buffer 

was perfused over the coverslip at a rate of approximately 1 mL min−1 using SmartSquirt 

Micro-Perfusion System (AutoMate Scientific, Berkeley, CA) at 30 psi. Perfusion system 

was then turned off and cells were allowed to equilibrate in buffer for 2 min prior to 

imaging.

Videos were acquired at 10 Hz with a 2,048 × 2,048 pixel region of interest using Apo 

LWD 40x/1.15 water immersion objective with a pinhole size of 50 μm on Nikon Eclipse 

Ti2 inverted microscope (Nikon Instruments Inc., Melville, NY) equipped with Yokogawa 

spinning disk confocal scanner unit W-1 (Yokogawa Test & Measurement Corporation, 

Tokyo, Japan) and ORCA-Fusion BT digital camera (Hamamatsu Photonics, Shizuoka, 

Japan). Fields were selected that contained approximately 5–10 neurons expressing both 

GCaMP8f and mLumin and in which GCaMP8f signal was not saturated. Emission of green 

fluorescence was detected resulting from excitation using 488 nm laser at 15% power. Fresh 

calcium imaging buffer was constantly perfused over cells during imaging session at a rate 

of approximately 1 mL min−1. After 3 min of video acquisition, 100 mM KCl in calcium 

imaging buffer was perfused over the cells for 45 s to observe proper calcium response as 

an indicator of cell health. KCl was washed out with calcium imaging buffer for 1 min and 

then recording was stopped. Only one field was acquired per coverslip because high KCl 

concentrations are toxic to cells.

For analysis, videos in AVI format were imported into Fiji63 using Bio-Formats Importer 

plugin.80 ROIs were drawn manually using the selection tool around every neuronal soma. 

Neurons were excluded if they did not have any visible response to KCl treatment. Three 

circular selections of equal size were made in background regions of the video which 

were confirmed to have no neurites present. Raw fluorescence over time for each ROI was 

extracted using the Time Series Analyzer plugin. Background ROI intensities were averaged 

for each video and subtracted from somatic ROIs at each time point.

All following analyses were done using custom a MATLAB script. First, raw fluorescence 

traces were de-trended and normalized (F − F0/F0). This resulting signal, ΔF/F, was used 

for all further Ca2+ analyses. To calculate single-cell frequency and amplitude, we first fit 

a Gaussian curve to each cell’s baseline activity (excluding outliers ± 3SD). Significant 

events were detected if a cell’s activity went above a set threshold (±3SD of the fit Gaussian 

curve), with a minimum distance between events (500 ms). Frequency was calculated as the 

number of detected events per minute. Amplitude is ΔF/F at the time of event. To calculate 

the correlation coefficient of each imaging session, we calculated the correlation coefficient 

between all pairs of cells in the FOV and averaged over all values.

RNA isolation and RT-qPCR—Primary rat hippocampal neurons were plated at a density 

of 100,000–200,000 cells/well in 12-well plates and cultured for 14 days. Cells were washed 

twice in 2 mL ice-cold DPBS containing calcium and magnesium (Thermo Fisher Scientific, 

Waltham, MA) and then lysed in 300 μL TRIzol Reagent (Thermo Fisher Scientific, 
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Waltham, MA), scraped with a cell scraper, and mixed thoroughly with an equal volume 

of 100% ethanol. Total RNA was isolated using the Direct-zol RNA MicroPrep kit (Zymo 

Research, Irvine, CA) with DNase I treatment according to manufacturer’s instructions, with 

the following changes: RNA wash buffer step (#7) was repeated a second time, followed by 

centrifugation of empty column for 2 min at 10,000–16,000 × g to fully remove wash buffer. 

RNA concentration was quantified by NanoDrop. RT-qPCR was performed using Luna 

Universal Probe One-Step RT-qPCR kit (New England Biolabs, Ipswich, MA) according to 

manufacturer’s instructions using 10 ng template RNA per well with Taqman FAM probes 

(Thermo Fisher Scientific, Waltham, MA) for detection, listed in the key resources table. 

A 60-s extension time was used as specified for use in the QuantStudio 3 Real-Time PCR 

System (Thermo Fisher Scientific, Waltham, MA).

RNA immunoprecipitation—RNA immunoprecipitation (IP) protocol was adapted from 

previous publications.84,85 All buffers were prepared in nuclease-free water. Input was one 

cortex per IP reaction from wild-type Sprague Dawley E17 rat embryos. Cortices were 

pooled and added to 400 μL polysome lysis buffer (PLB) (10 mM HEPES pH 7, 100 mM 

KCl, 5 mM MgCl2. 0.5% Tergitol) containing 1 mM DTT, 0.1 U μl−1 SUPERase·In RNase 

Inhibitor (Thermo Fisher Scientific, Waltham, MA), and 1X Halt Protease and Phosphatase 

Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA) added fresh. Cortices were 

homogenized in PLB using glass Dounce tissue grinder #19 (Kontes, Vineland, NJ) for 30 

strokes. Samples were allowed to rest for 5 min on ice, homogenized further using a 21G 

needle for 20 strokes, and then allowed to rest for 5 min on ice again. Samples were then 

snap-frozen in liquid nitrogen and stored overnight at −80°C.

The next day, 50 μL of Dynabeads M-280 Sheep Anti-Rabbit IgG (Thermo Fisher Scientific, 

Waltham, MA) were added to an RNase-free microcentrifuge tube for each IP reaction and 

washed three times for 5 min each in NT-2 buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 

1 mM MgCl2, 0.05% Tergitol). After each wash, a magnetic rack was used to separate 

the beads. Beads were then blocked for 2 h at 4°C with rotation in 500 μL NT-2 buffer 

containing 0.5 μg mL−1 yeast tRNA. Beads were washed briefly three times in NT-2 buffer 

then incubated for 2 h at 4°C with rotation with 12 μg primary antibodies in 200 μL NT-2 

buffer (Pum1 Bethyl #A302–576A; Pum2 Bethyl #A300–202A; rabbit IgG Cell Signaling 

#2729). Beads were washed quickly 6 times in NT-2 buffer. Cortical lysates were thawed 

quickly and centrifuged at 14,000 × g for 10 min at 4°C. Supernatant was collected and 

pellet was discarded. After the final wash was removed from the beads, 100 μL cortical 

lysate supernatant was added to each reaction with 900 μL NET-2 buffer (NT-2 buffer plus 

20 mM EDTA pH 8, 1 mM DTT, 0.1 U μl−1 SUPERase·In, and 1X Pierce protease and 

phosphatase inhibitor tablets (Thermo Fisher Scientific, Waltham, MA)). IP reactions were 

performed overnight at 4°C with rotation. Remaining lysate was saved for input.

Following overnight IP reaction, beads were washed 6 times for 10 min each in NT-2 buffer 

containing 0.1 U μl−1 SUPERase·In and 1X Pierce protease and phosphatase inhibitors. 

After last wash, 10% of beads were set aside and mixed with 1x Laemmli buffer (2% SDS, 

10% glycerol, 60 mM Tris-HCl pH 6.8, 5% β-Mercaptoethanol added fresh) for Western 

blot analysis. After fully removing NT-2 buffer from remaining beads, 300 μL TRIzol 

Reagent (Thermo Fisher Scientific, Waltham, MA) was added and tubes were inverted 
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several times to fully resuspend beads. Tubes were centrifuged for 2 min at 5000 × g to 

pellet beads and sample was moved to a new tube. Equal volume of 100% ethanol was 

added to samples in TRIzol. RNA was isolated using Direct-zol RNA MicroPrep kit (Zymo 

Research, Irvine, CA) as described above. RNA yield was quantified by NanoDrop and 

RT-qPCR was performed as described above.

qRT-PCR quantification—Cycle threshold (CT) values were averaged across triplicates 

for each sample. Signal was normalized by subtracting the CT values of housekeeping gene 

Rps19 from the target CT values to generate a ΔCT value. To obtain ΔΔCT values, the ΔCT 

of the control condition was subtracted from each sample ΔCT. Fold change was calculated 

using the formula 2−ΔΔCT. For graphical representation, fold change (2−ΔΔCT) was plotted. 

For statistical analysis, ΔCT values were compared using a paired t test or repeated measures 

one-way ANOVA matching values from the same replicate.

For RNA immunoprecipitation of Pum1 and Pum2, IP samples were normalized to input 

by subtracting input Snap25 and Rps19 CT values from corresponding IP CT values. The 

resulting ΔCT values for Snap25 and Rps19 were compared to each other using a paired 

t test to measure enrichment of Snap25 over Rps19. For graphical representation, Rps19 
ΔCT values were subtracted from Snap25 ΔCT values to yield ΔΔCT values. Fold change 

(2−ΔΔCT) of Snap25 over Rps19 was plotted.

Puromycylation—Primary hippocampal neurons were plated on 30 mm glass-bottom 

optical dishes (MatTek, Ashland, MA) at a density of 125,000 cells per dish. On DIV15, 

medium was removed from neurons and immediately replaced with 2 mL fresh growth 

medium containing puromycin at a concentration of 1.84 μM (Thermo Fisher Scientific, 

Waltham, MA). Cells were incubated for 10 min at 37°C, washed twice quickly with warm 

DPBS containing calcium and magnesium (Thermo Fisher Scientific, Waltham, MA), and 

fixed with 4% paraformaldehyde in cytoskeletal preservation buffer as described above. 

Fixed cells were immediately processed or stored briefly at 4°C before processing. For 

anisomycin control experiments, the above protocol was preceded by briefly removing and 

pooling the neuronal culture medium and then replacing 1 mL per dish of this conditioned 

medium to ensure equivalent volumes across all dishes. Anisomycin and DMSO vehicle 

dilutions were prepared in fresh growth medium and 1 mL was added to each dish for a final 

concentration of 40 μM anisomycin or 0.05% DMSO. Cells were incubated for 30 min at 

37°C. Puromycin stock (18.4 mM) was diluted 1:100 in fresh growth medium, then 20 μL 

was added to each plate containing 2 mL medium with anisomycin or DMSO (final dilution 

1:10,000; final concentration 1.84 μM). Cells were incubated 10 more minutes at 37°C, then 

washed and fixed as described above.

Puromycin labeling coupled with proximity ligation assay—Puromycin labeling 

coupled with proximity ligation assay (puro-PLA) for the detection of newly synthesized 

proteins was performed according to an established protocol.32 Following puromycylation 

and fixation as described above, cells were washed three times for 5 min with PBS 

containing 100 mM glycine, then permeabilized for 5 min in 0.3% Triton X-100 in PBS. 

Triton X-100 was removed with two brief washes in PBS, then coverslips were incubated 

for 30 min at room temperature in blocking buffer (1% BSA, 0.1% Tween in PBS). Samples 
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were then incubated overnight at 4°C with primary antibodies against puromycin and 

SNAP-25 (puromycin: Millipore Sigma #MABE343, 1:1000; SNAP-25: Millipore Sigma 

#S9684, 1:500). Proximity ligation assay was then carried out using the Duolink in situ 
assay (Millipore Sigma, St. Louis, MO) according to the manufacturer’s instructions. 

Primary antibodies were washed off with wash buffer A (0.15 M NaCl, 0.01 M Tris, 0.05% 

Tween, pH 7.4) (3 washes, 5 min each). PLA probes were diluted 1:5 in blocking buffer 

and incubated for 20 min at room temperature. Probes used were Duolink in situ PLA 

anti-mouse PLUS with anti-rabbit MINUS, or anti-mouse MINUS with anti-rabbit PLUS 

(Millipore Sigma, St. Louis, MO). Diluted probes were applied to samples and incubated 

for 1 h at 37°C in a humidity chamber. Probes were washed off with wash buffer A (2 

washes, 5 min each) and samples were incubated with ligase at a 1:40 dilution in ligation 

stock for 30 min at 37°C in a humidity chamber. Ligase solution was washed off with wash 

buffer A (2 washes, 2 min each) and samples were incubated with polymerase diluted 1:80 

in amplification stock (Duolink in situ red or far-red detection reagents, Millipore Sigma, 

St. Louis, MO) for 1 h 40 min at 37°C in a humidity chamber in the dark. Samples were 

washed with wash buffer B (0.1 M NaCl, 0.2 M Tris, pH 7.5) (2 washes, 10 min each, in the 

dark), followed by one wash for 1 min with 0.01x wash buffer B. Samples were incubated 

for 1 h at room temperature in the dark with fluorescently conjugated β-III-tubulin antibody 

(#801203, 1:500, BioLegend, San Diego, CA) diluted in 0.01x wash buffer B. Samples were 

washed in 0.01x wash buffer B (3 washes, 5 min each, in the dark), allowed to briefly air 

dry in the dark, and coverslips were mounted with Duolink In Situ mounting medium with 

DAPI (Millipore Sigma, St. Louis, MO). Mounting medium was allowed to sit for 15 min 

at room temperature, and samples were then immediately imaged using a Plan-Apochromat 

40x/1.3 oil immersion objective on an LSM 800 Axio Observer.Z1 confocal microscope 

(Zeiss, Thornwood, NY). Approximately 7 fields at 512 × 512 pixels were obtained per 

optical dish with 2–3 optical dishes per condition in each replicate. For each image, a z stack 

of 4 slices was obtained with an interval of 0.4 μm between each slice.

PLA quantification—During image acquisition, all optical fields were chosen to contain 

a single neuronal soma in the center of the field with surrounding neurites. Images in CZI 

format were imported into Fiji63 using Bio-Formats Importer plugin.80 Maximum intensity 

projections were created for each channel. The channel containing the cell marker (eGFP or 

β-III-tubulin) was thresholded using Huang279 or Mean threshold,86 and the total cell area 

was measured for normalization. The channel containing the PLA signal was thresholded 

using Moments87 or MaxEntropy.82 The same thresholds were applied to all images in each 

replicate. Puncta were then counted using the Analyze Particles function with a particle size 

of 0.2–5 μm. Puncta count was normalized by dividing by the total area of the cell mask 

and multiplying by 100 to obtain the number of puncta per 100 μm2 cell area. To produce 

neurite-specific counts, an ROI was manually drawn around the cell soma and analysis was 

repeated with the ROI excluded.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—All statistical analyses for in vitro experiments were performed 

using GraphPad Prism 9 (version 9.4.0) (GraphPad Software, San Diego, CA). Most 

statistical tests used were non-parametric to eliminate potential outlier effects and avoid 
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making assumptions about the distribution of the data points. Unless otherwise specified, 

comparison of two groups was performed using the Mann-Whitney test. Comparison of 

three or more groups was performed using the Kruskal-Wallis test with uncorrected Dunn’s 

test (for a small number of comparisons to the same control sample). In cases where 

the sample size was insufficient for a nonparametric test, an unpaired t test was used for 

comparison of two groups and one-way ANOVA for comparison of two or more groups. For 

evaluating the effect of two independent variables, a two-way ANOVA with Šidák’s multiple 

comparisons test was performed. Specific details on statistical tests used and sample size 

for each experiment can be found in the figure legends. For statistical analysis, experiments 

were performed on 3–5 biological replicates (independent cultures), with 10–20 samples 

from each biological replicate for imaging studies.

Sequencing data acquisition and access—iCLIP data for Pum1 and Pum2 in mouse 

brains, formatted as BED files, were acquired from the GEO database (GEO accession 

number GSE95195).18 Additionally, raw RNA sequencing FASTQ files for Pum1, Pum2, 

and their double knockdown are available under GEO accession number GSE95102.18 RNA 

sequencing data for the developing mouse cortex was obtained from the SRA database (SRA 

accession number PRJNA275412).20

iCLIP target analysis—The BED files from two biological replicates of iCLIP 

experiments, which contain peaks representing significantly bound genomic regions by 

Pum1 and Pum2 in wild-type mouse brains, were processed using Bedtools (v2.30.0)64 

and the mm10 UCSC annotation to extract genes significantly bound by either Pum1 

or Pum2. Only genes present in both replicates were used for downstream analysis. 

Gene ontology analysis for Pum1 and Pum2 targets was performed with clusterProfiler 

(v4.10.0)66,67 and SynGO (v1.2).29 For clusterProfiler gene annotations were obtained 

from AnnotationDbi71 and org.Mm.e.g.,.db.72 For SynGO settings, brain-expressed genes 

were used as background. A full description of SynGO categories displayed and the genes 

included in each category can be found at https://www.syngoportal.org/ontology.

Transcriptome expression analysis—FASTQ file reads were pseudoaligned using 

Salmon (v1.10.1)65 against the GRCm39 gencode v34 mouse transcriptome, with the 

GRCm39 mouse genome as a decoy. Transcript quantifications by Salmon were imported 

in R using tximport (v1.30.0)68 and differential gene expression analysis was performed 

with Limma-Voom (v3.58.1).69,70 Only genes with more than 20 reads per condition were 

used for downstream analysis. Gene set enrichment analysis was performed in the log2 fold 

change ranked list using ClusterProfiler. Only categories related to synaptic development, 

axon growth, translation regulation, and mitochondrial function are shown. Data processing 

in R was performed using the dplyr73 and tidyr74 packages. Heatmaps, data visualization, 

and figures were created using the pheatmap75 and ggplot276 packages.

Supplementary Material

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

• Pum1 and Pum2 are developmentally downregulated in the brain

• Loss of Pum1/2 increases excitatory and inhibitory synapse density and 

synapse maturation

• Loss of Pum1/2 upregulates mRNAs involved in mitochondrial function and 

synaptic translation
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Figure 1. Pumilios regulate synapse density
(A) Developmental mRNA expression of Pum1 and Pum2 (left) and their shared mRNA 

targets (right) in the mouse cortex.

(B) Immunoblotting of Pum1 and Pum2 protein levels in primary rat hippocampal neurons 

at DIV6–DIV21. Mean ± SEM of n = 4 biological replicates. Mixed-effects analysis with 

Geisser-Greenhouse correction; significance indicator on the protein name indicates an 

overall fixed effect of DIV on protein level.
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(C) Neurons infected on DIV2 with shControl, shPum1, or shPum2 lentiviruses were 

immunostained at DIV14–DIV15 for Syn-I and PSD-95.

(D) Quantification of (C). n = 80 fields per condition from 4 biological replicates, Kruskal-

Wallis test with uncorrected Dunn’s test.

(E) Neurons infected on DIV2 with shControl or shPum lentiviruses were immunostained at 

DIV14–DIV15 for Syn-I and PSD-95.

(F) Quantification of (E). n = 59–60 fields per condition from 3 biological replicates, 

Mann-Whitney test.

(G) Neurons infected on DIV1 with shControl or shPum lentiviruses and lentiviruses 

expressing shRNA-resistant Pum1 and Pum2 CDS (Pum1R and Pum2R) were 

immunostained at DIV21 for Syn-I and PSD-95.

(H) Quantification of (G). n = 80 fields per condition from 4 biological replicates, Kruskal-

Wallis test with uncorrected Dunn’s test.

(A–H) The total number of co-localized puncta in a field was normalized to the area covered 

by the cell in the cell marker channel (EGFP or ZsGreen1). Insets, 2× magnification. Arrows 

indicate co-localized Syn-I+/PSD-95+ puncta. Scale bars, 10 μm. *p < 0.05, **p < 0.01, 

****p < 0.0001, and ns, not significant.
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Figure 2. Dual Pumilio downregulation increases spine density but not dendrite complexity
(A) Neurons infected on DIV1 with shControl, shPum1, or shPum2 lentiviruses were 

immunostained for MAP2 at DIV14. Sholl profiles (left) were segmented into bins of 50 

μm for analysis of area under the curve (right). Mean ± SEM of n = 67–78 neurons per 

condition from 4 biological replicates. Two-way ANOVA with Šídák’s multiple comparisons 

test. Scale bars, 50 μm.
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(B) Neurons infected on DIV1 with shControl or shPum lentiviruses were immunostained 

for MAP2 at DIV14. Sholl analysis was performed as in (A). Mean ± SEM of n = 70–77 

neurons per condition from 4 biological replicates. Scale bars, 50 μm.

(C) Neurons infected on DIV1 with shControl or shPum lentiviruses were immunostained 

for MAP2 and phalloidin at DIV19, and the MAP2 channel was used for quantification. 

The density and length of protrusions were measured from regions of interest (ROIs) of 

single dendrites as pictured. Quantification of n = 60 ROIs per condition from 3 biological 

replicates, Mann-Whitney test. Scale bars, 10 μm in full image and 2 μm in inset.

(A–C) ****p < 0.0001 and ns, not significant.
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Figure 3. Pumilios regulate synapse density at late stages of maturation by restricting synapse 
stability
(A) Neurons infected on DIV1 with shControl or shPum lentiviruses were immunostained at 

DIV6–DIV21 for Syn-I and PSD-95.

(B) Quantification of (A). Two-way ANOVA with Šidák’s multiple comparisons test. Mean 

± SEM of 56–70 fields per condition/time point from 5 biological replicates.

(C) Neurons infected on DIV15 with shControl, shPum1, or shPum2 lentiviruses were 

immunostained at DIV21 for Syn-I and PSD-95.
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(D) Quantification of (C). n = 100 optical fields from 5 biological replicates, Kruskal-Wallis 

test with uncorrected Dunn’s test.

(E) Neurons infected on DIV15 with shControl or shPum1-shPum2 lentiviruses were 

immunostained at DIV21 for Syn-I and PSD-95.

(F) Quantification of (E). n = 80 fields from 4 biological replicates, Mann-Whitney test.

(G) Neurons infected on DIV1 with shControl or shPum lentiviruses were treated on DIV18 

with 2.5 μM latrunculin A or DMSO and immunostained at DIV19 for Syn-I.

(H) Quantification of (G). n = 59–60 fields from 3 biological replicates, two-way ANOVA 

with Šidák’s multiple comparisons test.

(A–H) The total number of co-localized puncta in a field was normalized to the area covered 

by the cell in the cell marker channel (EGFP or β-III-tubulin). Inset, 2× magnification. 

Arrows indicate co-localized Syn-I+/PSD-95+ puncta. Scale bars, 10 μm. *p < 0.05, **p < 

0.01, ****p < 0.0001, and ns, not significant.
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Figure 4. Pumilios regulate both excitatory and inhibitory synapses and control the expression of 
many synaptic genes
(A) Neurons infected on DIV1 with shControl or shPum lentiviruses were immunostained 

at DIV21 for VGAT and gephyrin. Arrows indicate co-localized VGAT+/gephyrin+ puncta 

(left). Quantification of inhibitory synapse count (center) and gephyrin puncta size (right) 

from n = 80 fields from 4 biological replicates, Mann-Whitney test.

(B) Neurons infected on DIV1 with shControl or shPum lentiviruses were immunostained 

at DIV21 for VGLUT1 and VGAT (left). Quantification of puncta count (center) and 
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VGLUT1/VGAT ratio (right) from n = 90–99 fields per condition from 5 biological 

replicates, Mann-Whitney test.

(C) Gene Ontology analysis on neonatal mouse cortical brain iCLIP targets of Pum1, Pum2, 

or their intersection.

(D) SynGO analysis of the shared Pum1/2 targets from (C). Major gene categories are 

shown in bold, and subcategories are shown in regular type.

(E) Gene set enrichment analysis of RNA-seq data from conditional neural double knockout 

(Nestin-Cre-mediated, Ndcko) of Pum1 and Pum2 in mouse brain18 showing suppression 

or activation of biological processes related to synaptic development, translation, and 

mitochondrial function.

(A and B) The total number of co-localized or individual puncta in a field was normalized 

to the area covered by the cell in the EGFP channel. Insets, 2× magnification. Scale bars, 10 

μm. *p < 0.05, **p < 0.01, and ****p < 0.0001.

Randolph et al. Page 33

Cell Rep. Author manuscript; available in PMC 2024 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Randolph et al. Page 34

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Pumilio 1 (WB 1:3000) Abcam Cat#ab92545; RRID:AB_10563695

Rabbit ant-Pumilio 1 (IP) Bethyl Cat#A302-567A; 
RRID:AB_2034852

Rabbit anti-Pumilio 2 (WB 1:1000; IP) Bethyl Cat#A300-202A; 
RRID:AB_2173752

Rabbit anti-SNAP-25 (WB 1:5000; PLA 1:500) Millipore Sigma Cat#S9684; RRID:AB_261576

Mouse anti-L1CAM (WB 1:1000) Abcam Cat#ab24345; RRID:AB_448025

Rabbit anti-Neurexin-1 (WB 1:1000) Millipore Sigma Cat#ABN161-I; 
RRID:AB_11211973

Mouse anti-Synaptotagmin-1 (WB 1:1000) Synaptic Systems Cat#105011; RRID:AB_887832

Mouse anti-β-III-tubulin (WB 1:5000) Thermo Fisher Scientific Cat#MA1-118; RRID:AB_2536829

Mouse anti-β-III-tubulin (WB 1:5000) Abcam Cat#ab7751; RRID:AB_306045

Alexa Fluor 488 conjugated mouse anti-β-III-tubulin (IF 
1:500)

BioLegend Cat#801203; RRID:AB_2564757

Mouse anti-Synapsin I (IF 1:500) Synaptic Systems Cat#106011; RRID:AB_2619772

Rabbit anti-PSD-95 (IF 1:200) Cell Signaling Cat#3450; RRID:AB_2292883

Rabbit anti-VGLUT1 (IF 1:1000) Synaptic Systems Cat#135303; RRID:AB_887875

Mouse anti-VGAT (IF 1:1000) Synaptic Systems Cat#131011; RRID:AB_887872

Mouse anti-Gephyrin (IF 1:250) Synaptic Systems Cat#147011; RRID:AB_887717

Rabbit anti-Gephyrin (IF 1:200) Synaptic Systems Cat#147008; RRID:AB_2619834

Chicken anti-MAP2 (IF 1:250) Abcam Cat#ab5392; RRID:AB_2138153

Mouse anti-Puromycin (PLA 1:1000) Millipore Sigma Cat#MABE343; 
RRID:AB_2566826

Bacterial and virus strains

Escherichia coli: HST08 (Stellar™ Competent Cells) Takara Bio Cat#636766

AAV: AAV1-syn-jGCaMP8f Zhang et al., 202361 RRID:Addgene_162376

Chemicals, peptides, and recombinant proteins

Puromycin Thermo Fisher Scientific Cat#A1113803; CAS:53-79-2

Anisomycin Millipore Sigma Cat#176880; CAS:22862-76-6

Latrunculin A Tocris Cat#3973; CAS:76343-93-6

Phalloidin-iFluor 647 (IF 1:1000) Abcam Cat#ab176759

Critical commercial assays

Duolink®in situ PLA® probe anti-mouse PLUS Millipore Sigma Cat#DUO92001

Duolink®in situ PLA® probe anti-mouse MINUS Millipore Sigma Cat#DUO92004

Duolink®in situ PLA® probe anti-rabbit PLUS Millipore Sigma Cat#DUO92002

Duolink®in situ PLA® probe anti-rabbit MINUS Millipore Sigma Cat#DUO92005

Duolink®in situ detection reagents red Millipore Sigma Cat#DUO92008
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REAGENT or RESOURCE SOURCE IDENTIFIER

Duolink®in situ detection reagents far-red Millipore Sigma Cat#DUO92013

Direct-zol™ RNA MicroPrep kit Zymo Research Cat#R2060

Luna® Universal Probe One-Step RT-qPCR kit New England Biolabs Cat#E3006

Dynabeads™ M-280 Sheep Anti-Rabbit IgG Thermo Fisher Scientific Cat#11203D

In-Fusion® HD EcoDry Cloning Plus Takara Bio Cat#638913

QIAprep Spin Miniprep Kit Qiagen Cat#27104

ZymoPURE II Plasmid Midiprep Kit Zymo Research Cat#D4201

qPCR Lentivirus Titer Kit Applied Biological Materials Cat#LV900

Lenti-X™ Concentrator Takara Bio Cat#631231

Deposited data

iCLIP-seq: Pum1 and Pum2 iCLIP from mouse brain Zhang et al., 201718 GEO:GSE95195

RNA-seq: Pumilio knockout in mouse brain Zhang et al., 201718 GEO:GSE95102

RNA-seq: mouse cortex across developmental stages Weyn-Vanhentenryck et al., 201820 SRA:PRJNA275412

Experimental models: Cell lines

Human: HEK293T ATCC Cat#CRL-3216

Human: Lenti-X™ 293T Takara Bio Cat#632180

Experimental models: Organisms/strains

Rat: Hsd:Sprague Dawley® SD® Envigo RRID:RGD_737903

Oligonucleotides

Taqman gene expression assay (FAM): Snap25 Thermo Fisher Scientific Cat#4331182; Rn00578534_m1

Taqman gene expression assay (FAM): L1cam Thermo Fisher Scientific Cat#4331182; Rn00493049_m1

Taqman gene expression assay (FAM): Syt1 Thermo Fisher Scientific Cat#4331182; Rn00436862_m1

Taqman gene expression assay (FAM): Nrxn1 Thermo Fisher Scientific Cat#4331182; Rn00665869_m1

Taqman gene expression assay (FAM): Pum1 Thermo Fisher Scientific Cat#4331182; Rn01180594_m1

Taqman gene expression assay (FAM): Pum2 Thermo Fisher Scientific Cat#4331182; Rn01469425_m1

Taqman gene expression assay (FAM): Rps19 Thermo Fisher Scientific Cat#4331182; Rn01458091_g1

Recombinant DNA

Plasmid: pZIP-hUbC-eGFP-shControl transOMIC Technologies; modified in-
house

N/A

Plasmid: pZIP-hUbC-ZsGreen1-shControl transOMIC Technologies; modified in-
house

N/A

Plasmid: pZIP-hUbC-mLumin-shControl transOMIC Technologies; modified in-
house

N/A

Plasmid: pZIP-hUbC-eGFP-shPum1 transOMIC Technologies; modified in-
house

N/A

Plasmid: pZIP-hUbC-ZsGreen1-shPum1 transOMIC Technologies; modified in-
house

N/A

Plasmid: pZIP-hUbC-eGFP-shPum2 transOMIC Technologies; modified in-
house

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pZIP-hUbC-ZsGreen1-shPum2 transOMIC Technologies; modified in-
house

N/A

Plasmid: pZIP-hUbC-eGFP-shPum transOMIC Technologies; modified in-
house

N/A

Plasmid: pZIP-hUbC-ZsGreen1-shPum transOMIC Technologies; modified in-
house

N/A

Plasmid: pZIP-hUbC-mLumin-shPum transOMIC Technologies; modified in-
house

N/A

Plasmid: pZIP-hUbC-shPum1-shPum2 transOMIC Technologies; modified in-
house

N/A

Plasmid: FUGW Lois et al., 200262 RRID:Addgene_14883

Plasmid: hUbC-Pum1R Expression of mouse Pum1 CDS replacing 
eGFP in FUGW with silent mutations 
of serine 1113 through threonine 1117 
in shPum-targeting site (AGT GCC TTA 
TAC ACC to AGC GCG TTG TAT ACG; 
translation is preserved)

N/A

Plasmid: hUbC-Pum2R Expression of mouse Pum2 CDS replacing 
eGFP in FUGW with silent mutations 
of serine 990 through threonine 994 in 
shPum-targeting site (AGT GCC TTA 
TAC ACC to AGC GCG TTG TAT ACG; 
translation is preserved)

N/A

Plasmid: pCMVΔ R8.9 Lois et al., 200262 N/A

Plasmid: pHCMV VSVg Lois et al., 200262 N/A

Software and algorithms

GraphPad Prism 9 (version 9.4.0) GraphPad https://www.graphpad.com/features

ImageJ (Fiji) Schindelin et al., 201263 https://imagej.net/

Puncta Analyzer Ippolito & Eroglu, 201021 https://sites.duke.edu/eroglulab/
tools/

Bedtools (version 2.30.0) Quinlan & Hall, 201064 https://github.com/arq5x/bedtools2

SynGO (version 1.2) Koopmans et al., 201929 https://www.syngoportal.org/

Salmon (version 1.10.1) Patro et al., 201765 https://combine-lab.github.io/
salmon/

R (version 4.3.2) R Core Team https://www.r-project.org/

clusterProfiler (v4.10.0) Yu et al., 2012,66 and Wu et al., 202167 https://bioconductor.org/
packages/release/bioc/html/
clusterProfiler.html

tximport (version 1.30.0) Soneson et al., 201668 https://bioconductor.org/packages/
release/bioc/html/tximport.html

Limma-Voom (version 3.58.1) Ritchie et al., 2015,69 and Law et al., 
201470

https://bioconductor.org/packages/
release/bioc/html/limma.html

AnnotationDbi (version 1.64.1) Pagès et al., 202371 https://bioconductor.org/
packages/release/bioc/html/
AnnotationDbi.html

org.Mm.e.g.,.db (version 3.18.0) Carlson 202372 https://bioconductor.org/packages/
release/data/annotation/html/
org.Mm.eg.db.html

dplyr (version 1.1.4) Wickham et al., 202373 https://cran.r-project.org/web/
packages/dplyr/index.html

tidyr (version 1.3.1) Wickham et al., 202474 https://cran.r-project.org/web/
packages/tidyr/index.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

pheatmap (1.0.12) Kolde 201975 https://cran.r-project.org/web/
packages/pheatmap/

ggplot2 (3.5.1) Wickham 201676 https://cran.r-project.org/web/
packages/ggplot2/index.html

Code used for RNAseq and iCLIP analysis This Paper https://github.com/jcmtnez/2024-
Cell_Reports-Randolph_et_al
https://zenodo.org/records/
12816566
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