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ABSTRACT

The RNA-binding protein PURA has been implicated
in the rare, monogenetic, neurodevelopmental disor-
der PURA Syndrome. PURA binds both DNA and RNA
and has been associated with various cellular func-
tions. Only little is known about its main cellular roles
and the molecular pathways affected upon PURA de-
pletion. Here, we show that PURA is predominantly
located in the cytoplasm, where it binds to thou-
sands of mRNAs. Many of these transcripts change
abundance in response to PURA depletion. The en-
coded proteins suggest a role for PURA in immune
responses, mitochondrial function, autophagy and

processing (P)-body activity. Intriguingly, reduced
PURA levels decrease the expression of the integral
P-body components LSM14A and DDX6 and strongly
affect P-body formation in human cells. Furthermore,
PURA knockdown results in stabilization of P-body-
enriched transcripts, whereas other mRNAs are not
affected. Hence, reduced PURA levels, as reported in
patients with PURA Syndrome, influence the forma-
tion and composition of this phase-separated RNA
processing machinery. Our study proposes PURA
Syndrome as a hew model to study the tight con-
nection between P-body-associated RNA regulation
and neurodevelopmental disorders.
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INTRODUCTION

In recent years, an increasing number of RNA-binding pro-
teins have been implicated in the pathology of human dis-
orders, in particular in neuronal diseases (1,2). One of them
is the purine rich element binding protein A (PURA, for-
merly known as Pur-alpha) (3). In 2014, mutations in the
PURA gene have been linked to the neurodevelopmental
disorder PURA Syndrome (4,5). Patients with heterozy-
gous de novo mutations in PURA show a range of symp-
toms including neurodevelopmental delay, intellectual dis-
ability, hypotonia, and epilepsy (6,7). For unknown reasons,
the phenotypes of patients with PURA Syndrome vary con-
siderably. In addition, mice with homozygous deletions of
PURA from two independent studies show phenotypes par-
tially resembling patients with PURA Syndrome, including
tremor and movement abnormalities (8,9). While it is gen-
erally assumed that symptoms are caused by haploinsuffi-
ciency of the PURA protein (10,11), the affected molecu-
lar pathways remain largely elusive. Furthermore, mice with
a heterozygous mutation in PURA show very little overlap
with human symptoms (12), underlining the importance of
PURA-related studies in human cells.

PURA was initially reported as a transcription factor
binding to a specific DNA sequence motif upstream of
the ¢-myc gene (13,14). While this and other DNA tar-
gets of PURA have been described in the past (15), the
majority of recent reports indicated an involvement in
RNA-related processes. In particular, PURA was repeat-
edly found in cytoplasmic, kinesin- and myosin-containing
mRNA-transport complexes in neurons of mice (16-20).
Furthermore, PURA was reported to localize to cytoplas-
mic stress granules in human cells. In a cell culture model for
amyotrophic lateral sclerosis (ALS), changes in PURA ex-
pression modulated the pathological appearances of stress
granules and mitigated ALS-related neurotoxicity, indicat-
ing a functional importance of PURA for these membrane-
less organelles (21). While these reports indicate that PURA
associates with both DNA and RNA, it remains unclear
which interaction is functionally more relevant.

PURA belongs to the PC4 family of proteins (22) that
bind single-stranded (ss) nucleic acids. This family of pro-

teins has been found in all kingdoms of life and they of-
ten show similarities in their nucleic acid binding prop-
erties. Nuclear magnetic resonance (NMR) measurements
and quantitative binding studies revealed that PURA in-
teracts with ssDNA and ssRNA with comparable affini-
ties and properties (23). Crystal structures of PURA pro-
teins from different species revealed two so-called PUR do-
mains, which mediate PURA’s dimerization, and indicated
that there are no structural constraints favoring DNA or
RNA binding (23,24). Thus, although we have a relatively
clear understanding of PURA’s structural and molecular
properties (3), a link is missing that explains how its nucleic
acid binding impacts cellular functions. Hence, the aim of
this study was to identify target pathways of PURA that
could be dysregulated in patients with PURA Syndrome.

MATERIALS AND METHODS
Generation of a PURA-specific antibody

The monoclonal 1gG2-2a anti-PURA'?P!! antibody was
raised against the unstructured linker region (21 amino
acids) between PUR I-II of human PURA (peptide se-
quence: Cys-AQLGPSQPPDLAQAQDEPRRA; Peps4LS
GmbH, Heidelberg) (Supplementary Figure S1). Several
antibodies were generated after immunization of Sprague
Dawley rats with ovalbumin-coupled peptide and hy-
bridoma fusion as described before (25). Antibody super-
natants were validated for binding to biotinylated PURA
peptide in a solid-phase immunoassay. Subsequently, the
panel of antibody supernatants was tested by Western blot
on total cell lysate from HeLa cells. Selected clones were
subcloned twice by limiting dilution to obtain stable mon-
oclonal cell lines. Finally, the best antibody was tested in
Western blot experiments on total cell lysate from PURA
knockdown (KD) and control (CTRL) HeLa cells.

Cross-reactivity to PURB was excluded using recombi-
nantly expressed GST-PURA and GST-PURB in West-
ern blot assays (Supplementary Figure S1G). For this, hu-
man PURA and PURB were cloned into the pOPIN-J ex-
pression vector and expressed in Escherichia coli Rosetta 2
(DE3) cells, followed by Western blot with cell lysates. Ex-
periments in this work were performed with hybridoma su-
pernatant clone 12D11 (IgG2a/k). For additional details,
see “Western blot experiments’.

Generation of inducible PURA overexpression HeLa cell line

In the overexpression construct GFP-P2A-FLAG-PURA,
GFP and FLAG-PURA are separated by a viral P2A cleav-
age site which mediates translation into two disconnected
protein products (26). PiggyBac plasmids (27) harboring
GFP-P2A-FLAG-PURA under control of a doxycycline-
inducible promoter were generated using Gibson assembly
(GeneArt Thermo Fisher Scientific) of three fragments con-
taining overhangs according to manufacturer’s instructions.
Using these plasmids, overexpression cell lines were gen-
erated. The plasmid containing GFP-P2A-FLAG-PURA
as well as a PiggyBac Helper plasmid (27) were trans-
fected into cells using Lipofectamine 3000 (Thermo Fisher
Scientific) according to manufacturer’s instructions. Trans-
fected cells were incubated at 37°C, 5% CO, for 2-4 days.



Transfected cells were subsequently selected by addition
of hygromycin (700 wg/ml) for at least ten days. GFP-
P2A-FLAG-PURA overexpression was induced by addi-
tion of doxycycline (1 wg/ml) for 24 h. Successful transla-
tion of the overexpression construct was validating by show-
ing GFP+ cells using GFP fluorescence, while the overex-
pressed FLAG-PURA protein was detected using the anti-
PURA"?P!! antibody.

siRNA-mediated PURA knockdown

siRNA-mediated knockdown of PURA in HelLa cells was
performed using a predesigned PURA siRNA pool (Dhar-
macon, M-012136-01-000). One day prior to transfection,
HelLa cells were plated at 20% confluency in six-well plates.
The next day, lipofection was performed using RNAIMAX
(Thermo Fisher Scientific) according to manufacturer’s in-
structions. Briefly, 20 wM siRNA pool was mixed with
OptiMEM (Thermo Fisher Scientific) in one reaction and
lipofectamine RNAIMAX was mixed with OptiMEM in
a second reaction. Both reactions were incubated at room
temperature (RT) for 5 min and mixed by flicking. Mean-
while, culture media on HeLa cells was changed to 1 ml
DMEM + 10% FBS lacking antibiotics. Contents of both
reactions were mixed and further incubated for 20 min at
RT. Finally, 400 pl of lipofection mix were added drop-wise
onto HeLa cells. As a control, siGENOME Non-Targeting
Pool #1 (Dharmacon, D-001206-13-05) and a second inde-
pendent predesigned PURA siRNA (Thermo Fisher Scien-
tific, 289567) were used as described for the PURA siRNA
pool. The transfected cells were incubated for 48 h at 37°C
and 5% CO, and subsequently analyzed in downstream as-
says.

RNA sequencing

Four independent biological replicates of PURA KD
(siGENOME Non-Targeting Pool #1; Dharmacon, D-
001206-13-05) and control (CTRL) HeLa cells were pre-
pared as described above. Control cells were only treated
with lipofectamine RNAIMAX (Thermo Fisher Scientific)
and OptiMEM (Thermo Fisher Scientific) without adding
the non-targeting pool siRNA. After 48 h incubation with
siRNA, cells were washed using PBS and subsequently col-
lected in TRIzol Reagent (Thermo Fisher Scientific). Total
RNA was extracted using Maxwell® RSC miRNA Tissue
Kit (AS1460) on the Maxwell® RSC instrument accord-
ing to the manufacturer’s instructions. Briefly, shock-frozen
cells were resuspended in 500 ! TRIzol. 6 pl 1-thioglycerol
were added to 300 wl TRIzol suspension. The suspension
was mixed vigorously and total RNA extracted by phase
separation using RSC SimplyRNA Tissue (AS1340) setup.
The concentration was measured on a NanoDrop spec-
trometer (Thermo Fisher Scientific) and the quality of the
RNA samples checked on an Agilent Bioanalyzer (Agilent;
RNA 6,000 Nano kit).

Libraries were generated with the Lexogen SENSE
mRNA-seq Library Prep Kit V2 (Lexogen) with half of the
volume described in the manual. Briefly, 100 ng of total
RNA were bound to oligo-dT beads, reverse-transcribed on
the beads and the second strand of cDNA was synthesized
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after ligation of an adapter. The eluted cDNA was amplified
with barcoded primers during 11 cycles of PCR with the fol-
lowing program: 98°C for 10 s, 65°C for 20 s, 72°C for 30 s
and a final extension at 72°C for 1 min (hold at 10°C). The
PCR products were purified with Agencourt AMPure XP
beads (Beckman Coulter). The quality of the libraries was
validated with an Agilent Bioanalyzer (DNA 1000 Kit). The
finished, barcoded libraries were pooled and sequenced on
an Illumina HiSeq1500 as 50-nt single-end reads. Each li-
brary yielded on average 35 million reads.

Reads were aligned to the human genome (GRCh38.p12
from GENCODE) with STAR (version 2.7.6a) (28) with
up to 4% mismatches and no multimapping allowed. Reads
per gene were counted using htseq-count (version 0.11.3)
(29) with default settings and GENCODE gene annotation
(release 31) (30). Differential expression analysis between
PURA KD and CTRL samples was performed using DE-
Seq2 (version 1.33.4) (31) with a significance cutoff at an
adjusted P value < 0.01 (Benjamini—-Hochberg correction).
This yielded a total of 3415 significantly differentially ex-
pressed transcripts, including 1663 with increased and 1752
with decreased expression upon PURA KD. Note that we
use the term transcripts equivalent to genes here. For the
heatmap in Figure 4C, library size-corrected RNA-seq read
counts per sample were rlog-transformed (DESeq?2, version
1.33.4) (31). For visualization, the counts were converted
into row-wise z-scores.

Shotgun proteomics

Generation of protein lysates. Four independent biological
replicates of PURA KD and CTRL HeLa cells were pre-
pared as described above. Cell samples were collected by
scraping them in PBS and subsequent centrifugation at 500
x g for 3 min. Cell pellets were lysed in 100 w1 RIPA buffer
and subsequently centrifuged at 16,000 x g at 4°C for 10
min. The supernatant was transferred to a new tube and the
amount of protein in the lysate was determined by Bradford
assay (ROTI®Quant, Carl Roth).

Sample preparation for mass spectrometric analysis. 10 pg
per sample were digested with Lys-C and trypsin using a
modified FASP procedure (32,33). Briefly, after reduction
and alkylation using DTT and IAA, the proteins were cen-
trifuged on a 30 kDa cutoff filter device (Sartorius) and
washed each thrice with UA buffer (§ M urea in 0.1 M
Tris/HCI pH 8.5) and with 50 mM ammonium bicarbon-
ate. The proteins were digested for 2 h at RT using 0.5 pg
Lys-C (Wako Chemicals) and for 16 h at 37°C using 1 ng
trypsin (Promega). After centrifugation (10 min at 14,000
x g), the eluted peptides were acidified with 0.5% TFA and
stored at —20°C.

LC-MS/MS measurements. Liquid chromatography with
tandem mass spectrometry (LC-MS/MS) analysis was per-
formed on a QExactive HFX mass spectrometer (Thermo
Fisher Scientific) online coupled to a Ultimate 3000 RSLC
nano-HPLC (Dionex). Samples were automatically injected
and loaded onto the C18 trap cartridge and after 5 min
eluted and separated on the C18 analytical column (Ac-
quity UPLC M-Class HSS T3 Column, 1.8 wm, 75 pm x
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250 mm; Waters) by a 90 min non-linear acetonitrile gradi-
ent at a flow rate of 250 nl/min. MS spectra were recorded
at a resolution of 60,000 with an AGC target of 3 x 10e6
and a maximum injection time of 30 ms from 300 to 1500
m/z. From the MS scan, the 15 most abundant peptide ions
were selected for fragmentation via HCD with a normalized
collision energy of 28, an isolation window of 1.6 m/z, and
a dynamic exclusion of 30 s. MS/MS spectra were recorded
at a resolution of 15,000 with a AGC target of 10e5 and
a maximum injection time of 50 ms. Unassigned charges,
and charges of + 1 and > 8§ were excluded from precursor
selection.

Quantitative MS analysis. Acquired raw data was ana-
lyzed in the MaxQuant software (MPI Biochemistry, Mar-
tinsried; version 1.6.7.0), (34) for peptide and protein iden-
tification via a database search (Andromeda search en-
gine), (35) against the SwissProt Human database (Release
2020.02, 20,435 sequences; 11 490 581 residues), consider-
ing full tryptic specificity, allowing for up to one missed
tryptic cleavage sites, precursor mass tolerance 10 ppm,
fragment mass tolerance 0.02 Da. Carbamidomethylation
of cysteine was set as a static modification. Dynamic modi-
fications included deamidation of asparagine and glutamine
and oxidation of methionine. Identifications were filtered
for a PSM false discovery rate < 1% and protein false dis-
covery rate of 5%. Label-free quantifications were based on
unique peptides applying the LFQ algorithm (36) with LFQ
min, count of 1 in combination with the default match-
between runs settings, allowing for matching of identifica-
tions (37) between the individual runs resulting in quantifi-
cations of MS features throughout the dataset.

Differential protein expression was analyzed based on
MaxQuant LFQ values using DEqQMS (1.12.1) (38). We
treated missing values as follows: if protein abundance was
not measured in any of the samples in one condition it was
set to zero, which results in infinite values for the calculated
ratios. Peptides with two or more missing values in one con-
dition were treated as non-quantifiable and no ratios were
calculated. When only one value was missing per condition,
the ratios were calculated on the other three samples.

P values were adjusted for multiple testing by Benjamini-
Hochberg correction. An advantage of DEqMS is that it
implements scaling of (adjusted) P values to the number of
detected unique peptides. We deemed proteins with a scaled
adjusted P value < 0.05 significant. In the heatmap in Fig-
ure 4C, protein abundance is shown after z-score normal-
ization.

Quantitative real-time PCR (qPCR)

RNA was extracted using the High Pure RNA Isolation kit
(Roche Molecular Systems) according to manufacturer’s in-
structions and following the general precautions required
for RNA work (39). RNA was eluted in 50 pul DEPC wa-
ter. Two rounds of DNase digestion using TURBO DNA-
free kit (Thermo Fisher Scientific) according to manufac-
turer’s instructions were performed to safely remove all re-
maining DNA. The amount of pure RNA was analyzed by
measuring the ODjgy using a NanoDrop microliter pho-

tometer. The extracted RNA was reverse transcribed using
PrimeScript RT Master Mix (Takara) according to man-
ufacturer’s instructions. On the generated cDNA libraries,
gPCR experiments were performed using SYBR Green
Master Mix (Thermo Fisher Scientific) in a LightCycler
480 Instrument II (Roche Molecular Systems) in 96-well
format. C; values were used for the analysis of differential
mRNA abundance between PURA KD and CTRL condi-
tions. This analysis was done using the A Ac; method (40)
with the housekeeping genes GAPDH and RPL32 for nor-
malization. Changes were tested for significance using an
unpaired two-sided Student’s 7-test on the A Ac; values. All
oligonucleotides used for qPCR experiments are listed in
Supplementary Table S8.

Western blot experiments

Western blot experiments were performed using Mini Blot
module (Thermo Fisher Scientific) according to manufac-
turer’s instructions. NuPage loading dye (Thermo Fisher
Scientific) was added onto cell lysates and the mix was
heated to 70°C for 10 min prior to gel loading. The blot-
ting module was filled with NuPAGE 1x SDS running
buffer (Thermo Fisher Scientific) and 500 pnl NuPAGE
antioxidant (Thermo Fisher Scientific) was added to the
front part of the chamber. Samples were cooled to RT and
loaded onto NuPAGE 4-12% Bis—Tris pre-cast gradient
gels (Thermo Fisher Scientific) in the buffer-filled blotting
module. For protein molecular weight estimation, BlueS-
tar Plus Prestained Protein Marker (Nippon Genetics) was
used. The gel was run for 45 min at 200 V. The PVDF blot-
ting membrane was activated in methanol for 30 s prior
to usage. All other components were soaked in 1x transfer
buffer (Thermo Fisher Scientific) with 20% methanol prior
to blotting module assembly. The assembled module was
inserted into the Mini Blot module (Thermo Fisher Scien-
tific), the surrounding chamber was filled with MQ water
and the blotting reaction was run for 90 min at 30 V. Sub-
sequently, the membrane was blocked using 1% casein in
PBST. This was incubated for 30 min at RT while rotat-
ing on tube revolver machine (neoLab). Then, the block-
ing solution was discarded and primary antibody (dilutions
in Supplementary Table S11) in 0.5% casein in PBST was
added. Primary antibody was incubated overnight at 4°C
rotating on a tube revolver device. On the next day, the pri-
mary antibody solution was discarded, and the blot was
washed. Next, the secondary antibody (dilutions in Supple-
mentary Table S12) in PBST was incubated on the mem-
brane for 1 h at RT while rotating. Finally, the secondary
antibody solution was discarded, and the membrane was
washed. Then, the membrane was incubated with Amer-
sham ECL Prime Western Blotting Detection Reagent (GE
Healthcare). 1:1 mix of solution A and solution B of the
above-mentioned ECL kit was added onto the membrane.
The membrane was analyzed using Fusion SL 4 device (Vil-
ber Lourmat, software FusionCapt Advance SL 4 16.04).
Changes in signal intensity between PURA KD and CTRL
samples were tested for significance in R using a paired one-
sided Student’s ¢-test. For visualization, all samples were
normalized to the mean of CTRL samples.



Immunofluorescence staining

Cells were cultivated in culture medium on coverslips
(Thermo Fisher Scientific) in 12-well plates and subse-
quently washed using PBS and fixed using 3.7% formalde-
hyde in PBS. Fixing media was incubated for 10 min at RT
in the cell culture dish. Permeabilization was induced by in-
cubating the cells in 0.5% Triton X-100 in PBS for 5 min
at RT. Afterwards, cells were washed twice using PBS and
the coverslips were transferred to a pre-labelled parafilm
that was placed onto wet Whatman paper to prevent drying.
Cells were then blocked for 10 min in blocking buffer (1%
donkey serum in PBST) and incubated with primary anti-
bodies (Supplementary Table S11) in blocking buffer for 1
h at RT. Secondary antibodies (Supplementary Table S12)
were diluted in blocking buffer and incubated for 1 h at RT.
Washing steps after antibody incubation were performed
with PBST. DNA was stained with DAPI at 0.5 pg/ml in
PBS by incubation for 5 min at RT, followed by washing
twice using PBS. Finally, cells were mounted in ProLong
Diamond Antifade (Thermo Fisher Scientific) and imag-
ing was performed by fluorescence microscopy using an
Axio.Observer.Z1 (Carl Zeiss AG) microscope. Immunoflu-
orescence staining for P-bodies using the marker proteins
DCP1A, DDX6 and LSM14A was performed on a LSM
880 Airyscan confocal microscope (Carl Zeiss AG) using a
Zeiss Plan-Apochromat 20x /0.8 M27 objective and ZEN
Black software (version 14.0.18.201).

Quantitative analysis of immunofluorescence images

Quantification of DCP1A, LSM14A and DDX6 granules
in different cell lines (HeLa and NHDF) was done using
Fiji software (version 2.3.0/1.53q). For each image, the cell
number was determined using the auto threshold function
on the DAPI channel, followed by particle analysis select-
ing a particle size of 1000-infinity pixel units (um?). Then,
all the granules on the image were quantified using the same
particle analysis tool, after processing the corresponding
channel with auto threshold. Granules were counted by se-
lecting a particle size of 40-200 pixel units (wm?) and a cir-
cularity of 0.1-1.00 for HeLa cells (Figure 5SB-D) (41,42).
In NHDF cells, a particle size of 30-100 pixel units (wm?)
was selected (Supplementary Figure S10G and H). Quan-
tification was done in three biological replicates and for each
replicate, four confocal pictures (20x magnification) of each
condition (CTRL, PURA KD) were analyzed.

For the analysis of signal intensity of IL6ST and PURA
immunofluorescence images, the channel for quantification
was split from the DAPI channel. For each image, the back-
ground noise was removed using the subtract background
tool with a rolling ball radius of 100 pixels. The rectangle
tool was used to select parts of the picture without any sig-
nal and then that area was measured for integrated intensity.
Afterwards the whole picture was measured with the same
tool. For analysis, the background integrated intensity was
subtracted from the integrated intensity of the channel of
interest. The intensity of each image was also normalized
to the cell number using the same particle analysis tool as
described above (Figure 4] and K, Supplementary Figure
S9G).
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Colocalization was determined using a plugin from the
Fiji software named BiolP JaCoP (43). The two channels to
be analyzed were merged and then the plugin was used with
a set threshold for Channel A and B ‘Otsu’ (Figure 5D).

Nuclear-cytoplasmic fractionation

Five million HeLa cells were utilized for cell fractioning.
Cytoplasmic and nuclear fractions were generated using the
NE-PER Kit (Thermo Scientific, Cat.-No: 78833) following
the manufacturer’s instructions. In short, HelLa cells were
resuspended, vortexed and centrifuged in cytoplasmic ex-
traction buffer to obtain the cytoplasmic fraction. After-
wards, the pellet consisting of nuclei was resuspended in
nuclear extraction buffer and frequently vortexed every 10
minutes for a total of 40 minutes to degrade the nuclear
membrane. After centrifugation, the total protein concen-
tration of the cytoplasmic and nuclear fraction were de-
termined using BCA assay (Pierce™ BCA Protein Assay
Kit, Cat.-No. 23227). For subcellular localization analy-
sis of PURA, 20 pg of total protein for each cell fraction
were used for Western blot analysis. To validate successful
separation of cell fractions protein levels of PARPI (nu-
clear control: Sigma-Aldrich, Cat.-No. HPA045168) and
GAPDH (cytoplasmic control: Sigma-Aldrich, Cat.-No.
HPA040067) were additionally analysed (Figure 1B and C).

Electrophoretic mobility shift assay (EMSA)

For EMSAs, GST-PURA (pOPIN-J) was recombinantly
expressed in E. coli Rosetta 2 (DE3). Proteins were puri-
fied via GSTrap FF column (Cytiva). The GST-Tag was
removed via 3C protease cleavage and the sample passed
through HiTrap Q FF and HiTrap Heparin FF column.
Protein bound to the HiTrap Heparin column was eluted
and the sample further purified using HiLoad 16/600 Su-
perdex 75 size-exclusion chromatography column (Cytiva)
(Supplementary Figure S3A-C).

RNAs for EMSAs were in vitro transcribed using the
MEGAshortscript T7 Transcription kit (Ambion). As a
template, purchased HPLC-purified primers were used
(Supplementary Table S10). T7 primer and the DNA tem-
plate were annealed by incubation at 60°C for 5 min and
cooled down to RT. The in vitro transcription was per-
formed as described by the manufacturer (Ambion). Af-
terwards, the remaining DNA was digested using DNase
I (Ambion, same kit) and the RNA was purified by
phenol/chloroform extraction. Ethanol precipitation was
performed at —20°C with the addition of GlycoBlueTM co-
precipitant (Thermo Fisher Scientific) and centrifugation
for 1 min at 4°C. DEPC water was used to dissolve the
RNA and its quality was confirmed by denaturing and na-
tive polyacrylamide gel electrophoresis (PAGE).

For labeling of in vitro transcribed RNA, RNase-free
buffers, materials, and reagents were used. In vitro tran-
scribed RNA (15 pmol) was 5 dephosphorylated us-
ing FastAP thermosensitive alkaline phosphatase (Thermo
Fisher Scientific) in 20 pl reaction containing 1x FastAP
buffer (Thermo Fisher Scientific) and 20 U of the RNase in-
hibitor SUPERaseln (Thermo Fisher Scientific). The reac-
tion was incubated for 30 min at 37°C and the dephospho-
rylated RNA was extracted using phenol/chloroform and
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precipitated with 1 V3 M NaOAc, 3 V absolute ethanol and
cooled down at —20°C for at least 15 min. For radioactive
labeling, 15 pmol dephosphorylated RNA was 5’ phospho-
rylated with 2P from y-**P ATP (Hartmann Analytic) with
T4 PNK (New England Biolabs) in 1x PNK buffer in a 20
wl reaction. The reaction was incubated for 30 min at 37°C
and afterwards stopped for 10 min at 72°C. NucAwayTM
Spin column kit (Ambion) was used to remove unlabeled
free nucleotides based on the manufacturer’s instructions.
Eluted radiolabeled RNA was diluted to a final concentra-
tion of 100 nM in DEPC water and stored at —20°C.

EMSAs for PURA-RNA interactions were performed as
described before (23). The protein-nucleic acid complexes
were formed in RNase-free binding buffer containing 250
mM NaCl, 20 mM HEPES pH 8.0, 3 mM MgCl,, 4% glyc-
eroland 2 mM DTT. Serial protein dilutions and a constant
amount of radiolabeled RNA (2.5 nM) were incubated in a
total reaction volume of 20 pl for 20 min at RT. All experi-
ments contained 100 pg/ml yeast tRNA (Ambion) as com-
petitor. 10 pl of the reactions were loaded onto 6% TBE
polyacrylamide gels that were prepared beforehand. After
electrophoresis (45 min, 100 V), gels were incubated for
15 min in fixing solution ([v/v] 10% acetic acid, [v/v] 30%
methanol), dried in a gel dryer (BioRad) and analyzed with
radiograph films using a Phosphoimager (Fujifilm VLA-
3000) (Figure 2D, Supplementary Figure S3D-M).

Neural progenitor cell derivation from human induced
pluripotent stem cells

The protocol for differentiation of neural progenitor cells
was based on the generation of neurospheres (44). Briefly,
the human induced pluripotent stem cell (hiPSC) line
HMGU12 was harvested using StemMACS Passaging So-
lution (Miltenyi Biotec) and resuspended in DMEM/F-
12 medium supplemented with 20% KSR, 1% NEAA, 1%
GlutaMAX (Thermo Fisher Scientific), 10 wuM SB431542,
5 wM dorsomorphin, 3 pM CHIR99021, 10 wM pur-
morphamine (Miltenyi Biotec), and 10 uM Y-27632 (Bio-
Techne). The suspension was plated on an ultra-low attach-
ment 6-well plate (Corning). Fresh medium was applied
24 h later without Y-27632. 48 h later, the basal medium
was exchanged with N2B27-based medium containing a 1:1
mixture of DMEM-F-12 and Neurobasal A supplemented
with 0.5% N-2, 1% B-27 minus vitamin A, 1% NEAA,
and 1% GlutaMAX (Thermo Fisher Scientific), and the
above-described small molecules. On day 5, N2B27-based
medium was supplemented only with 50 pg/ml L-ascorbic
acid, SB431542, and dorsomorphin. Approximately 24 h
prior to replating, the medium was supplemented addi-
tionally with 5 ng/ml bFGF (Peprotech). On day 8§, the
neurospheres were mechanically dissociated and plated 1:6
on Matrigel-coated plates. Plated neurospheres were main-
tained for 7 days on N2B27 basal medium supplemented
with Dual Smad inhibitors (Miltenyi Biotec (SB), Tocris
(DM)), ascorbic acid and bFGF. On day 14, confluent neu-
roepithelial outgrowths were passaged in a 1:10 dilution
using collagenase IV. The resulting neural progenitor cell
(NPC) cultures were passaged every 7 days and maintained
in N2B27 basal medium as described above with medium
change every other day.

iCLIP experiments

iICLIP experiments for PURA were performed accord-
ing to the published iCLIP2 protocol (45) with minor
adaptions. Cells were grown to confluence, washed us-
ing PBS, crosslinked using Stratalinker 2400 (Vilber Lour-
mat) at 254 nm and 300 mJ/cm? and lysed. Immuno-
precipitation of PURA from cell lysates was either per-
formed using anti-PURA!?P!!_coated Dynabeads protein
G (Thermo Fisher Scientific) or FLAG M2 beads (Sigma
Aldrich). Subsequently, co-purified RNAs were dephos-
phorylated at the 3" end, the 3’ adapter was ligated and the
5" end was labeled with radioactive isotopes (y-’P ATP;
Hartmann Analytic). Samples were loaded onto a Nu-
PAGE 4-12% Bis-Tris pre-cast SDS gradient gel (Thermo
Fisher Scientific), transferred to a nitrocellulose membrane
(GE Healthcare) and visualized using a Phosphoimager
(Fujifilm). After cutting the correct region from the ni-
trocellulose membrane using a cutting mask, RNA was
isolated by Phenol/Chloroform/Isoamylalcohol (pH 8.0,
Sigma Aldrich) and the mix was transferred to a 2 ml Phase
Lock Gel Heavy tube (Quantabio). After separation of the
phases the RNA was precipitated by the addition of 0.75
wl GlycoBlue™ Coprecipitant (Thermo Fisher Scientific),
40 pl 3 M sodium acetate pH 5.5 and 1 ml 100% ethanol.
It was mixed and stored at —20°C for at least 2 h. Re-
verse transcription was performed on the resulting purified
RNA using Superscript III (Thermo Fisher Scientific) ac-
cording to manufacturer’s instructions. Then, cDNA was
immobilized on MyONE SILANE beads (Thermo Fisher
Scientific) as described by the manufacturer and the sec-
ond adapter was ligated. The library was amplified for
six PCR cycles with short primers followed by a ProNex
size selection step (Promega) in a 1:2.95 (v/v) sample/bead
ratio according to manufacturer’s instructions. The size-
selected library was amplified for 13/16 cycles (endogenous
PURA, anti-PURA"?P!!| HeLa cells; samples 1 & 4 and
samples 2 & 3, respectively), 22 cycles (endogenous PURA,
anti-PURA!?P!! /NPCs), 12 cycles (overexpressed FLAG-
PURA, anti-PURA"?P!! HeLa cells), 13/14 cycles (over-
expressed FLAG-PURA, anti-FLAG, HeLa cells; sample
1/2, respectively) using Illumina primers (Supplementary
Table S9). Afterwards, a second size selection was per-
formed using ProNex chemistry (Promega) at 1/2.4 (v/v)
sample/bead ratio according to manufacturer’s instructions
and cDNA was eluted in 20 w1l MQ water. The final library
was analyzed using a D1000 Chip (Agilent) in a Bioana-
lyzer (Agilent). Samples were equimolarly mixed before se-
quencing on an [llumina HiSeq1500 platform with 75-110-
nt single-end reads and 6.7-29.5 million reads per sample
(Supplementary Table S1).

Processing of iCLIP reads

Basic quality controls were done with FastQC (ver-
sion 0.11.8) (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). The first 15 nt of iCLIP reads hold a 6
nt sample barcode and 5 + 4 nt unique molecular iden-
tifiers (UMIs) flanking the sample barcode. Based on the
sequence qualities (Phred score) in this 15 nt barcode re-
gion, reads were filtered using the FASTX-Toolkit (version
0.0.14) (http://hannonlab.cshl.edu/fastx_toolkit/) and seqtk
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(version 1.3) (https://github.com/lh3/seqtk/). The sample
barcodes, found on positions 6-11 of the reads, were used
to de-multiplex the set of all quality filtered reads using
Flexbar (46) (version 3.4.0). Afterwards, barcode regions
and adapter sequences were trimmed from read ends us-
ing Flexbar, requiring a minimal overlap of 1 nt of read
and adapter. UMIs were added to the read names and
reads shorter than 15 nt were removed from further anal-
ysis. Downstream analysis was done as described in Chap-
ters 3.4 and 4.1 of Busch et al. (47). GENCODE (30) re-
lease 31 genome assembly and annotation were used during

mapping.

Binding site definition

Using the procedure described in (47), we defined 5-nt
wide binding sites on the iCLIP data for the endogenous
PURA (anti-PURA!?P!) from HeLa cells. In brief, the pro-
cessed crosslink events of the four biological replicates were
merged into two pseudo-replicates and subjected to peak
calling by PureCLIP (version 1.3.1) (48) with default pa-
rameters. To define binding sites, PureCLIP sites closer than
5 nt were merged into regions, and isolated PureCLIP sites
without an adjacent site within 4 nt were discarded. Bind-
ing site centers were defined iteratively by the position with
the highest number of crosslink events and enlarged by 2 nt
on both sides to obtain 5-nt binding sites. Binding site cen-
ters were required to harbor the maximum PureCLIP score
within the binding site. Furthermore, binding sites were fil-
tered for reproducibility by requiring a binding site to be
supported by a sufficient number of crosslink events in at
least two out of four replicates. The threshold for sufficient
crosslink event coverage, using the 0.05 percentile, was de-
termined as described in (47).

Genomic location of binding sites and crosslink events

We mapped binding sites or crosslink events to the gene
and transcript annotation from GENCODE (release 31,
genome version GRCh38.p12) (Figure 3A and B) (30).
Genes of gene level 3 were included only when no genes of
higher level were overlapping. Similarly, transcripts of tran-
script level NA were included only when no transcripts of
levels 1-3 were annotated for the gene. When a binding site
overlapped with two genes, one was chosen at random. For
the assignment of PURA binding sites to transcript regions
(Figure 3B), when binding sites overlapped with different
regions from different transcripts, the region was chosen by
a hierarchical rule with 3’UTR > 5UTR > CDS > intron,
which we established from visual evaluation of the crosslink
event and binding site distribution. We divided the PURA-
bound mRNAs into groups according to the location of
the strongest PURA binding site on the transcript (3 UTR,
n = 2462; 5UTR n = 98; CDS, n = 1646; intron, n = 1;
noncoding RNA = 185). To normalize the number of bind-
ing sites per region to the lengths of the respective regions
(Supplementary Figure S6H), we selected all genes with at
least one PURA crosslink in any region and calculated a
mean region length over all transcripts annotated for a gene.
We then summed up the mean region lengths of all selected
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genes and divided the number of binding sites per region by
this sum.

The metaprofiles of the distribution of crosslink events
along the transcript regions for mRNAs with strongest
binding sites in the 3UTR or CDS (Figure 3D) was
calculated and visualized in R using the Bioconduc-
tor package cliProfiler (http://bioconductor.org/packages/
release/bioc/html/cliProfiler.html).

Comparison of crosslink patterns

We compared the distribution of PURA crosslink events
from the iCLIP data for endogenous PURA (anti-
PURA"?P!Y from HeLa cells to the two iCLIP datasets
in which FLAG-tagged PURA was overexpressed in HeLa
cells and immunoprecipitated with either anti-PURA!?P!!
or an anti-FLAG antibody using the following methods:
First, to visualize the crosslink patterns in 3’UTRs, we gen-
erated heatmaps of the first 300 nt of 1550 3’UTRs or 573
CDS with intermediated PURA crosslink coverage (10°—
10% crosslink events per window). In order to account for
expression level and other differences, the crosslink events
in each window were scaled to the minimum (set to 0) and
maximum (set to 1) therein (‘min-max normalization’) fol-
lowed by spline-smoothing using the smooth.spline func-
tion (R stats package version 4.1.1, spar = 0.5) and in-
flated dimensions (dim = 500). The heatmaps show the min-
max normalized, spline-smoothed crosslink patterns for the
three iCLIP experiments (Figure 3C, Supplementary Figure
S4B). Second, we assessed differences in the iCLIP signal
using metaprofiles of the min-max normalized signal in a
65-nt window around all PURA binding sites identified for
endogenous PURA in HeLa cells (Supplementary Figure
S4C).

Motif analysis

As PURA predominantly acts on mature RNAs, all
motif analyses were performed on the sequences of
spliced transcripts. Binding sites were transferred from
genomic to transcriptomic coordinates with the Bio-
conductor package GenomicFeatures (version 1.45.2)
(49) using GENCODE transcript annotation (release
31, genome version GRCh38.p12) (30). 49,602 binding
sites could be unambiguously assigned and were used
for further analyses. Sequences around binding sites
were extracted with Biostrings::getSeq (R package, ver-
sion 2.61.2) (https://bioconductor.org/packages/release/
bioc/html/Biostrings.html). For sequence logos, a Sl-nt
window centered at the binding site was used and logos
are generated with ggseqlogo (R package, version 0.1).
23,734 out of 49,602 (47.8%) were centered on a G and
30,454 out of 49,602 (61.4%) enclosed three or more
purines.

To search for enriched motifs of 5-nt length (5-mers)
within and around the PURA binding sites, we cal-
culated the frequencies of all overlapping S5-mers with
Biostrings::oligonucleotideFrequency  (version 2.61.2)
(https://bioconductor.org/packages/release/bioc/html/
Biostrings.html) in three windows: (i) [—7 nt; 7 nt], i.e.
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including the binding sites plus 5 nt flanking on either side,
and (ii) [-27 nt; —8 nt] and [8 nt; 27 nt], i.e. representing
the 20 nt on either side of the binding site-containing
windows. For comparison, we randomly selected 49,602
5-nt windows from expressed transcripts (i.e. harboring at
least one PURA crosslink event).

Accessibility prediction

We used RNAplfold (from the ViennaRNA package, ver-
sion 2.4.17) (50) to predict the accessibility in and around
PURA binding sites on transcripts of at least 501 nt length
(n = 48,525) in comparison to randomly selected positions
(n = 10,017). Binding sites were assigned to transcripts as
described above. In brief, we used 501-nt windows either
around PURA binding sites or randomly selected and pre-
dicted the probability for each single nucleotide to be single-
stranded. RNAplfold was set to a sliding window w = 100
nt and a maximum span 1 = 30 nt. As the obtained un-
paired probabilities follow a bimodal distribution, we trans-
ferred them to log-odds to obtain a bell-shaped distribution:
log(odds ratio) = log(prob/1-prob). These were further con-
verted into z-scores using the mean log-odds ratios of the
binding sites versus the mean and standard deviation of the
background regions (drawing 1000 regions for 1000 times).
In Supplementary Figure S6I, results are displayed only
for the 201 nt in the center of the 501-nt window as RNA
folding is strongly biased toward single-strandedness at the
edges of a given RNA sequence. P values were calculated
from the z-scores using 2 x pnorm(-abs(z_score)) and then
adjusted for multiple testing with Benjamini—-Hochberg cor-
rection.

Comparison to published transcriptomes

We used published processed RNA-seq data comparing
RNAs in stress granules (human osteosarcoma U-2 OS
cells) or P-bodies (human embryonic kidney HEK 293 cells)
to total RNA (42,51), taking RNAs with FDR < 0.01 and
log,-transformed fold change (12fc) > 0 (as calculated by the
cited authors) to belong to the respective P-body or stress
granule transcriptome.

To determine the overlap of PURA-bound RNAs with
dendritically localized RNAs, we used data from (52) that
summarizes eight studies describing the dendritic tran-
scriptome in mouse neurons from enrichment in RNA-
seq data of dendrites compared to complete neurons. We
used only RNAs that were matched to their human or-
thologs using the Ensembl database (version GRCh38.p13)
(53) keeping only one-to-one orthologs (n = 5070).
From these, only RNAs expressed in HeLa cells (base-
Mean > 0 in our RNA-seq data) were considered for
the overlap (n = 4522). From the dendritically localized
RNAs, we only considered RNAs that were found en-
riched in at least three of the eight studies from (52)
(n = 337).

Significance of overlaps was tested using Fisher’s exact
test, and differences in fold change distributions between
groups were tested using two-sided Wilcoxon Rank-sum
test.

Functional enrichment analyses

We performed functional enrichment analysis in R using
the ‘hypergeometric’ mode of the hypeR package (version
1.9.1) on the gene sets from REACTOME (version 7.5.1)
and Gene Ontology (version 7.5.1) databases (54,55). Hy-
peR adjusts the gene sets connected to every term specifi-
cally to genes present in a given background set. We used
the following background sets for the enrichment analyses:
All genes with at least one PURA crosslinked nucleotide as
background for enrichment of genes bound by PURA (Fig-
ure 2E, Supplementary Figure S6E and F), all genes with a
TPM > 0 in RNA-seq experiment as background for en-
richment of RNA expression changes in PURA KD (Sup-
plementary Figure S8B and C) and all proteins detected by
MaxQuant from shotgun proteomics as background for en-
richment of protein expression changes in PURA KD (Sup-
plementary Figure S8D and E). We calculated the gene ra-
tios as the number of detected genes in the respective ex-
periment that belong to a given term divided by the num-
ber of genes from the background set of the term. P val-
ues obtained from HypeR were adjusted using Benjamini
Hochberg adjustment and are referred to as FDR. We dis-
play the 25 terms with the highest FDR in Supplementary
Figure S6E, F and Supplementary Figure S§B-E. A full list
with the statistics of all terms can be found in Supplemen-
tary Table S3, S6, S7.

RESULTS
PURA localizes to the cytoplasm in multiple cell lines

In previous reports, PURA has been associated with both
nuclear and cytoplasmic functions. To investigate the sub-
cellular localization of PURA in different cell lines, we
raised a monoclonal antibody against the human PURA
protein. In the light of earlier studies in which antibodies
cross-reacted between PURA and its close paralog PURB
(18), we selected as epitope a 21 amino acid (aa) peptide
in the unstructured linker region between PUR repeats |
and II. This sequence harbors multiple substitutions be-
tween PURA and PURB (Supplementary Figure S1A and
B) but is 100% identical to the mouse Pura ortholog. We
confirmed in immunofluorescence (IF) stainings of HeLa
cells and Western blots of cell lysates that the obtained anti-
body (anti-PURA!?P!) specifically recognized the endoge-
nous PURA protein, detected reduced levels upon PURA
KD and showed no cross-reactivity against recombinant
PURB in E. coli lysates (Supplementary Figure S1C-G).
Hence, we used the in-house antibody for the analyses in
this study.

Using anti-PURA!?P!! in IF stainings, we assessed the
localization of the endogenous PURA protein in five im-
mortalized cell lines from a diverse set of tissue origins in-
cluding epithelial, neuronal, kidney, lung and liver tissue.
We found that in all cell lines, PURA located predomi-
nantly in the cytoplasm (Figure 1A). This could be fur-
ther validated in nuclear-cytoplasmic fractionation exper-
iments in HeLa cells (Figure 1B and C). These observa-
tions suggest that PUR A may be primarily involved in cyto-
plasmic regulatory processes which we decided to elucidate
further.
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Figure 1 PURA is predominantly located in the cytoplasm. (A) Immortalized cell lines from different tissue origins were analyzed for PURA’s subcellular
localization by immunofluorescence (IF) staining HeLa, cervix, U251MG, brain, HEK293T, kidney, H1299, lung, and HepG2, liver. Cells were stained
with DAPI (blue) and anti-PURA!?P!! (white). In the merged image, PURA staining is shown in orange for better visualization. Scale bars, 20 um. (B)
Nuclear-cytoplasmic fractionation of HeLa cell lysates. Representative Western blot using anti-PARP1 antibody (116 kDa) as marker for nuclear fraction,
anti-GAPDH antibody (36 kDa) as marker for cytoplasmic fraction and anti-PURA!?P1! (35 kDa). (C) Densitometric quantification of PURA levels in
cell fractions in 3 replicates (of which one is shown in (B)). Lines represent the mean =+ standard deviation (SD) of three independent experiments. P value

is calculated by unpaired two-sided Student’s ¢-test.

PURA acts as a global cytoplasmic RNA-binding protein

Since PURA was previously found to bind RNA in
vitro (24), we next investigated whether PURA di-
rectly associates with RNAs in cells. We therefore per-
formed individual-nucleotide resolution UV crosslinking
and immunoprecipitation (iCLIP) experiments, which map
the RNA binding of an RBP in living cells (45,56). En-
dogenous PURA was crosslinked to its bound RNAs in
HeLa cells using UV radiation (254 nm) and subsequently
immunoprecipitated with anti-PURAP!! (Figure 2A). In
total, we obtained more than 20 million unique PURA
crosslink events from four biological replicates (Supplemen-
tary Table S1).

Assessing the global distribution of crosslink events be-
fore binding site definition, we observed that only a small

fraction of PURA crosslink events occurred within introns
(Supplementary Figure S2A). The relative depletion of in-
trons in the iCLIP experiments suggests that PURA pre-
dominantly binds mature RNAs, consistent with its subcel-
lular localization (Figure 1) and cytoplasmic mRNA bind-
ing.

We next defined PURA binding sites from the iCLIP
crosslink events by peak calling and merging adjacent peaks
into binding sites of 5-nt width. In total, we identified
55,031 PURA binding sites in the transcripts of 4391 genes
(Figure 2B and C, Supplementary Table S2). The strength
of PURA binding at these sites, measured as the rela-
tive number of crosslink events inside the binding site,
was highly reproducible between replicates (Supplementary
Figure S2B).
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Figure 2. PURA globally binds RNAs via specific binding sites and regulates a subset of its target transcripts. (A) Autoradiogram with radiolabeled
RNA after immunoprecipitation of endogenous PURA (anti-PURA!?P11) from HeLa cells shows crosslinked PURA-RNA complexes. Co-purified RNA
fragments of variable lengths result in a smear upstream of the expected molecular weight of PURA (35 kDa). Four biological replicates are shown.
(B) Schematic depiction of iCLIP experiment that identified 55,031 binding sites for endogenous PURA in HeLa cells. (C) Genome browser view shows
the pileup of crosslink events of endogenous PURA from HeLa cells (top) and neural progenitor cells (bottom) at binding sites (red) in the 3’ UTR of the
STARD?7 transcript. Inlay (blue box) shows complete STARD7 3’UTR. Red line denotes RNA fragment used for EMSA validation in (D). (D) EMSA with
recombinantly expressed human full-length PURA and increasing concentrations (187 nM to 12 wM) of a radiolabeled 54-nt RNA fragment harboring
two PURA binding sites from the STARD7 3'UTR (marked in (C)) confirms direct binding in vitro. For more EMSAS, see Supplementary Figure S3. (E)
Cellular compartments (Gene Ontology) enriched in PURA-bound transcripts that relate to neurons (false discovery rate [FDR] < 0.05). Gene ratio (x-
axis) depicts ratio of PURA-bound transcripts over all expressed transcripts (transcripts per million [TPM] > 0) attributed to this term. FDR is displayed
as logjo by color scale. For a complete list of significantly enriched terms, see Supplementary Table S3. (F) PURA crosslink events from neural progenitor
cells (NPCs) enrich in PURA binding sites identified in HeLa cells. Metaprofile (top) and heatmap (bottom) display crosslink events per nucleotide of
endogenous PURA in NPCs for 1000 binding sites with highest signal in the NPC iCLIP data. BS, binding site.

To assess PURA binding to RNAs by orthogonal
methods, we performed electrophoretic mobility shift
assays (EMSAs) on 8 selected PURA-bound RNAs. We
thereby confirmed direct PURA binding to the iCLIP-
identified RNA binding sites in STARD7, COX7C, NEATI,
LSM14A4, NDUFS5, CLTA, CLTC and EEF?2 (Figure 2D,
Supplementary Figure S3). As controls, we used the previ-
ously described PURA target sequence MF0677 as well as
the unspecific yeast RNA ASHI E3 (Supplementary Figure
S3K-M) (23). We conclude that the iCLIP-identified RNA
targets can be bound by PURA in vitro, albeit with moder-
ate specificity.

In a control experiment, we overexpressed FLAG-tagged
PURA in HeLa cells and confirmed that comparable RNA
binding profiles were obtained from immunoprecipitation
with either anti-PURA!”P!! or an anti-FLAG antibody
(Supplementary Figure S4, Supplementary Table S1, Sup-
plementary Material S1), underlining the specificity of our
in-house antibody. However, in addition to the defined
binding sites, the PURA overexpression led to increased
crosslink events along transcripts in both experiments, in-

dicating unspecific RNA binding by the unphysiologically
abundant ectopic PURA. We therefore decided to focus
on the RNA binding profiles detected for the endogenous
PURA protein.

PURA was repeatedly found as a component of neu-
ral transport granules (16-20). Of note, even though HeLa
cells are of non-neural origin, the proteins encoded by the
PURA-bound RNAs were enriched in cellular compart-
ments of the neuron, axon and dendrite, among others (Fig-
ure 2E). Also, more than half of previously reported den-
dritically localized RNAs (52) were bound by PURA in our
iCLIP data (170 out of 337, 50.4%; Supplementary Figure
S5A-C). To directly test RNA binding of PURA in neural
cells, we performed an iCLIP experiment for endogenous
PURA (anti-PURA!?P!) in neural progenitor cells (NPCs)
derived from human induced pluripotent stem cells. The
NPC state was monitored by the rosette morphology of the
cells and the expression of several known marker genes for
NPC differentiation (Supplementary Figure S5D and E).
Although we obtained an iCLIP dataset with only a lim-
ited signal depth due to the scarce material, the crosslink



events for endogenous PURA in NPCs enriched within the
PURA binding sites identified from HeLa cells, indicating
a similar RNA binding behavior in both cell types (Figure
2C and F, Supplementary Figure S5F).

Altogether, we identified >50,000 binding sites of en-
dogenous PURA in HeLa cells. The observed RNA binding
pattern was independent of the antibody used and compa-
rable between HeLa cells and NPCs. Hence, these results in-
dicate that the binding sites identified in HeLa cells reflect
the bona fide binding of PURA in living cells.

PURA binds in coding sequences and 3'UTRs

Examining the distribution of PURA binding, we found
that 16% of all expressed transcripts (transcripts per million
[TPM] > 0) harbored at least one PURA binding site (me-
dian 7 binding sites per transcript; Supplementary Figure
S6A). The number of detected PURA binding sites moder-
ately increased with the transcripts’ expression levels, most
likely reflecting the better representation of more abundant
RNAs in an iCLIP experiment (57) (Supplementary Figure
S6B). Among the highly expressed transcripts (TPM > 10),
46% harbored at least one PURA binding site, underlining
the widespread binding of PUR A throughout the transcrip-
tome (Supplementary Figure S6C and D).

The 4391 PURA-bound transcripts comprised predom-
inantly protein-coding mRNAs (n = 4206, 95.5%, Figure
3A). These encoded for functions in nervous system devel-
opment, mitochondrial processes, the innate immune sys-
tem and RNA metabolism, among others (Supplementary
Figure S6E and F, Supplementary Table S3). PURA also
showed binding to 154 long non-coding RNAs (IncRNAs;
Figure 3A), including the previously reported PURA tar-
get IncRNAs RN7SLI (20,58), which has been implicated
in transcriptional control, as well as NEATI and MALATI,
two architectural RNAs forming distinct nuclear bodies
(59) (Supplementary Figure S6G). This supports that a mi-
nor fraction of PURA localizes to the nucleus and interacts
with nuclear RNAs.

Within the protein-coding transcripts, the PURA binding
sites were almost equally distributed between the coding se-
quences (CDS, n = 25,113) and the 3’ untranslated regions
(3’UTRs, n = 24,553; Figure 3B-D, Supplementary Fig-
ure S6H), which together accounted for 93.6% of all bind-
ing sites. In contrast, SUTRs and intronic regions were al-
most completely devoid of PURA binding sites. Within the
3’'UTRs or CDS, PURA usually displayed one or more de-
fined peaks of binding, as seen in STARD7 mRNA (Figures
2C and 3C, Supplementary Figure S4B).

The transcriptome-wide profiles enabled us to revisit the
RNA sequence and structure preferences of PURA. We
therefore predicted the local folding probability around
PURA binding sites. This suggested a propensity of
PURA’s RNA binding sites to be single-stranded (Sup-
plementary Figure S6I), contrasting past reports about its
double-stranded nucleic acid binding preference and un-
winding ability (23,60). The increased single-strandedness
coincided with an apparent sequence preference. Beyond
the increased uridine content, likely reflecting the known
UV-crosslinking bias (61), we observed a strong enrichment
for purines (A and G) within and around the PUR A binding
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sites: 47.8% of binding sites were centered on a guanine and
61.4% enclosed three or more purines (Figure 3E, Supple-
mentary Figure S6J). Globally, the binding sites and their
surrounding sequences were enriched for k-mers compris-
ing purine combinations like GAAGA and AAGAA (Fig-
ure 3F). Together, these observations underline the speci-
ficity of PURA to bind single-stranded, purine-rich regions,
primarily in CDS and 3’UTRs.

Loss of PURA causes widespread changes in gene and protein
expression

While iCLIP data revealed the RNAs directly bound by
PURA, they do not inform about the regulatory effects of
binding events on such transcripts. In order to globally de-
termine the impact of PURA on gene expression, we de-
pleted PURA in HeLa cells using siRNAs (Supplementary
Figures SIC-G, S7). This partial loss of PURA mimics the
haploinsufficiency in PUR A Syndrome patients that harbor
heterozygous mutations in the PURA gene. By performing
transcriptomic analyses, we observed widespread changes
in transcript abundance upon PURA knockdown (KD), rel-
ative to control HeLa cells: In total, 3415 transcripts were
significantly down- or upregulated upon PURA KD (false
discovery rate [FDR] < 0.01, Figure 4A, Supplementary Ta-
ble S4).

To test for changes at the protein level, we performed
mass-spectrometric analysis of protein extracts from PURA
KD and control HeLa cells. We detected a total of 4351
proteins with good confidence (peptide spectrum match
FDR < 1% and protein FDR < 5%) and observed a
significant regulation of 995 proteins upon PURA KD
(FDR < 0.05, Figure 4B, Supplementary Table S5). Of
these, 334 proteins were significantly regulated also at the
transcript level, with the majority changing in the same di-
rection in both RNA expression and protein abundance
(249, 74.6%, Figure 4C and D, Supplementary Figure S§A).

Gene ontology (GO) analysis revealed that the regu-
lated transcripts encoded for diverse functional categories,
including mitochondrial functions, vesicle-mediated trans-
port, membrane trafficking and RNA metabolism (Supple-
mentary Figure S§B and C, Supplementary Table S6). Simi-
larly, the regulated proteins were enriched in mitochondrial
and signaling functions and several membrane and granule
components (Supplementary Figure S8D, E, Supplemen-
tary Table S7).

Out of 334 proteins whose levels changed at both tran-
script and protein level in response to PURA KD, 234 were
independently identified as PURA-bound RNAs by iCLIP
(Figure 4E). These showed similar changes in RNA and
protein expression upon PURA KD, irrespective of the lo-
cation of PUR A binding sites in the CDS or 3’UTR (Figure
4C, Supplementary Figure SOA-F).

The most significantly downregulated transcript was the
mRNA encoding the transcription factor CUXI1 (Figure
4A-D), which is involved in the control of neuronal differ-
entiation by specifically regulating dendrite development,
branching, and spine formation in cortical neurons (62).
Another strongly regulated PUR A target was the cytoskele-
ton associated Catenin alpha-1 (CTNNAL1) that links actin
and adherence junction components (63). Furthermore, a
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coherent downregulation upon PURA KD was also ob-
served for the PURA-bound RNAs encoding for the au-
tophagy receptor Sequestome 1 (SQSTMI; also known as
p62), consistent with a previous report (64), and the essen-
tial P-body component LSM14A. The downregulation of
the SQSTM1 and LSM14A proteins was orthogonally con-
firmed by Western blot analysis (Figure 4F-I).

Due to the very different detection limits of RNA-seq
and shotgun proteomics, it is likely that we did not detect
all direct PURA targets in both data sets. To assess a rep-
resentative target that did not pass the threshold for a re-
liable quantification in our proteomics data, we analyzed

the levels of interleukin-6 cytokine family signal transducer
(IL6ST) using fluorescence microscopy (Figure 4] and K,
Supplementary Figure S9G) and Western blot (Figure 4L
and M). As suggested in our RNA-seq data, we observed
an increased signal intensity and accumulation of IL6ST in
the perinuclear region upon PURA KD in both HeLa and
normal human dermal fibroblast (NHDF) cells, supporting
a role of PURA in IL6ST protein expression.

In essence, we find that loss of PURA results in
widespread changes in gene and protein expression, af-
fecting central cellular features such as mitochondria, au-
tophagy and granule assembly. The quantitative compari-
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son of transcriptome and proteome suggests that the major-
ity of changes might originate at the RNA level. Ultimately,
we identify a set of 234 targets that change consistently on
RNA and protein level upon PURA KD and are bound by
PURA on the RNA level. As the example of IL6ST shows,
the list of PURA targets could potentially be extended be-
yond this stringent set of targets that are coherently identi-
fied by iCLIP, RNA-seq and proteomics.

PURA binds to P-body transcripts and localizes to P-bodies

Under unstressed conditions, we observed the PURA im-
munofluorescence signal in cytoplasmic foci (Figure 1).
To obtain a first indication what kind of foci these might
be, we overlapped the PURA-bound RNAs with tran-
scripts that were enriched in P-bodies (42) or stress gran-

ules (51). In line with the previously reported PURA local-
ization to stress granules (21), more than half of the stress
granule-enriched transcripts were bound by PURA (44%,
P value < 2.2 x 107!, Fisher's exact test; Figure SA, Sup-
plementary Figure SIOA-C). Surprisingly, however, we de-
tected an almost equally strong overlap with transcripts en-
riched in P-bodies (42) (43%, P value < 2.2 x 107'®, Fisher's
exact test; Figure 5A, Supplementary Figure SIOD-F), in-
dicating that PURA might be linked to these granules as
well.

To test for a direct association, we used immunofluores-
cence staining to overlay PURA with the P-body marker
proteins DCP1A and LSM14A. Indeed, we identified a
strong colocalization of PURA with both marker proteins
in HeLa and NHDF cells (Figure 5B and C, Supplementary
Figure S10G-J). Of note, we detected PURA in 88.5% of



all microscopically visible DCP1A-positive granules and in
77.8% of all LSM14A-positive granules (Figure 5D). This
indicates that under basal growth conditions, PURA effi-
ciently localizes to P-bodies in HeLLa and NHDF cells.

PURA depletion reduces the number of P-bodies per cell

Based on the strong association of PURA with P-bodies,
we wondered whether PURA binding directly affects the
abundance of the P-body-associated RNAs. Intriguingly,
the P-body-enriched transcripts were selectively upregu-
lated upon PURA KD, while the remaining RNAs were not
affected (Figure SE). Based on these observations, we hy-
pothesized that P-bodies might be altered in the absence of
PURA.

In order to focus on PURA's role in the physiological
context of unstressed cells, we inspected the PURA iCLIP
data from HeLa cells and were intrigued to find that PURA
directly bound to LSM14A4 and DDX6 mRNAs, encoding
two P-body core components (Figure 6A and B). Moreover,
LSM14A was strongly downregulated upon PURA KD at
the transcript as well as protein level, and DDX6 was down-
regulated at the protein level (Figure 4A-D). This was or-
thogonally validated by a significant reduction in LSM14A
and DDXG6 protein in Western blot analysis after PURA
KD, relative to control HeLa cells (Figure 4H and I, Sup-
plementary Figure S11A and B).

Strikingly, when analyzing either LSM14A-, DCP1A- or
DDX6-positive granules in PURA KD cells using IF stain-
ing, we observed a drastic decrease in granule numbers per
cell using all markers (Figure 6C-H). Although several pro-
teins modulate the appearance of P-bodies, LSM14A and
DDX6 are two of a handful of currently known factors
that have been shown to be essential for P-body formation
(41). To test whether the PURA-dependent reduction of
LSM14A and DDX6 globally impairs P-bodies, we visu-
alized P-body occurrence using IF staining for the P-body
marker DCP1A. Remarkably, PURA KD led to a dramatic
reduction in P-body number in HeLa and NHDF cells (Fig-
ure 6C-H, Supplementary Figure S11E-H). Importantly, in
contrast to LSM14A and DDX6 (Figure 4H and I, Sup-
plementary Figure S11A and B), the protein levels of the
P-body marker DCP1A remained unchanged upon PURA
KD (Supplementary Figure S11C and D), suggesting that
PURA acts selectively by modulating the LSM14A and
DDXG6 levels in tested cell lines. These observations were
validated using a second siRNA against PURA (Supple-
mentary Figure S111 and J).

Together, our data suggest that PURA binds the
LSMI14A4 and DDX6 mRNAs and regulates the concomi-
tant protein levels. It is conceivable that the combined re-
duction of both factors causes the almost complete loss of
P-bodies upon PURA KD. Given the important role of P-
bodies in cellular RNA surveillance, our findings reveal a
putative link between the neuronal PURA Syndrome and
the cytoplasmic control of mRNA levels and P-body con-
densation.

DISCUSSION
PURA is a cytoplasmic RNA-binding protein

The PURA protein was initially described as a transcrip-
tion factor with binding preferences for purine-rich single-
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stranded DNA regions (13,14). Consistent with a nuclear
role of PURA, we do observe binding of PURA to nuclear
RNAs such as NEATI and MALATI. The minor fraction
of PURA in the nucleus might be involved in transcriptional
regulation as reported previously (3,15). While this might
be one of PURA's functions, it was subsequently shown to
associate with cellular RNAs and to bind single-stranded
DNA and RNA sequences in vitro in the same way and with
similar affinities (23). In this study, we developed a paralog-
specific antibody to demonstrate that the vast majority of
PURA protein resides in the cytoplasm in a range of differ-
ent cell lines. This is in line with more recent studies describ-
ing PURA in cytoplasmic RBP granules (17-19,21). It also
underlines the need to study PURA’s function in processes
other than DNA regulation.

To date, a physiological RNA binding function of PURA
had only been shown for a few specific target RNAs like
the IncRNA RN7SLI (20,58) or the circular RNAs circ-
SamD4 (65) and circCwc27 (66). Most other studies were
based on either in vitro binding assays, colocalization stud-
ies or enrichment in membrane-less organelles (reviewed in
(3)). Here, we provide the first transcriptome-wide anal-
ysis of PURA’s RNA binding in living cells. Our iCLIP
data show that PURA binds to almost half of all expressed
mRNAs, thereby bearing the potential to regulate a multi-
tude of different cellular processes (see below).

In line with the first description of PURA as purine-rich
element binding protein (13,14,67,68), we identified a bind-
ing preference for purine-rich RNA regions. Similar to pre-
vious studies (23,24), we did not observe a distinct sequence
motif. A degenerate sequence preference is characteristic
for many RBPs (69) and might suggest that PURA’s RNA
recognition in cells is driven by additional factors, such as
RNA secondary structure or co-factor binding.

PURA regulates mRNAs associated with mitochondria, neu-
ral transport granules and autophagy

Omics allow for the global characterization and quantifi-
cation of pools of biological molecules that translate into
a holistic view of cellular functions and dynamics. Our
integration of multiscale omics data revealed widespread
changes in expression upon loss of PURA in cells. We iden-
tify >3000 dysregulated transcripts upon PURA KD and
almost 1000 dysregulated proteins. Despite the high se-
quence similarity to its close paralog PURB, we do not
observe a compensatory upregulation of PURB on RNA
or protein level upon PURA depletion (Figure 4A, B and
D), speaking against compensatory effects in the data.
The observed changes could result from complementary
RNA-regulatory mechanisms, which may include transla-
tion, RNA stability or degradation, RNA transport as well
as subcellular localization and phase condensation, among
others.

Integration with transcriptome-wide RNA binding sites
revealed 234 putative direct targets of PURA. The molec-
ular roles of these targets link PURA to various processes
including interleukin signaling, autophagy, mitochondrial
homeostasis and neurodevelopment. One interesting target
that was directly bound by PURA and upregulated upon
PURA KD is the IL6ST mRNA encoding interleukin-6
cytokine family signal transducer (IL6ST; also known as
gpl130). IL6ST is a signal transducer shared by many cy-



1312 Nucleic Acids Research, 2023, Vol. 51, No. 3

A B
x 401 LSM14A 401 pDX6
29
ot
°¢
<
o IR M || ' | V 1.l
2 ol J 1 N ' ol M. | . il
I Il |<Binding sites~> 11 i
T T T 3 3 T T
chrtg  34.18 34.2 34.22 chr11 118.78 118.76
Genome position [mb] Genome position [mb]
c DAPI PURA MERGE D
i e, p =2.6x10"°
- hae % 6
= : 3
(@] s >
7 3
& 41
o
=
‘@
o 8 21
X <
A
g 3
5 = 0+ #
Q c_,l) - T 1
CTRL KD
Biological replicates @ A m

-

p = 2.1x10%°

|

[6)]
1

CTRL
I
1

N w
1 1

N
1

S

A I R
CTRL KD

Biological replicates @ A m

PURA KD

DCP1A-positive granules/cell

o
I

()
o
>
3
T
c
bl
>
=
m
Pl
@
m

X

p=1.6x10%
EN
o
E:‘ 8 3 .
5 =
o c
o
> 2
o
=
2
¢ 1
a
< < u
< =]
§ o 0 *ﬂ
. CTRL KD
10 pm Biological replicates @ A m

Figure 6. PURA KD leads to a loss of P-bodies. (A, B) Genome browser view shows the pileup of crosslink events of endogenous PURA from HeLa cells
at binding sites (red) in the LSM14A (A) and DD X6 (B) transcripts. (C—H) Left: Immunofluorescence staining of PURA (red) together with the P-body
proteins LSM14A (C), DCP1A (E) and DDX6 (G) (measured in 555 nm channel, depicted in green) and DAPI (blue) as a nuclear stain in CTRL (top) and
PURA KD (bottom) HeLa cells. Scale bars, 10 wm. Right: Quantification (ImagelJ) of LSM14A-positive granules on approximately 400 cells per replicate
(n = 3) comparing CTRL and PURA KD conditions. Shown is the number of granules positive for LSM14A (D), DCP1A (F) and DDX6 (H) per cell
for all replicates. Three biological replicates (independent cultures) are indicated by different icons, with each containing 4 technical replicates (multiple
images). P value from unpaired two-sided Student’s 7-test on all replicates.



tokines, including interleukin 6, ciliary neurotrophic factor,
leukemia inhibitory factor, and oncostatin M (70). Patients
with PURA Syndrome appear to have a compromised im-
mune response that may be responsible for the severe infec-
tions reported by affected families (personal communica-
tion). It is possible that an overexpression of IL6ST upon
PURA haploinsufficiency may contribute to such symp-
toms.

Another direct PURA target with potential links to the
phenotype of PURA Syndrome patients is the SOQSTM1
mRNA encoding the autophagy receptor Sequestome 1
(SQSTMI; also known as p62). In a zebrafish model for
C9 ALS, RNA-triggered toxicity could be rescued through
ectopic overexpression of PURA, and this rescue could be
related to the upregulation of SQSTMI1 by PURA (64).
Interestingly, we observed that PURA directly binds to
SOSTMI mRNA and multiple other targets from the au-
tophagy pathway. This suggests that PURA may act as a
modulator of autophagy in human cells, which has long
been proposed as a neuroprotective mechanism in cellular
surveillance (71).

Furthermore, several of the newly identified PURA tar-
gets that are downregulated upon PURA KD are in-
volved in mitochondrial functions, including the STARD?7,
COX7C and FISI mRNAs. Indeed, mitochondrial respira-
tion was already described to be impaired upon PURA de-
pletion (72). Since mitochondrial dysfunctions are associ-
ated with various neuronal disorders (73), it is tempting to
speculate that mitochondrial defects caused by PURA hap-
loinsufficiency may contribute to the neurodevelopmental
phenotype of PURA Syndrome patients. This may converge
with direct effects of PURA on neurodevelopmentally rel-
evant targets. In line with this, PURA has been associated
with neuronal RNA transport in different studies in mouse
and human cells. For instance, a misdistribution of the den-
dritic marker protein MAP2 was reported in one PURA KO
mouse model (8). The direct PUR A targets identified in our
study will be relevant in establishing the neuronal and neu-
rodevelopmental functions of PURA in the future.

PURA depletion leads to an upregulation of P-body-
associated transcripts and a loss of P-bodies

Cytoplasmic RBPs are known to play important roles in the
formation of cytoplasmic membrane-less organelles such as
P-bodies and stress granules (74). While omics studies pro-
vided a broad view on their transcriptomes and proteomes
(42,51), only a small number of proteins are considered es-
sential for P-body formation, including DDX6, 4E-T and
LSMI14A (41).

Here, we show that PURA is enriched in P-bodies and
binds to more than 40% of the P-body transcriptome
(42). Interestingly, upon PURA KD, P-body-enriched tran-
scripts are globally upregulated. This indicates that RNAs
stored in P-bodies might be destabilized in these conden-
sates, while they are potentially selectively stabilized upon
dissolving of P-bodies. It will require further studies to un-
derstand if this observation has functional consequences,
for instance for the etiology of patients with PURA Syn-
drome. In addition, we find that depletion of PURA in dif-
ferent human cell lines leads to a loss of P-bodies. Interest-
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ingly, this observation is linked to direct binding of PURA
to the LSM14A4 and DDX6 mRNAs, a downregulation of
LSM144 mRNA and a concomitant downregulation of the
LSM14A and DDXG6 proteins. Since both proteins are es-
sential P-body factors, their combined PURA-dependent
depletion most likely triggers the observed loss of P-bodies.
Interestingly, full-length mutant DDX6 protein is associ-
ated with another neurodevelopmental disorder in which
a mutation in the DD X6 gene leads to several phenotypes
including intellectual disability, as observed in PURA Syn-
drome (75). It would be interesting to understand the sim-
ilarities in phenotypes between patients with PURA and
DD X6 mutations.

P-bodies were initially proposed as a location of RNA
depletion (76). Seemingly in line with this, we find that
RNAs of the P-body transcriptome are globally upregu-
lated upon PURA KD and P-body loss. However, more re-
cently P-bodies were proposed to act in RNA storage rather
than depletion (42). Moreover, stress granules and P-bodies
were shown to partially share their proteomes and tran-
scriptomes (42) and suggested to dynamically interact with
each other (77,78). Since in a previous study (21), PURA
was found in stress granules under stressed conditions and
we now show its P-body localization, it becomes clear that
PURA is one of the proteins shared between both granule

types.

Implications for understanding the etiology of the PURA
Syndrome

As PURA Syndrome is described to result from a haploin-
sufficiency and thereby lowered cellular PURA levels, our
findings on PURA-dependent, LSM14A /DDX6-mediated
P-body formation could potentially relate to a molecular
dysfunction in patients. Altered granule dynamics might
play a role in the patho-mechanism of PURA Syndrome.
Similarly, the observed changes in the sequestome degra-
dation machinery and the mitochondrial proteome may be
in functional correlation to symptoms of PURA Syndrome
patients. Among the most downregulated targets was also
the transcription factor CUXI1 that is involved in the con-
trol of neuronal differentiation (62). This and other factors
suggest a connection of our molecular observations of mis-
regulated factors to the neurodevelopmental delay of pa-
tients.

While the above-mentioned potential links are highly
suggestive, it should be considered that the spectrum of
symptoms of PURA Syndrome patients is broad and vari-
able (6,7). Furthermore, the understanding of the medical
condition of patients has only begun to be investigated, ren-
dering it very difficult to directly and safely correlate molec-
ular PURA-dependent events to symptoms of patients with
haploinsufficiency in the PURA gene. This consideration
is even more important as not all molecular changes are
likely to have an impact on the symptoms observed in hu-
mans. While this study opened the door for an unbiased and
systematic understanding of molecular PURA-dependent
pathways, it will require more research on both ends, clin-
ical and non-clinical, to convincingly connect our findings
with the symptoms in PURA Syndrome patients.
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Uncropped images are available in Supplementary Fig-
ure S12. All sequencing data is available in the Gene Ex-
pression Omnibus (GEO) under the SuperSeries accession
number GSE193905. The collection includes the RNA-seq
data from PURA KD and CTRL HeLa cells (GSE193900)
as well as the iCLIP data for endogenous PURA (anti-
PURA"?P!! antibody) in HeLa cells (GSE193901) and NPC
(GSE193902) as well as for overexpressed FLAG-PURA in
HelLa cells precipitated with anti-PURA?P!! (GSE193904)
and anti-FLAG antibody (GSE193903). The mass spec-
trometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE (79) partner
repository with the dataset identifier PXD030266. Scripts
used to process the files are accessible under the Zen-
odo repository located at: https://doi.org/10.5281/zenodo.
7273088.
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