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ABSTRACT

Neurons critically rely on the functions of RNA-
binding proteins to maintain their polarity and re-
sistance to neurotoxic stress. HnRNP R has a di-
verse range of post-transcriptional regulatory func-
tions and is important for neuronal development
by regulating axon growth. Hnrnpr pre-mRNA un-
dergoes alternative splicing giving rise to a full-
length protein and a shorter isoform lacking its N-
terminal acidic domain. To investigate functions se-
lectively associated with the full-length hnRNP R
isoform, we generated a Hnrnpr knockout mouse
(Hnrnprtm1a/tm1a) in which expression of full-length
hnRNP R was abolished while production of the trun-
cated hnRNP R isoform was retained. Motoneurons
cultured from Hnrnprtm1a/tm1a mice did not show any
axonal growth defects but exhibited enhanced accu-
mulation of double-strand breaks and an impaired
DNA damage response upon exposure to genotoxic
agents. Proteomic analysis of the hnRNP R interac-
tome revealed the multifunctional protein Yb1 as a
top interactor. Yb1-depleted motoneurons were de-
fective in DNA damage repair. We show that Yb1 is
recruited to chromatin upon DNA damage where it in-
teracts with �-H2AX, a mechanism that is dependent

on full-length hnRNP R. Our findings thus suggest
a novel role of hnRNP R in maintaining genomic in-
tegrity and highlight the function of its N-terminal
acidic domain in this context.

INTRODUCTION

Neurons are highly polarized cells that utilize post-
transcriptional processing mechanisms to establish and
maintain their distinct functionality and morphological
complexity. Thus, they critically depend on the activity of
RNA-binding proteins (RBPs) for their function and main-
tenance. RBPs regulate post-transcriptional RNA process-
ing at all stages including splicing, polyadenylation, sub-
cellular transport, stabilization and translation (1,2). The
heterogeneous ribonucleoprotein R (hnRNP R) is an abun-
dant RBP in the nervous system and has been implicated in
motoneuron development. In embryonic spinal motoneu-
rons, hnRNP R is localized in the nucleus but is also present
in the cytoplasm including axons and growth cones (3).
Knockdown of hnRNP R in cultured embryonic motoneu-
rons leads to reduced axon growth while cell survival is un-
affected (4). More recently, the RNA interactome of hn-
RNP R in motoneurons has been identified by individual
nucleotide resolution cross-linking and immunoprecipita-
tion (iCLIP). In the nuclear compartment, hnRNP R bind-
ing sites were prevalent in introns of pre-mRNAs while in
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the cytoplasm hnRNP R binding was enriched in 3′ UTRs
(5). This result indicates that hnRNP R is multifunctional
and exerts distinct roles in the nucleus and cytoplasm. In
axons, hnRNP R regulates the subcellular localization of
β-actin mRNA, a defect of which might contribute to the
axon growth defect observed by hnRNP R depletion in mo-
toneurons (6). Interestingly, the top RNA interactor of hn-
RNP R is the non-coding RNA 7SK (5). It has been sug-
gested that hnRNP R/7SK complexes are not only involved
in transcriptional regulation in the nucleus but also regulate
axonal mRNA transport, possibly as components of mes-
senger ribonucleoprotein (mRNP) particles.

Several lines of evidence have implicated hnRNP R
in pathophysiological mechanisms underlying motoneuron
disorders. HnRNP R interacts with the Smn protein, a defi-
ciency of which causes the motoneuron disease spinal mus-
cular atrophy (SMA) (3,7–9). In mouse motoneurons, hn-
RNP R co-localizes with Smn in presynaptic axon termi-
nals indicating that both proteins transport mRNAs in this
compartment (7). Smn itself does not have any known RNA
binding domain. However, hnRNP R requires Smn for the
axonal transport of β-actin mRNA (6). In agreement with
this finding, loss of Smn phenocopies the knockdown of hn-
RNP R in primary motoneurons including reduced trans-
port of β-actin mRNA accompanied by defects in axon
growth (6). In addition to Smn, hnRNP R has also been
found to interact with several proteins associated with fron-
totemporal lobar degeneration (FTLD) and amyotrophic
lateral sclerosis (ALS) such as TDP-43, FUS, MATR3,
EWSR1 and TAF15 (10–12). In patients with FTLD-FUS,
hnRNP R is detectable in neuronal cytoplasmic and in-
tranuclear inclusions suggesting that hnRNP R dysfunc-
tion might contribute to the underlying disease pathogen-
esis (13). Recently, four individuals were reported with mis-
sense or truncating variants in the C-terminal domain of hn-
RNP R. These individuals presented developmental defects
including brain abnormalities (14). Taken together, these
observations imply a role of hnRNP R in nervous system
development but also its maintenance during aging.

While transcriptome-wide studies have revealed that
many RBPs are alternatively spliced (15), the functions of
individual isoforms, particularly their roles in the nervous
system, have remained mostly unclear. Here we report that
alternative splicing of exon 2 of the Hnrnpr pre-mRNA
gives rise to two hnRNP R protein isoforms: a long one
of full-length (hnRNP R-FL) and a short one lacking the
N-terminal acidic domain (hnRNP R-�N). To specifically
dissect the functions of the full-length hnRNP R isoform,
we generated a Hnrnpr knockout mouse model in which ex-
pression of full-length hnRNP R was abrogated while pro-
duction of hnRNP R-�N was retained and upregulated by
a compensatory mechanism. We observed that primary em-
bryonic motoneurons cultured from this mouse model de-
veloped normally but showed defects in DNA damage re-
pair following exposure to ionizing irradiation and etopo-
side. We observed that hnRNP R normally localizes to chro-
matin and binds to phosphorylated histone H2AX, a major
protein involved in DNA damage response (DDR) signal-
ing. Through proteomic analysis we identified Y-box bind-
ing protein 1 (Yb1), a multifunctional DNA/RNA-binding

protein, as hnRNP R interaction partner. Similar to loss
of full-length hnRNP R, depletion of Yb1 reduced DNA
repair in motoneurons. Recruitment of Yb1 to chromatin
in response to DNA damage was impaired in the absence
of the full-length hnRNP R isoform. Taken together, using
an isoform-specific knockout mouse we reveal a role for the
acidic domain of hnRNP R in DNA damage repair.

MATERIALS AND METHODS

Animals and ethics statement

C57Bl/6 and Hnrnpr knockout mice were kept at the an-
imal facilities of the Institute of Clinical Neurobiology at
the University Hospital Wuerzburg. Mice were maintained
under controlled conditions at 20–22◦C on a 12 h/12 h
light/dark cycle at 55–65% humidity and provided with ad
libitum food and water supply. Each experiment was per-
formed strictly following the regulations on animal protec-
tion of the German federal law and of the Association for
Assessment and Accreditation of Laboratory Animal Care,
in agreement with and under control of the local veterinary
authority.

Generation of Hnrnpr knockout mice

Embryonic stem cells (ESCs) harboring an insertion of a
gene trap cassette in the Hnrnpr locus (EUCOMM clone
EPD0609 5 A12) were obtained from the European Mouse
Mutant Cell Repository (EuMMCR, Munich). The knock-
out strategy designated ‘targeted mutation 1a’ (tm1a) or
‘knockout-first’ is based on the insertion of a gene-trap cas-
sette containing the mouse En2 splice acceptor and a SV40
polyadenylation signal (16). Correct insertion site of the
gene-trap cassette was verified by Long Range PCR (Sup-
plemental Figure S1A). The Hnrnpr gene-trap mouse was
generated in the transgenics facility of B.S.R.C. ‘Alexander
Fleming’, Greece, as part of the INFRAFRONTIER-I3 ini-
tiative. ESCs were injected into blastocysts of host C57Bl/6
mice and transferred into pseudopregnant C57Bl/6 sur-
rogate mothers, and the resulting chimeras were subse-
quently bred to C57BL/6 mice. F1 offspring were geno-
typed by PCR using the following primers: HF1 (5′- TCCA-
CATTCTGACTGCAGCA -3′) located in the 5′ homology
arm, LAR3 (5′-CACAACGGGTTCTTCTGTTAGTCC-
3′) located in the targeting cassette and HR1 (5′- GATAGC-
CCAATAGCACCCCC -3′) located in the 3′ homology arm
(Supplemental Figure S1A). Mice were backcrossed for at
least four generations onto C57Bl/6 background.

Cell culture

Murine embryonic spinal motoneurons were isolated and
enriched as previously described (17). Lumbar spinal cords
were isolated from E12.5 embryos and cleaned by remov-
ing meninges and dorsal root ganglia. Spinal cords were
then digested with 0.1% trypsin and gently triturated to ob-
tain individual cells. Motoneurons were enriched by pan-
ning using a p75NTR antibody (clone MLR2, Biosensis).
Panning plates were prepared by coating 10 cm Nunclon™
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surface dishes (Thermo Fisher Scientific) with p75NTR an-
tibody diluted in Tris buffer (10 mM Tris–HCl pH 9.5).
Cells were plated on p75NTR-coated plates for 1 h to al-
low the p75NTR receptor of motoneurons to attach to
the antibody. Cells were counted and plated on coverslips
or culture dishes coated with poly-DL-ornithine hydrobro-
mide (PORN) (P8638, Sigma) and laminin-111 (23017-
015, Thermo Fisher Scientific). Motoneurons were cultured
in Neurobasal medium (NB) (Gibco) supplied with 2%
B27 (Gibco), 2% heat-inactivated horse serum (Linaris),
500 �M GlutaMAX (Gibco) and the neurotrophic factor
BDNF (5 ng/ml). Cells were kept at 37◦C, 5% CO2, and the
medium was changed on day 1 and then every second day.

NSC-34 cells (Cedarlane) and HEK293TN cells (Sys-
tem Biosciences) were cultured at 37◦C and 5% CO2 in
high glucose Dulbecco’s modified Eagle medium (DMEM)
(Gibco) supplemented with 10% fetal calf serum (Linaris),
2 mM GlutaMAX (Gibco) and 1% Penicillin–Streptomycin
(Gibco). Cells were passaged when they were 80–90% con-
fluent.

AML12 cells were cultured at 37◦C and 5% CO2 in
DMEM:F12 Medium (Gibco) supplemented with 10% fe-
tal bovine serum, Insulin–Transferrin–Selenium (ITS -G)
(Thermo Fisher) and 40 ng/ml dexamethasone (Sigma).

Gene expression analysis by quantitative PCR

RNA was isolated from motoneurons, NSC-34 cells, and
murine tissues with the NucleoSpin® RNA kit (Macherey-
Nagel). RNA was treated with DNase I to ensure the re-
moval of genomic DNA. 0.5–1 �g of total RNA was used
for reverse transcription using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific). To ensure
genomic DNA removal, a negative control reaction was set
up in parallel in which the reverse transcriptase was omit-
ted. The cDNA was diluted 1:5 in water and used for quan-
titative PCR (qPCR) using the Luminaris HiGreen qPCR
Master Mix (Thermo Fisher Scientific) on a LightCycler
1.5 thermal cycler (Roche). Primers were designed using
Primer3Plus (Version: 2.4.2) (18). Primer specificity was
verified by melting curve analysis and gel electrophoresis of
qPCR products.

The following primers were used: Hnrnpr-FL:
5′-CCAGCTCTGCCCTGCAGC-3′ (Forward), 5′-
AAGATCCACATAAGCTACCAATCCTGTCT-
3′ (Reverse); Hnrnpr-FL chimeric: 5′-
TGAAATATTTCAGACAGGTCC-3′ (Forward), 5′-
CCACATAACTACCAATCCTGTTGG-3′ (Reverse);
Hnrnpr-ΔN: 5′-TGAAATATTTCAGACAGGTCC-3′
(Forward), 5′-CCACATAACTACCAATCCTGTTGG-
3′ (Reverse); Hnrnpr-ΔN Chimeric: 5′-
CAGCTCTGCCCTGGTCCC-3′ (Forward), 5′-
CCACATAAGCTACCAATCCTGTTGG-3′ (Reverse);
Gapdh: 5′-GCAAATTCAACGGCACA-3′ (Forward),
5′-GTCGTGGAGTCTACTGGTG-3′ (Reverse); Intron1:
5′-TGTCATAGGCGCTCCAGTTT-3′ (Forward), 5′-
GCTTTTAAAGGGCAAGGGGG-3′ (Reverse); Hnrnpr:
5′-GCAGTTTGCTGCCATTTGTA-3′ (Forward), 5′-
GCCCCAGAATAAGGGAACTC-3′ (Reverse); 7SL:
5′-CCTGTAGTCCCAGCTACTCG-3′ (Forward), 5′-
CTGCTCCGTTTCCGACCTGG-3′ (Reverse).

Absolute quantification of Hnrnpr transcripts

To generate standard curves for each transcript, PCR am-
plicons were purified from agarose gels and cloned into
pJET1.2 using the CloneJET PCR Cloning Kit (Thermo
Fisher Scientific). The concentration of the plasmids was
determined by photospectrometry, and their molecular
weight was calculated. Serial dilutions of 101 to 108 plas-
mid copies were made and the Ct values for each dilution
sample were measured. Ct values were plotted against the
logarithmized plasmid copy number and a linear regression
line was fitted. Absolute copy numbers of transcripts were
calculated according to the linear regression line and pre-
sented as absolute copy number per 1000 copies of Gapdh
or 7SL transcripts.

5′ Rapid amplification of cDNA ends (5′ RACE)

The 5′ RACE was carried out on total RNA extracted
from brains of wildtype, heterozygous and homozygous
Hnrnprtm1a/tm1a mice. 1 �g of RNA was reverse-transcribed
with the RevertAid First Strand cDNA Synthesis kit
(Thermo Fischer Scientific) using oligo(dT)18 primers.
The cDNA was diluted 1:5 in water, and subsequently
purified using the NucleoSpin® Gel and PCR Clean-up kit
(Machery-Nagel). Poly-A tailing of the purified cDNA was
performed in 50 �l reactions containing 1 �l Terminal De-
oxynucleotidyl Transferase (Thermo Fisher Scientific), 5 �l
of 10× terminal transferase buffer and 5 �l of 1 mM dATP.
Reactions were incubated at 37◦C for 30 min and then
heated at 70◦C for 10 min to stop the reaction. Amplifica-
tion of the tailed cDNA was performed with gene-specific
primer Hnrnpr-SP1, together with oligodT adapter primer
and adapter primer, using AccuPrime DNA Polymerase
(Thermo Fisher Scientific). A nested PCR reaction was
performed using primer Hnrnpr-SP2 located upstream of
Hnrnpr-SP1 and the adapter primer. The PCR product
was cloned into pJET1.2/blunt using CloneJET PCR
Cloning Kit (Thermo Fisher Scientific) and sequenced.
The following Primers were used: oligodT adapter: 5′-
GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTT
TTT-3′; adapter: 5′-CCACGCGTCGACTAGTACTTT-3′;
Hnrnpr-SP1: 5′-GTACACACTGTCTGGTGGGG-3′;
Hnrnpr-SP2: 5′-TCCCGTGGTCACATCCAAAG-3′.

Western blot analysis

Murine tissues were lysed in modified RIPA Buffer (50
mM Tris–HCl pH 7.4, 150 mM NaCl, 0.5% sodium de-
oxycholate, cOmplete™ protease inhibitor cocktail (Roche))
using a handheld homogenizer. Total protein concen-
tration was measured using the BCA protein assay kit
(Thermo Fisher Scientific). Protein lysates were denatured
in Laemmli Buffer (63 mM Tris–HCl pH 6.8, 2% sodium
dodecyl sulfate (SDS), 0.1% �-mercaptoethanol, 10% glyc-
erol and 0.0005% bromophenol blue) for 10 min at 99◦C.
Equal amounts of protein were subjected to SDS-PAGE
and transferred to nitrocellulose membrane (GE Health-
care). Membranes were probed with indicated primary
antibodies diluted in Tris-buffered saline with Tween 20
(TBST) (50 mM Tris–HCl pH 7.6, 150 mM NaCl, 1%
Tween 20) with 5% milk overnight at 4◦C. After three
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washes with TBST, corresponding peroxidase-conjugated
secondary antibodies were added for 1 h at room temper-
ature (RT). Blots were washed three times with TBST and
treated with enhanced chemiluminescent reagent (Thermo
Fisher Scientific) followed by exposure on X-ray film
(Fuji super RX). Blots were scanned and quantified by
densitometry analysis with Fiji (19). The following pri-
mary and secondary antibodies were used: rabbit poly-
clonal anti-hnRNP R (1:2000, ab30930, Abcam), mouse
monoclonal anti-�-Actin (1:4000, GTX26276, GeneTex),
goat polyclonal anti-Calnexin (1:20 000, AB0037-200, Sic-
gen), mouse monoclonal anti-Gapdh (1:10 000, CB1001,
EMD Millipore), rabbit polyclonal anti-Histone H3 (1:10
000, ab1791, Abcam), mouse monoclonal anti-phospho-
Histone H2A.X (Ser139) (1:10 000, clone JBW301, Merck),
rat monoclonal anti-HA (1:10 000, clone 3F10, Roche),
rabbit monoclonal anti-Yb1 (1:5000, ab76149, Abcam),
goat anti-mouse IgG (1:10 000, 115-035-003, Jackson Im-
munoResearch), donkey anti-rabbit IgG (1:10 000, 711-035-
152, Jackson ImmunoResearch), mouse anti-rabbit IgG,
light chain-specific (1:10 000, 211-032-171, Jackson Im-
munoResearch), goat anti-rat IgG (1:10 000, 112-035-003,
Jackson ImmunoResearch), donkey anti-goat IgG (1:10
000, 705-035-003, Jackson ImmunoResearch) and VeriBlot
for IP Detection Reagent (HRP) (1:1000, ab131366, Ab-
cam).

Immunofluorescence staining and image acquisition

Motoneurons grown for 6 DIV on laminin-coated glass cov-
erslips were washed twice with phosphate-buffered saline
(PBS) (Thermo Fisher Scientific) to remove serum and de-
bris, then fixed in 4% methanol-free formaldehyde (Thermo
Fisher Scientific) for 15 min. Cells were then permeabi-
lized with 0.3% Triton X-100 in PBS for 20 min. After three
washes in PBS, blocking solution containing 15% goat or
donkey serum, depending on the species of the secondary
antibody, 2% BSA and 5% sucrose in PBS was applied onto
coverslips and incubated at RT for 1 h. Cells were incu-
bated overnight with primary antibodies diluted in block-
ing solution at 4◦C. Cells were washed three times with
PBS, incubated with appropriate fluorescently labeled sec-
ondary antibodies diluted in PBS for 1 h at RT. The fol-
lowing primary and secondary antibodies were used: rabbit
polyclonal anti-hnRNP R (1:1000, ab30930, Abcam), rab-
bit polyclonal anti-hnRNP R (1:1000, HPA026092, Sigma),
mouse monoclonal anti-phospho-Histone H2A.X (Ser139)
(1:1000, clone JBW301, Merck), rabbit monoclonal anti-
Yb1 (1:1000, ab76149, Abcam), mouse monoclonal �-
Tubulin (1:1000, 1111876, Roche), goat anti-rabbit (H + L;
Cy5, 1:500, A21070; Invitrogen), donkey anti-rabbit IgG
(H + L; Cy3, 1:500, 711-165-152, Jackson ImmunoRe-
search), goat anti-mouse IgG (H + L; Cy3, 1:500, 115–165–
146, Jackson ImmunoResearch), goat anti-mouse IgG1
(Alexa Fluor 488, 1:500, A21121, Thermo Fisher Scien-
tific), goat anti-mouse IgG (H + L; Cy5, 1:500, 115–
175–146; Jackson ImmunoResearch). Nuclei were counter-
stained with DAPI and coverslips were mounted on glass-
slides with Aqua Poly/Mount (18606, Polysciences). 16-bit
images with 800 × 800–pixel resolution were acquired with
an Olympus Fluoview 1000 confocal system equipped with

a 60× objective (oil, numerical aperture: 1.35). Images were
processed with Fiji. Maximum intensity projections were
created from 0.5 �m z-stacks. For intensity measurements,
identical image acquisition and processing settings were ap-
plied, and mean intensities were obtained.

High-resolution in situ hybridization

High-resolution fluorescence in situ hybridization (FISH)
was carried out following the manufacturer’s instructions
(Panomics) with minor modifications. Motoneurons grown
for 6 DIV were fixed with paraformaldehyde lysine phos-
phate (PLP) buffer (4% paraformaldehyde, 5% glucose, and
0.01 M sodium metaperiodate, pH 7.4) for 15 min at RT
and washed with RNase-free PBS. Cells were permeabilized
using the supplied detergent solution (Panomics) for 4 min
at RT and incubated with ViewRNA ISH probe sets for
murine 7SK diluted 1:100 in hybridization buffer for 3 h
at 40◦C. Following probe hybridization, cells were washed
with PBS and then subjected to sequential hybridization
with pre-amplifier DNA, amplifier DNA and label probe
oligonucleotides diluted 1:25 in corresponding buffers for 1
h each at 40◦C. Cells were then washed three times with the
supplied wash buffer at RT. Following FISH, immunostain-
ing was performed as described above.

Knockdown via lentiviral delivery of shRNA

To specifically knockdown the full-length hnRNP R iso-
form, shRNA oligonucleotides targeting Hnrnpr exon 2
were designed and cloned into a modified version of pSIH-
H1 shRNA vector (System Biosciences) expressing EGFP
according to the manufacturer’s instructions. Empty pSIH-
H1 expressing EGFP was used as control. The following an-
tisense sequences were used for shRNA cloning: shRNA-
FL-A: 5′-ATCAAGTCTTTCTGCCACC-3′, shRNA-FL-
B: 5′-TTCATCAAGTCTTTCTGCC-3′ and shRNA-FL-
C: 5′-TACCGCATTACCATTCACC-3′. An shRNA tar-
geting both hnRNP R isoforms was generated as pre-
viously described (7). To generate the rescue constructs,
shRNA oligonucleotides targeting the 3′ UTR of Hn-
rnpr were designed using the following antisense sequence:
5′-ATTTAAATGAGTAGGAGGC-3′. The following an-
tisense sequence was used for design of a shRNA tar-
geting Yb1: 5′-CCTGTAACATTTGCTGCCTCCGC-3′.
Lentiviral particles were packaged in HEK293TN cells
with pCMV-VSVG and pCMV�R8.91 helper plasmids
as described previously (20). Cells were transfected with
TransIT-293 (Mirus Bio) in Opti-MEM™ I Reduced Serum
Medium (Thermo Scientific) with 10% fetal calf serum for
12–14 h, and viral supernatants were harvested 72 h after
transfection by ultracentrifugation. For lentiviral knock-
down experiments, motoneurons and NSC-34 cells were in-
cubated with lentivirus for 10 min at RT before plating.

Expression plasmids

HA-tagged hnRNP R isoforms or deletion mutants were
overexpressed in HEK293TN cells as following. The cod-
ing sequences of hnRNP R-FL, hnRNP R-�N, hnRNP
R-�RRM, hnRNP R-�RGG or EGFP fused to a HA
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tag at the C-terminus were PCR-amplified and inserted
into pSIH-H1 digested with NheI and SalI using the
NEBuilder® HiFi DNA Assembly Cloning Kit (New Eng-
land Biolabs, USA). HEK293TN cells were transfected with
Lipofectamine 2000 Transfection Reagent (Thermo Fisher
Scientific) in Opti-MEM™ I Reduced Serum Medium. Cells
were harvested 24 h after transfection and processed for
western blot analysis.

The plasmids for rescue of hnRNP R-depleted motoneu-
rons were constructed by inserting sequences encoding
EGFP-tagged hnRNP R-FL or hnRNP R-�N into pSIH-
H1 containing a shRNA targeting the 3′ UTR of Hnrnpr.
For EGFP-tagged hnRNP R-FL, the exonic and intronic
portions of exon 1 to exon 3, the Hnrnpr coding sequence
from exon 4 onwards and the coding sequence of EGFP
were PCR-amplified and cloned into pSIH-H1 digested
with NheI and SalI using the NEBuilder® HiFi DNA As-
sembly Cloning Kit (New England Biolabs, USA). The
translation initiation codon located in exon 4, which nor-
mally gives rise to hnRNP R-�N, was mutated from ATG
to ACG, leading to exclusive expression of hnRNP R-FL
from this construct. For EGFP-tagged hnRNP R-�N, se-
quences encoding hnRNP R-�N and EGFP were PCR am-
plified and inserted into pSIH-H1 containing the Hnrnpr
shRNA.

Subcellular fractionation of NSC-34 cells

Subcellular fractionation was performed as previously de-
scribed (21) with the following modifications. NSC-34 cells
were seeded on a 10 cm cell culture dish and grown to 80–
90% confluency. Cells were washed once with ice-cold PBS
and incubated in 4 ml cytosolic fractionation buffer (10 mM
HEPES, 100 mM KCl, 5 mM MgCl2, 35 �g/ml digitonin)
on ice for 10 min. The extract was collected and centrifuged
at 2000 × g for 10 min at 4◦C. Following centrifugation, the
supernatant was collected as the cytosolic fraction (Cyt).
The cell culture dish was washed once with ice-cold PBS
and 4 ml nuclear fractionation buffer (10 mM HEPES, 100
mM KCl, 5 mM MgCl2, 0.5% NP-40) was added. The cell
lysate was collected, incubated on ice for 15 min and cen-
trifuged at 20 000 × g for 15 min at 4◦C. After centrifuga-
tion, chromatin-bound proteins were precipitated in the pel-
let. The supernatant containing organellar and nuclear lu-
minal proteins was collected as the nuclear soluble fraction
(Nuc). The pellet containing the chromatin-bound fraction
(Chr) was washed once with ice-cold PBS and dissolved in
4 ml RIPA buffer (50 mM Tris–HCl pH 8.0, 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), followed
by sonication at 100% amplitude, cycle 0.5, for 1 min on ice
with an Ultrasonic Processor UP50H/UP100H (Hielscher
Ultrasonics), and incubation with 1 U of Benzonase (Santa
Cruz Biotechnology) at 4◦C for 30 min on a rotator to allow
complete digestion of nucleic acids.

To investigate the RNA- and DNA-dependency of
chromatin-bound proteins, the protocol from (22) was used
with modifications. After removal of the cytosolic frac-
tion, cells were washed once with ice-cold PBS and lysed
in nuclear fractionation buffer. The nuclear lysate was dis-
tributed equally to 1.5 ml tubes and incubated on ice for
15 min. Samples were centrifuged at 20 000 × g for 15 min

at 4◦C, and supernatants were discarded. The pellets were
washed once with PBS and resuspended in equal amounts
of RIPA buffer. One aliquot was sonicated, treated with 1
U of Benzonase and incubated on a rotator at 4◦C for 30
min. For RNA digestion, samples were treated with RNase
A (Thermo Fisher Scientific) for 20 min at RT. As control,
RNase A was omitted.

Immunoprecipitation

NSC-34 cells were grown on a 10 cm dish to 80–90% con-
fluency. Cells were lysed in 1 ml of IP lysis buffer (50 mM
Tris–HCl pH 7.4, 140 mM NaCl, 1% Triton X-100, cOm-
plete™ protease inhibitor cocktail) supplemented with 1 U
of Benzonase on a rotator at 4◦C for 1 h. 20 �l of protein
A or G Dynabeads (Thermo Fisher Scientific) were washed
three times with IP lysis buffer and incubated with 2 �g of
antibody or IgG control in IP lysis buffer on a rotator at 4◦C
for 2 h. The following antibodies were used for immunopre-
cipitation: mouse monoclonal anti-Yb1 (sc-101198, Santa
Cruz Biotechnology), mouse monoclonal anti-phospho-
Histone H2A.X (Ser139) (clone JBW301, Merck) and nor-
mal mouse IgG (sc-2025, Santa Cruz Biotechnology). 400
�l of cell lysate was added to the antibody-bound beads
and incubated on a rotator at 4◦C overnight. Following in-
cubation, beads were separated from lysate on a magnetic
stand Beads were washed three times using IP buffer fol-
lowed by addition of 50 �l of 1 × Laemmli buffer and heat-
ing at 99◦C for 10 min. The eluate was separated from the
magnetic beads and transferred to a new reaction tube for
gel loading or stored at −20◦C until use.

RNA immunoprecipitation

NSC-34 cells were grown on 10 cm dish until 80–90% con-
fluency. Cells were lysed in 1 ml of IP lysis buffer (50
mM Tris pH 7.4, 140 mM NaCl, 1% Triton X-100, cOm-
plete™ protease inhibitor cocktail) on a rotator for 20 min
at 4◦C. 20 �l of protein G Dynabeads (Thermo Fisher Sci-
entific) were washed three times with IP lysis buffer and
incubated with 2 �g of antibody or IgG control in IP ly-
sis buffer on a rotator at 4◦C for 2 h. The following an-
tibodies were used for immunoprecipitation: mouse mon-
oclonal anti-Yb1 (sc-101198, Santa Cruz Biotechnology),
and normal mouse IgG (sc-2025, Santa Cruz Biotechnol-
ogy). 400 �l of cell lysate was added to the antibody-bound
beads and incubated on a rotator at 4◦C for 1 h. Fol-
lowing incubation, beads were separated from lysate on
a magnetic stand and 80 �l of IP lysis buffer was added
to the beads and mixed by pipetting up and down. 30 �l
of the mix were removed and used for protein extraction
by adding 6 �l 5 × Laemmli buffer and heating at 99◦C
for 10 min. Co-precipitated RNAs were isolated by adding
350 �l buffer A1 (NucleoSpin® RNA kit (Macherey-
Nagel)) and 350 �l ethanol to the remaining beads fol-
lowed by RNA extraction according to the manufacturer’s
instructions. Total RNA was used for reverse transcrip-
tion using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). In addition to primers against
Hnrnpr-FL and Hnrnpr-ΔN, the following primers were
used: Eef2: 5′-TGTCAGTCATCGCCCATGTG-3′ (For-
ward), 5′-CATCCTTGCGAGTGTCAGTGA-3′ (Reverse).
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Single cell gel electrophoresis (comet assay)

The alkaline comet assay was performed on motoneurons
under steady state conditions or after exposure to 9 Gy of
� -irradiation. The protocol from (23) was used with mod-
ifications. Comet slides were prepared the day before the
procedure, by immersion of superfrosted glass microscope
slides into 1% of regular melting agarose solution to form
a uniform layer. 50 000 motoneurons/well were plated in
a 48-well plate and grown for 6 DIV. Cultures were rinsed
once with PBS, treated with 0.05% trypsin (Thermo Fisher
Scientific) for 3 min and collected in 150 �l of NB medium
supplemented with horse serum and B27 to neutralize the
trypsin. Samples were mixed with 150 �l of 1% low melting-
point agarose (LMA) (final 0.5%) and immediately layered
on the pre-coated slides. The cell suspension-agarose mix-
ture was allowed to solidify at 4◦C before applying a sec-
ond layer of LMA. The slides were dipped in pre-chilled
lysis solution (1.2 M NaCl, 100 mM Na2EDTA, 0.26 M
NaOH, pH > 13) for 24 h at 4◦C. Slides were washed three
times for 20 min each in electrophoresis solution (2 mM
Na2EDTA, 0.03 M NaOH, pH 12.3) for DNA unwinding
and conversion of alkali-labile sites to single strand breaks,
then subjected to electrophoresis under constant current of
7 V for 25 min in the dark. The slides were then washed in
deionized water for 5 min. Comet slides were fixed with pre-
chilled methanol and allowed to air dry. DNA breaks were
visualized by staining with propidium iodide (0.1 mg/ml)
for 20 min, after which the slides were washed with water
and coverslipped. Image acquisition was performed using
the Olympus Fluoview 1000 confocal system with a 20× ob-
jective equipped with appropriate filters. Opencomet plugin
from Fiji (24) was used to assess DNA damage by measur-
ing comet tail moment.

Immunoprecipitation of hnRNP R complexes for mass spec-
trometry (#1 IP-MS)

Primary mouse motoneurons were cultured for 7 DIV with
a seeding density of 1 000 000 cells. The cultures were
washed three times with PBS and cells were lysed with IP
lysis buffer (50 mM Tris pH 7.4, 140 mM NaCl, 1% Triton
X-100, and cOmplete™ protease inhibitor cocktail). Beads
crosslinked to anti-hnRNP R antibody or control IgG were
added to the lysates and incubated for 5 h at 4◦C. Following
immunoprecipitation, beads were divided into two fractions
of equal volume. One fraction was washed three times with
wash buffer without Benzonase and the other three times
with Benzonase-containing wash buffer for 10 min each at
RT. This was followed by one washing of both fractions with
wash buffer without Benzonase. The washed beads were
eluted with elution buffer containing 0.1 M glycine, pH 2.5.
The eluted fraction was processed for mass spectrometry
analysis.

Immunoprecipitation of HA-tagged hnRNP R complexes
from transfected HEK293TN cells for mass spectrometry (#2
IP-MS)

HEK293TN cells were grown on six-well dishes until 80–
90% confluency and transfected with plasmids for expres-
sion of HA-tagged hnRNP R-FL, hnRNP R-�N or EGFP.

Twenty-four hours after transfection, cells were exposed to
� -irradiation as indicated and lysed in 1 ml of IP lysis buffer
(50 mM Tris pH 7.4, 140 mM NaCl, 1% Triton X-100, cOm-
plete™ protease inhibitor cocktail) in the absence or supple-
mented with 1 U of Benzonase on a rotator at 4◦C for 1 h.
10 �l of Pierce™ Anti-HA Magnetic Beads (Thermo Fisher
Scientific) were washed three times with IP lysis buffer and
cell lysate was added to the beads and incubated on a ro-
tator at 4◦C overnight. Following incubation, beads were
separated from lysate on a magnetic stand and washed four
times using IP buffer without Triton X-100. Beads were
snap-frozen in liquid N2 for mass spectrometry (MS) anal-
ysis. Experiments were performed in quadruplicates.

LC–MS/MS

Precipitated proteins were resuspended in 8 M urea (20 mM
HEPES pH 8), reduced with 10 mM DTT for 30 min fol-
lowed by alkylation of cysteines with 55 mM iodoacetamide
for 45 min. 1 �g of LysC was added for initial proteolysis of
proteins for 3 h at RT. Urea was diluted by a factor of five
with 50 mM ammonium bicarbonate and the mixture was
digested overnight with 1 �g trypsin. Proteomic workflows
for the first (#1 IP-MS) and second (#2 IP-MS) experi-
ments differed slightly due to optimizations in instrumenta-
tion and sample preparation procedures. Peptides were de-
salted via C18 StageTips (#1 IP-MS) or via SDB-RPS (#2
IP-MS) (25). Liquid chromatography (Thermo Scientific
EASY-nLC 1000 HPLC) with in-house packed columns (75
�m inner diameter, 30 cm (#1 IP-MS) or 50 cm (#2 IP-MS)
length, 1.9 �m C18 particles by Dr Maisch GmbH, Ger-
many) was used to separate peptides in a gradient increas-
ing the ratio of buffer B (acetonitrile, 0.5% formic acid) over
A (0.5% formic acid) in 180 min (#1 IP-MS) or 60 min (2#
IP-MS). Quadrupole Orbitrap mass spectrometers (Q Ex-
active for #1 IP-MS and Exploris 480 for #2 IP-MS, both
Thermo Fisher Scientific) were coupled to the HPLC sys-
tem via a nano electrospray source. The mass spectrometers
were operated in a data-dependent mode. The survey scan
range was set to 300 to 1650 m/z, with a resolution of 70
000 (#1 IP-MS) or 60 000 (#2 IP-MS). Up to the 10 most
abundant isotope patterns with a charge ≥2 were subjected
to HCD fragmentation at normalized collision energy of 27
(#1 IP-MS) or 30 (#2 IP-MS), an isolation window of 3 Th
(#1 IP-MS) or 1.4 Th (#2 IP-MS) and a resolution of 17
500 (#1 IP-MS) or 15 000 (#2 IP-MS). Data were acquired
using the Xcalibur software (Thermo Fisher Scientific).

Data analysis and statistics

The MaxQuant software (versions 1.2.2.0 and 1.2.3 for
#1 IP-MS and 1.6.0.15 for #2 IP-MS) (26) and An-
dromeda search engine (27) were employed to process
MS raw data searching against the mouse fasta database
(ipi.MOUSE.v3.68.) using standard settings (28). Protein
intensities were normalized with MaxLFQ (29) and filtered
for common contaminants, decoys and proteins only iden-
tified by site. Protein intensities are provided as Supplemen-
tal Table S1 (#1 IP-MS) and Table S2 (#2 IP-MS). For data
analysis and visualization, Perseus was used. MaxLFQ in-
tensities were log2-transformed and missing values were im-
puted with a normal distribution (width = 0.3; shift = 1.8).
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In case of #2 IP-MS, proteins were filtered for data com-
pleteness before imputation. Only proteins with at least
three out of four quantifications in at least one condition
(construct, irradiation, Benzonase treatment-specific) were
kept, other proteins were removed. Significantly enriched
proteins in pairwise interactome comparisons were deter-
mined by t-test statistics applying a permutation-based (250
permutations) false discovery rate of 5% and S0 of 0.1 (30).

Statistical analysis

Statistical analysis methods were performed using Graph-
Pad Prism 4.0. Methods are detailed in the figure legends.

RESULTS

The Hnrnpr gene encodes two hnRNP R protein isoforms
generated by alternative splicing

To characterize hnRNP R protein expression, we used
an antibody against the C-terminus of hnRNP R for im-
munoblot analysis of different mouse tissues. The highest
amounts of hnRNP R were detectable in the brain, spinal
cord, heart and lung, while only low amounts were observed
in the liver, kidney and spleen (Figure 1A). In all tissues
examined, two hnRNP R protein isoforms were detectable.
Immunoblot analysis of brain lysates from prenatal (embry-
onic day E13 and E18), newborn (postnatal day P5 and P12)
and adult (4 months (4M) and 7 months (7M)) mice showed
that both hnRNP R isoforms are expressed at all ages (Fig-
ure 1B). Visual inspection of the Hnrnpr locus in the UCSC
genome browser revealed that the Hnrnpr pre-mRNA un-
dergoes alternative splicing of exon 2 giving rise to two
protein-coding mRNAs (Figure 1C). The full-length 632-
amino acid protein (hnRNP R-FL), encoded by transcript
variant 1 (Ref-Seq: NM 028871.2), is produced from an
AUG translation initiation site located in exon 2 and con-
tains a N-terminally located acidic domain, three consen-
sus RNA-binding domains (RRM), a nuclear localization
signal (NLS), a RGG domain, and C-terminal cluster of
glutamine and asparagine residues (QN) (31). Upon exon 2
skipping (transcript variant 2, Ref-Seq: NM 001277123.1),
a downstream AUG translation initiation site within exon 4
is utilized giving rise to a N-terminally truncated 531-amino
acid protein (hnRNP R-�N).

It was originally thought that the N-terminally truncated
isoform results from proteolytic cleavage of the full-length
isoform (31). To address this possibility, constructs encod-
ing either hnRNP R-FL (pSIH-hnRNP R-FL-HA) or hn-
RNP R-�N (pSIH-hnRNP R-�N-HA) fused to an HA
tag were generated. Transfection of HEK293TN cells with
pSIH-hnRNP R-FL-HA led to expression of a single prod-
uct of around 70 kDa, as detected by an antibody against
HA (Figure 1D). No other band was observed indicating
that hnRNP R-FL does not undergo any proteolytic cleav-
age. Transfection with pSIH-hnRNP R-�N-HA produced
a band of 60 kDa, corresponding to the truncated isoform
(Figure 1D). These results suggest that the N-terminally
truncated isoform is not a cleavage product of the full-
length isoform in HEK293TN cells but rather produced by
exon 2 skipping of Hnrnpr pre-mRNA.

To further investigate alternative splicing of Hnrnpr, we
used exon-exon junction-spanning primers for specific de-
tection of the Hnrnpr-FL (exon 2 included) and Hnrnpr-
ΔN (exon 2 skipped) mRNA transcript isoforms by qPCR.
Absolute quantification of both isoforms across tissues re-
vealed that they are present at the highest levels in neu-
ronal tissues, such as cerebellum, brain and spinal cord (Fig-
ure 1E, F). Quantification of the Hnrnpr-FL-to-Hnrnpr-ΔN
isoform ratio showed that Hnrnpr-FL isoform is the pre-
dominant form in neuronal tissues and kidney, while both
isoforms share equal expression in heart, spleen and lung,
and the Hnrnpr-ΔN isoform predominates in the liver (Fig-
ure 1G). In brain, both the Hnrnpr-FL and Hnrnpr-ΔN
transcripts were expressed at higher levels during develop-
ment with peak expression at P5 (Figure 1H). At this age,
the Hnrnpr-FL transcript was strongly increased compared
to other ages whereas the Hnrnpr-ΔN isoform was only
moderately upregulated (Figure 1H). These data suggest
that hnRNP R-�N is a genuine isoform resulting from al-
ternative splicing of Hnrnpr and that hnRNP R-FL is of
particular importance in the nervous system during devel-
opment.

Generation and characterization of a mouse model for knock-
out of the full-length isoform of Hnrnpr

To investigate functions of hnRNP R-FL, we generated a
mouse model that allowed us to selectively deplete its ex-
pression. This Hnrnprtm1a/tm1a knockout mouse carries a
gene trap cassette in the Hnrnpr locus upstream of exon
3 that contains a splice acceptor (SA) from the engrailed-
2 (En2) gene, an internal ribosome entry site (IRES) that
directs the translation of �-galactosidase (LacZ), and a
SV40 polyadenylation (pA) signal (16) (Figure 2A, Sup-
plemental Figure S1A). Homozygous Hnrnprtm1a/tm1a mice
were viable, and the three genotypes (tm1a/tm1a, tm1a/+,
+/+) occurred according to the expected Mendelian ratio.
Hnrnprtm1a/tm1a mice developed without overt phenotypic
abnormalities or weight loss up to adulthood and remained
healthy at least up to 16 months of age (Supplemental Fig-
ure S1B).

The gene trap cassette inserted upstream of exon 3 is ex-
pected to abrogate Hnrnpr transcription through splicing
of exon 1 or exon 2 to the En2 splice acceptor followed by
termination of transcription through the SV40 pA signal
(Figure 2A). However, when we determined Hnrnpr expres-
sion levels by qPCR using primers annealing within its 3′
UTR we found that Hnrnpr mRNA levels were unchanged
in Hnrnprtm1a/tm1a mice (Figure 2B). Analysis of protein ex-
pression in brain lysates of P5 animals, using an antibody
against the C-terminus of hnRNP R, revealed that the hn-
RNP R-FL isoform was absent, while the hnRNP R-�N
isoform was still expressed in homozygous Hnrnprtm1a/tm1a

animals. Compared to heterozygous Hnrnprtm1a/+ and wild-
type Hnrnpr+/+ mice, levels of hnRNP R-�N were even in-
creased in brains of homozygous Hnrnprtm1a/tm1a mice (Fig-
ure 2C,D). Absence of hnRNP R-FL isoform and expres-
sion of hnRNP R-�N was also detectable in heart and kid-
ney of Hnrnprtm1a/tm1a mice, without any upregulation of
hnRNP R-�N in these tissues compared to wildtype mice
(Supplemental Figure S1C).
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Figure 1. The Hnrnpr gene encodes two hnRNP R protein isoforms generated by alternative splicing. (A) Western blot analysis of hnRNP R isoforms
using a C-terminal-specific antibody performed on tissue lysates from P5 wildtype mice. Equal protein loading in individual lanes was verified by probing
with an antibody against �-Actin. (B) Western blot analysis of hnRNP R on brain lysates prepared from wildtype mice of different ages using the C-
terminal-specific hnRNP R antibody. Equal protein loading in individual lanes was verified by probing with an antibody against Gapdh. (C) Schematic
representation of the murine Hnrnpr locus that gives rise to a full-length Hnrnpr-FL mRNA and an exon 2-skipped Hnrnpr-ΔN mRNA produced by
alternative splicing. Full-length hnRNP R-FL and N-terminally truncated hnRNP R-�N isoforms are shown. Protein domains are depicted as colored
boxes: RRM (RNA-Recognition Motif), NLS (Nuclear Localization Signal), RGG (Arg-Gly-Gly box), and Q/N (Gln/Asn-rich domain). Constitutive
exons are represented by gray boxes. Exon 2 (red box) is alternatively spliced. Introns are represented by horizontal lines. (D) Western blot analysis of
lysates from HEK293TN cells transfected with plasmid constructs for expression of HA-tagged hnRNP R-FL and hnRNP R-�N. Total lysates were
derived from HEK293TN cells 48 h after transfection with the indicated plasmid, and probed with anti-hnRNP R or anti-HA antibodies. GAPDH was
probed as loading control. (E, F) Absolute copy numbers of Hnrnpr-FL (E) and Hnrnpr-ΔN (F) mRNA isoforms in tissues from P5 wildtype mice. Exon
junction-spanning primers were used to measure isoform expression by qPCR. 7SL was used for normalization. Data are mean ± Standard Deviation (SD)
(n = 3 animals). (G) Ratio of Hnrnpr-FL to Hnrnpr-ΔN isoform expression measured by qPCR. Data are mean ± SD (n = 3 animals). Statistical analysis
was performed using a one-sample t-test comparing the ratios to a hypothetical mean of 1; *P ≤ 0.05, **P ≤ 0.01. (H) qPCR analysis of Hnrnpr-FL and
Hnrnpr-ΔN isoform expression in brains of wildtype mice of different ages. The Gapdh transcript was used for normalization. Data are mean ± SD (n = 3
animals). Statistical analysis was performed using two-way ANOVA followed by Bonferroni post-hoc test; **P ≤ 0.01.
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Figure 2. A mouse model for knockout of the full-length isoform of Hnrnpr. (A) Schematic representation of the targeting strategy for disruption of the
Hnrnpr locus. A gene-trap cassette containing a splice acceptor (SA) from the engrailed-2 (En2) gene, an internal ribosome entry site (IRES) directing the
translation of a reporter (LacZ) and a SV40 polyadenylation sequence (pA) was inserted upstream of Hnrnpr exon 3. In Hnrnprtm1a/tm1a mice, splicing of
exon 1 or exon 2 to En2 generates transcripts that terminate at the SV40 pA site (Transcripts 1 and 2). Utilization of a cryptic 5′ splice site in En2 results
in a stable transcript (Transcript 3) with insertion of 115 nucleotides of En2 between exons 2 and 3 of Hnrnpr-ΔN mRNA. (B) qPCR analysis of total
Hnrnpr (Hnrnpr-FL + Hnrnpr-ΔN) levels using primers specific to the 3′ UTR in brains of P5 Hnrnpr+/+,Hnrnprtm1a/+ and Hnrnprtm1a/tm1a mice. Data are
mean ± SD (n = 4 animals). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test; n.s., not significant.
(C) Western blot analysis of brain lysates obtained from P5 Hnrnpr+/+, Hnrnprtm1a/+ and Hnrnprtm1a/tm1a mice using an antibody against the C-terminal
domain of hnRNP R. Gapdh was used as loading control. (D) Quantification of western blot data in (C). The expression of each isoform is presented as the
percentage of total. Data are mean ± SD (n = 4 animals). (E) RT-PCR analysis of RNA from brains of P5 Hnrnpr+/+, Hnrnprtm1a/+ and Hnrnprtm1a/tm1a

mice using primers within Hnrnpr exon 1 and 3. Schematic representations of observed amplicons are shown. (F) Sequence of the chimeric Hnrnpr-ΔN-En2
splice product detected in (E) containing exon 1, 115 nucleotides of En2 and Hnrnpr exon 3.

To determine the molecular basis underlying expression
of the hnRNP R-�N isoform in Hnrnprtm1a/tm1a mice, we
performed RT-PCR using primers located in exon 1 and
exon 3. PCR products corresponding to the Hnrnpr-FL and
Hnrnpr-ΔN isoform were detectable in wildtype and het-
erozygous mice (Figure 2E). An additional amplicon was
obtained in heterozygous and homozygous animals. Se-

quencing of this amplicon revealed a cryptic donor splice
site within the En2 exon located 115 nucleotides down-
stream of the acceptor splice site. As a result, the En2 exon
was spliced to Hnrnpr exon 3, thereby skipping the SV40
pA signal (Figure 2A). When Hnrnpr exon 2 is skipped,
this chimeric transcript containing the En2 sequence would
still give rise to the hnRNP R-�N isoform, which uti-
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lizes the translation initiation codon in exon 4. In con-
trast, for the Hnrnpr-FL isoform, inclusion of the En2
exon is predicted to cause a frameshift in the coding se-
quence generating a premature termination codon in exon
3, which would render these transcripts prone to nonsense-
mediated mRNA decay. We validated the production of
this chimeric exon1-En2-exon3 aberrant splice product in
Hnrnprtm1a/tm1aand Hnrnprtm1a/+ by 5′ rapid amplification
of cDNA ends (RACE) (Figure 2F). Taken together, our re-
sults indicate that expression of the hnRNP R-FL isoform
is selectively abolished while expression of hnRNP R-�N
is retained in Hnrnprtm1a/tm1amice giving rise to an isoform-
specific Hnrnpr knockout mouse model.

Depletion of full-length hnRNP R leads to upregulation of the
hnRNP R-�N isoform

The increased expression of hnRNP R-�N in brains of
Hnrnprtm1a/tm1a mice compared to wildtype mice (Figure
2C, D) may reflect a compensatory response to the deple-
tion of the full-length isoform. To investigate this further,
we performed qPCR using junction-spanning primers and
measured levels of the four possible splice variants by ab-
solute quantification using standard curves (Supplemental
Figure S2). In brains of wildtype mice, the copy numbers of
the endogenous Hnrnpr-FL and Hnrnpr-ΔN isoforms were
73 ± 13 and 29 ± 7 copies, respectively, per 1000 copies
of Gapdh (Figure 3A) in accordance with the immunoblot
analysis (Figure 2C). In brains of Hnrnprtm1a/tm1a animals,
the endogenous Hnrnpr-FL and Hnrnpr-ΔN transcript iso-
forms were nearly absent and only the chimeric En2-
containing transcripts were detectable. While we detected
only low levels of the chimeric Hnrnpr-FL isoform, the
chimeric Hnrnpr-ΔN mRNA isoform was much more abun-
dant with a copy number of 83 ± 5 copies per 1000 copies of
Gapdh (Figure 3A). Thus, compared to the Hnrnpr-ΔN iso-
form in wildtype mice, the chimeric Hnrnpr-ΔN mRNA was
upregulated 2.8-fold in Hnrnprtm1a/tm1a mice. These findings
suggest that the increased levels of hnRNP R-�N protein
in Hnrnprtm1a/tm1a mice are the result of increased amounts
of the corresponding chimeric En2-containing Hnrnpr-ΔN
mRNA. In order to address whether the increase in hnRNP
R-�N in Hnrnprtm1a/tm1a mice was due to an elevation in
transcription, we performed qPCR using primers annealing
to intron 1 of Hnrnpr pre-mRNA transcripts. Our results
revealed no difference in Hnrnpr pre-mRNA levels between
Hnrnpr+/+, Hnrnprtm1a/+ and Hnrnprtm1a/tm1a mice (Figure
3B) indicating that the observed upregulation of the hnRNP
R-�N isoform in knockout animals is not due to an eleva-
tion in the transcription rate.

We next tested if the upregulation of Hnrnpr-ΔN mRNA
isoform could be recapitulated by selective knockdown
of the Hnrnpr-FL isoform in cultured primary mouse
motoneurons. To this end, we designed three different
short hairpin RNAs (shRNAs), designated shRNA-FL-A,
shRNA-FL-B and shRNA-FL-C, targeting exon 2 of the
Hnrnpr-FL isoform. As positive control, we used an shRNA
(shRNA-FL+�N) targeting exon 3 to deplete both mRNA
isoforms (7). Following lentiviral transduction with these
shRNAs, motoneurons were cultured for 7 days in vitro
(DIV) and levels of Hnrnpr-FL (Figure 3C) and Hnrnpr-ΔN

(Figure 3D) mRNA isoforms were measured by qPCR. As
expected, when using the shRNA targeting exon 3, the ex-
pression of both isoforms was reduced. In contrast, selective
shRNA-mediated depletion of the full-length isoform led to
upregulation of the Hnrnpr-ΔN isoform. This effect was de-
pendent on the efficiency of the full-length isoform knock-
down achieved by the shRNAs. The upregulation of the
hnRNP R-�N isoform following knockdown of the full-
length mRNA was also detectable at the protein level (Fig-
ure 3E). These data from cultured motoneurons thus reca-
pitulate our observations made in brains of Hnrnprtm1a/tm1a

mice, further indicating that absence of hnRNP R-FL re-
sults in a compensatory post-transcriptional increase of the
levels of the Hnrnpr-ΔN isoform in neurons.

The hnRNP R-�N isoform is sufficient to support axon
growth in primary motoneurons

It has previously been shown that depletion of both hnRNP
R isoforms in mouse primary motoneurons leads to defects
in axon growth accompanied by reduced axonal transport
of β-actin mRNA (4) and 7SK RNA (5). To dissect the
role of hnRNP R-FL in these processes, we cultured mo-
toneurons from Hnrnprtm1a/tm1a mice and investigated axon
growth and RNA localization. Similar to our observations
in brain lysates (Figure 2C), immunoblot analysis of mo-
toneurons derived from Hnrnprtm1a/tm1a mice revealed loss
of hnRNP R-FL and enhanced expression of hnRNP R-
�N compared to motoneurons from Hnrnpr+/+ mice (Fig-
ure 4A). Immunostaining with an antibody against the N-
terminus of hnRNP R confirmed depletion of the full-
length isoform in motoneurons from Hnrnprtm1a/tm1a mice
(Figure 4B). Using an antibody against the C-terminus of
hnRNP R, we found that the distribution of the hnRNP
R-�N isoform in knockout motoneurons was similar to
the distribution of both isoforms in wildtype motoneu-
rons, with a strong immunosignal in the nucleus and less
staining in the cytoplasm (Figure 4B and C). Survival of
Hnrnprtm1a/tm1a motoneurons cultured for 7 DIV was de-
pendent on the neurotrophic factor BDNF but did not dif-
fer from that of wildtype motoneurons (Figure 4D). Quan-
tification of the axon length of motoneurons grown for 7
DIV showed that depletion of hnRNP R-FL had no effect
on axon growth (Figure 4E), in contrast to the axon elon-
gation defects observed upon suppression of both hnRNP
R isoforms (4) (Supplemental Figure S3A). We also did not
observe any changes in growth cone size in motoneurons
from Hnrnprtm1a/tm1a mice compared to wildtype motoneu-
rons (Figure 4F). Thus, motoneuron development in vitro
appears unperturbed following loss of hnRNP R-FL.

We previously showed that knockdown of hnRNP R in
primary mouse motoneurons reduced the axonal transloca-
tion of 7SK, the top RNA interactor of hnRNP R (5). To in-
vestigate if depletion of the hnRNP R-FL isoform alone in-
terferes with the axonal localization of 7SK, we performed
high-resolution in situ hybridization on Hnrnprtm1a/tm1a and
wildtype motoneurons grown for 6 DIV. Quantification of
7SK punctae revealed that 7SK translocation into axons
was not disturbed in motoneurons from Hnrnprtm1a/tm1a

mice (Figure 4G and H), while it was severely altered when
we used lentiviral knockdown of both hnRNP R isoforms
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Figure 3. Depletion of full-length hnRNP R results in an up-regulation of the hnRNP R-�N isoform. (A) Absolute mRNA copy numbers of wildtype
and chimeric Hnrnpr isoforms normalized to copies of Gapdh in brains of Hnrnpr+/+,Hnrnprtm1a/+ and Hnrnprtm1a/tm1a mice. Data are mean ± SD (n = 4
animals). (B) qPCR analysis of Hnrnpr pre-mRNA levels using primers specific to intron 1 in brains of Hnrnpr+/+, Hnrnprtm1a/+ and Hnrnprtm1a/tm1a

mice. Data are mean ± SD (n = 4 animals). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test; n.s.,
not significant. (C, D) qPCR analysis of Hnrnpr-FL (C) or Hnrnpr-ΔN (D) levels in primary motoneurons transduced with an shRNA against exon 3
for depletion of both hnRNP R isoforms (shRNA-FL+�N), or with different shRNAs against exon 2 for depletion of the full-length hnRNP R isoform
(shRNA-FL-A, shRNA-FL-B and shRNA-FL-C). Absolute copy numbers of Hnrnpr-FL (C) and Hnrnpr-ΔN (D) mRNA isoforms were normalized to
absolute copies of Gapdh, controls were set to 1. Data are mean ± SD (n = 4 independent experiments). Statistical analysis was performed using one-way
ANOVA followed by Tukey’s multiple comparison test; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. (E) Western blot analysis of hnRNP R isoforms using a
C-terminal-specific antibody performed on motoneurons transduced with control lentivirus or with lentiviruses for expression of the indicated shRNAs.
Gapdh was used as loading control.

(5) (Supplemental Figure S3B and 3C). Taken together, our
results suggest that the N-terminal domain of hnRNP R is
dispensable for its function in axon elongation and axonal
RNA transport in motoneurons.

hnRNP R binds to chromatin

After having shown that hnRNP R-�N can compensate for
loss of hnRNP R-FL with respect to its cytosolic functions,
we next focused on its nuclear roles. To do so, we first in-
vestigated whether the nuclear pool of hnRNP R is associ-
ated with chromatin or with particles that are freely solu-
ble in the nucleosol. For this purpose, we used subcellular
fractionation, which allowed us to assess the levels of hn-

RNP R in the cytosolic fraction (Cyt), the fraction contain-
ing organellar and nuclear soluble particles (Nuc), and the
chromatin-bound fraction (Chr). The latter was obtained
by treating the insoluble nuclear pellet with Benzonase, an
endonuclease that degrades both DNA and RNA, to release
proteins from chromatin. The effectiveness of the fraction-
ation protocol was confirmed by immunoblot analysis of
Gapdh as cytosolic marker for the Cyt fraction, Calnexin
as organellar marker for the Nuc fraction, and histone H3
as chromatin marker for the Chr fraction (Figure 5A). Con-
sistent with our immunofluorescence experiments, only a
small percentage of hnRNP R was present in the Cyt frac-
tion while most hnRNP R was detectable in the Nuc and
Chr fractions. Among these, the majority of hnRNP R was
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Figure 4. The hnRNP R-�N isoform is sufficient to support axon growth in primary motoneurons. (A) Western blot analysis of lysates from Hnrnpr+/+

and Hnrnprtm1a/tm1a motoneurons cultured for 7 DIV, probed with an antibody against the C-terminus of hnRNP R. Gapdh was used as loading control.
(B) Representative images of primary motoneurons cultured for 7 DIV and immunostained with antibodies against the C-terminal or N-terminal domain
of hnRNP R, and with an antibody against �-Tubulin. Scale bars: 5 �m. (C) Quantification of mean fluorescence intensity of the hnRNP R immunosignal
obtained with the C-terminal-specific antibody in motoneurons shown in (B). Data are mean ± SD (n = 3 independent experiments; N = 30 motoneurons
each for Hnrnpr+/+ and Hnrnprtm1a/tm1a). Statistical analysis was performed using two-way ANOVA followed by Bonferroni post-hoc test; n.s., not sig-
nificant. (D) Quantification of the survival of motoneurons at 7 DIV as percentage of the number of motoneurons at 1 DIV, in the presence or absence of
BDNF. Data are mean ± SD (n = 3 independent experiments; motoneurons were from N = 4 embryos each for Hnrnpr+/+ and Hnrnprtm1a/tm1a). Statistical
analysis was performed using two-way ANOVA followed by Bonferroni post-hoc test; n.s., not significant. (E) Box-and-Whisker plots of the axon lengths
of motoneurons cultured for 7 DIV. Data are mean ± SD (n = 3 independent experiments; N = 461 motoneurons for Hnrnpr+/+ and N = 502 motoneu-
rons for Hnrnprtm1a/tm1a). Statistical analysis was performed using the Mann–Whitney test; n.s., not significant. (F) Box-and-Whisker plots of growth cone
sizes of motoneurons cultured for 7 DIV. Data are mean ± SD (n = 3 independent experiments; N = 73 growth cones for Hnrnpr+/+ and N = 86 growth
cones for Hnrnprtm1a/tm1a). Statistical analysis was performed using the Mann–Whitney test; n.s., not significant. (G) Representative images showing 7SK
RNA labeling by in situ hybridization and immunostaining for hnRNP R in motoneurons derived from Hnrnpr+/+ and Hnrnprtm1a/tm1a mice. Arrowheads
show 7SK-positive punctae. Scale bars: 5 �m. (H) Box-and-Whisker plots of the number of 7SK-positive punctae in axons of motoneurons cultured for 6
DIV. Data are mean ± SD (n = 3 independent experiments; N = 48 axons for Hnrnpr+/+ and N = 55 axons for Hnrnprtm1a/tm1a). Statistical analysis was
performed using the Mann–Whitney test; n.s., not significant.
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Figure 5. Increased DNA damage and impaired DDR in Hnrnprtm1a/tm1a motoneurons. (A) Western blot analysis of subcellular fractions from control
motoneurons (0 Gy) or motoneurons subjected to � -irradiation (9 Gy). Motoneurons were fractioned into cytosolic (Cyt), nuclear soluble (Nuc) and
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present in the Chr fraction (Figure 5A and Supplemental
Figure S4A and S4B).

The enrichment of hnRNP R in the Chr fraction could be
the result of its binding to nascent transcripts, which are still
tethered to DNA. To address this possibility, we treated the
insoluble nuclear pellet with RNase A to release proteins
that are bound to chromatin in a RNA-dependent manner
(Figure 5B). Following centrifugation, the supernatant con-
tains solubilized proteins, while the pellet contains proteins
bound tightly to chromatin. These experiments were per-
formed with the mouse neuronal cell line NSC-34, which
has been described previously as having motoneuron-like
properties (32). We validated the specificity of the proce-
dure by omission of RNase A, which caused pelleting of
hnRNP R and histone H3 into the insoluble fraction, and
by treatment with Benzonase, upon which hnRNP R and
histone H3 were released into the supernatant. While his-
tone H3 remained in the insoluble fraction with increasing
amounts of RNase A, a subset of hnRNP R was released
from chromatin into the supernatant. However, even at very
high concentration of RNase A (100 �g/ml), a major frac-
tion of hnRNP R remained anchored to chromatin. These
results suggest that the association of hnRNP R with chro-
matin is only partly dependent on RNA and might involve
protein contacts.

Loss of full-length hnRNP R impairs DNA damage repair

Interaction of hnRNP R with chromatin might be mediated
through association with histones. In support of this no-
tion, proteomic studies on hepatocellular carcinoma cells

have identified hnRNP R as candidate interactor of the hi-
stone variant H2AX (33,34). H2AX regulates several pro-
cesses related to chromatin such as nucleosome formation
and chromatin-remodeling, but also plays a major role in
DDR following occurrence of double-strand breaks (DSBs)
(35). Upon DNA damage, H2AX is rapidly phosphorylated
at Ser 139 (� -H2AX) in the vicinity of DNA breaks, which
triggers the recruitment of DNA repair proteins. To inves-
tigate whether hnRNP R associates with � -H2AX, we ex-
posed NSC-34 cells to � -irradiation (9 Gy) and immunopre-
cipitated � -H2AX from nuclear extracts pre-treated with
Benzonase. Immunoblot analysis showed that hnRNP R
co-precipitated with � -H2AX after exposure to irradiation
(Figure 5C). Our data thus identify � -H2AX as interaction
partner for hnRNP R suggesting that hnRNP R might play
a role in DNA repair.

To assess if loss of the hnRNP R-FL isoform im-
pairs DNA damage repair, we exposed Hnrnprtm1a/tm1a and
Hnrnpr+/+ motoneurons grown for 6 DIV to � -irradiation
(9 Gy) and measured DSBs by comet assay under alka-
line conditions. Without irradiation, the mean tail moment
did not differ between Hnrnpr+/+and Hnrnprtm1a/tm1a mo-
toneurons and was low due to absence of any overt DNA
damage (Figure 5D and E). However, upon exposure to � -
irradiation, nuclei of Hnrnprtm1a/tm1a motoneurons showed
a significantly increased tail moment compared to nuclei of
Hnrnpr+/+motoneurons (Figure 5D and E), indicating that
loss of hnRNP R-FL leads to enhanced DNA damage that
cannot be compensated by hnRNP R-�N.

To substantiate these findings, we assessed � -H2AX lev-
els during recovery from � -irradiation in Hnrnprtm1a/tm1a

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
chromatin-bound (Chr) fractions. Fractions were probed with the indicated antibodies. (B) Western blot analysis of chromatin fractions of NSC-34 cells
incubated with Benzonase (Bn) or the indicated amounts of RNase A and separated into supernatant and pellet by centrifugation. (C) Immunoprecipitation
of � -H2AX from nuclear fractions of control (0 Gy) or irradiated (9 Gy) NSC-34 cells. Proteins were analyzed by western blot using antibodies against � -
H2AX or hnRNP R. In, input; IP, immunoprecipitation. (D) Representative images of alkaline comet assays performed on Hnrnpr+/+ and Hnrnprtm1a/tm1a

motoneurons cultured for 6 DIV under control conditions (0 Gy) and after exposure to � -irradiation (9 Gy). (E) Quantification of comet mean tail moments.
Data are mean ± SD (n = 3 independent experiments; N = 71 nuclei for Hnrnpr+/+ (0 Gy), N = 55 nuclei for Hnrnpr+/+ (9 Gy), N = 82 nuclei for
Hnrnprtm1a/tm1a (0 Gy) and N = 76 nuclei for Hnrnprtm1a/tm1a (9 Gy)). Statistical analysis was performed using two-way ANOVA followed by Bonferroni
post-hoc test; **P ≤ 0.01. (F) Representative images of � -H2AX immunofluorescence staining of Hnrnpr+/+ and Hnrnprtm1a/tm1a motoneurons under
non-irradiated conditions (0 Gy) or after exposure to � -irradiation (9 Gy) followed by the indicated recovery time. Scale bar: 5 �m. (G) Quantification of
nuclear � -H2AX immunostaining shown in (F). Data are mean ± SD (n = 4 independent experiments; N = 38 nuclei for Hnrnpr+/+ (0 Gy), N = 40 nuclei
for Hnrnpr+/+ (9 Gy, 3 min recovery), N = 40 nuclei for Hnrnpr+/+ (9 Gy, 10 min recovery), N = 41 nuclei for Hnrnpr+/+ (9 Gy, 30 min recovery), N = 40
nuclei for Hnrnpr+/+ (9 Gy, 24 h recovery), N = 42 nuclei for Hnrnprtm1a/tm1a (0 Gy), N = 39 nuclei for Hnrnprtm1a/tm1a (9 Gy, 3 min recovery), N = 41 nuclei
for Hnrnprtm1a/tm1a (9 Gy, 10 min recovery), N = 40 nuclei for Hnrnprtm1a/tm1a (9 Gy, 30 min recovery) and N = 39 nuclei for Hnrnprtm1a/tm1a (9 Gy, 24 h
recovery)). Statistical analysis was performed using two-way ANOVA followed by Bonferroni post-hoc test; **P ≤ 0.01, ***P ≤ 0.001. (H) Western blot
analysis of hnRNP R levels in cultured motoneurons transduced with control or shRNA against both hnRNP R isoforms (shRNA-FL+�N). Gapdh was
used as loading control. (I) Representative images of alkaline comet assay performed on motoneurons transduced with control and shRNA-FL+�N under
non-irradiated conditions (0 Gy) or after exposure to � -irradiation (9 Gy). (J) Quantification of comet mean tail moments. Data are mean ± SD (n = 3
independent experiments; N = 32 nuclei for Control (0 Gy), N = 29 nuclei for Control (9 Gy), N = 37 nuclei for shRNA-FL+�N (0 Gy) and N = 30 nuclei for
shRNA-FL+�N (0 Gy)). Statistical analysis was performed using two-way ANOVA followed by Bonferroni post-hoc test; **P ≤ 0.01. (K) Representative
images of � -H2AX immunofluorescence staining of control and shRNA-FL+�N-transduced motoneurons under non-irradiated conditions (0 Gy) or
after exposure to � -irradiation (9 Gy) followed by the indicated recovery time. EGFP was used as a marker to identify transduced cells. Scale bar: 5 �m.
(L) Quantification of nuclear � -H2AX immunostaining in (K). Data are mean ± SD (n = 3 independent experiments; N = 34 nuclei for control (0 Gy),
N = 32 nuclei for control (9 Gy, 10 min recovery), N = 22 nuclei for control (9 Gy, 24 h recovery), N = 21 nuclei for shRNA-FL+�N (0 Gy), N = 33 nuclei
for shRNA-FL+�N (9 Gy, 10 min recovery), N = 36 nuclei for shRNA-FL+�N (9 Gy, 24 h recovery)). Statistical analysis was performed using two-
way ANOVA followed by Bonferroni post-hoc test; ***P ≤ 0.001. (M) Representative images of � -H2AX immunofluorescence staining of motoneurons
transduced with control, shRNA-FL+�N, shRNA-FL+�N; �N(OE) or shRNA-FL+�N; FL(OE) constructs under non-irradiated conditions (0 Gy)
or after exposure to � -irradiation (9 Gy) followed by 10 min recovery. EGFP was used as a marker to identify cells transduced with the control or shRNA-
FL+�N construct. The rescue constructs shRNA-FL+�N; �N(OE) and shRNA-FL+�N; FL(OE) expressed EGFP-tagged hnRNP R-�N or hnRNP
R-FL, respectively, in addition to an shRNA targeting both endogenous hnRNP R isoforms. Scale bar: 5 �m. (N) Quantification of nuclear � -H2AX
immunostaining in (M). Data are mean ± SD (n = 3 independent experiments; N = 25 nuclei for control (0 Gy), N = 25 nuclei for control (9 Gy), N = 25
nuclei for shRNA-FL+�N (0 Gy), N = 25 nuclei for shRNA-FL+�N (9 Gy), N = 25 nuclei for shRNA-FL+�N; �N(OE) (0 Gy), N = 25 nuclei for
shRNA-FL+�N; �N(OE) (9 Gy), N = 25 nuclei for shRNA-FL+�N; FL(OE) (0 Gy) and N = 25 nuclei for shRNA-FL+�N; FL(OE) (9 Gy)). Statistical
analysis was performed using two-way ANOVA followed by Bonferroni post-hoc test; ***P ≤ 0.001.



12298 Nucleic Acids Research, 2021, Vol. 49, No. 21

and Hnrnpr+/+ motoneurons. Since quantification of indi-
vidual � -H2AX foci was not feasible due to clustering, we
measured average fluorescence intensity within cell nuclei.
Without irradiation, only very low levels of � -H2AX were
detectable in nuclei of motoneurons of both genotypes (Fig-
ure 5F and G). After exposure to 9 Gy of � -irradiation, the
� -H2AX signal reached a peak at 10 min post-irradiation
and then decreased gradually. After 10 and 30 min recov-
ery, we observed an increased � -H2AX immunosignal in
Hnrnprtm1a/tm1a compared to Hnrnpr+/+motoneurons (Fig-
ure 5F and G). When we extended the recovery time to 24 h,
nuclear � -H2AX levels returned to their basal state in mo-
toneurons of both genotypes (Figure 5F and G). DSBs and
� -H2AX levels were also increased in Hnrnprtm1a/tm1a rela-
tive to Hnrnpr+/+motoneurons 10 min after treatment with
10 �M of the DSB-inducing topoisomerase II inhibitor
etoposide for 14 h (Supplemental Figure S4C–F).

Next, we assessed the extent of DNA damage in mo-
toneurons when both hnRNP R isoforms were depleted.
For this purpose, we transduced motoneurons with a
shRNA targeting both isoforms, leading to a 90% reduc-
tion in hnRNP R-FL and 70% reduction in hnRNP R-�N
isoforms levels (Figure 5H and Supplemental Figure S4G).
Following irradiation and recovery for 10 min, motoneu-
rons depleted of both hnRNP R isoforms showed increased
comet tail moments (Figure 5I and J) and � -H2AX levels
(Figure 5K and L) compared to control motoneurons. Sim-
ilarly, motoneurons depleted of both hnRNP R isoforms
showed increased � -H2AX levels 10 min after treatment
with 10 �M of etoposide for 14 h (Supplemental Figure
S4H and I). Importantly, the extent of DNA damage in hn-
RNP R knockdown motoneurons relative to controls after
10 min of recovery was similar to the alterations we ob-
served in Hnrnprtm1a/tm1a relative to Hnrnpr+/+ motoneu-
rons. This finding suggests that the DNA repair capability
of hnRNP R is mostly carried out by the full-length iso-
form. To further address this possibility, we performed res-
cue experiments to assess the ability of the hnRNP R-FL or
hnRNP R-�N isoform to prevent the increase in � -H2AX
levels observed in irradiated motoneurons depleted of both
isoforms. We found that while expression of EGFP-tagged
hnRNP R-FL resulted in � -H2AX levels in irradiated hn-
RNP R-FL+�N knockdown motoneurons similar to con-
trols, expression of EGFP-tagged hnRNP R-�N did not re-
duce � -H2AX levels following depletion of both hnRNP R
isoforms (Figure 5M and N). Taken together, these results
suggest that loss of hnRNP R-FL delays the repair of DNA
breaks, indicating that the N-terminal domain of hnRNP R
is required for efficient DDR signaling.

Yb1 interacts with full-length hnRNP R and regulates DNA
repair in motoneurons

To obtain mechanistic insights into the role of hnRNP R
in DNA damage repair, we investigated the protein inter-
actome of hnRNP R in motoneurons. We immunopurified
hnRNP R complexes from cultured embryonic motoneu-
rons using an antibody against the C-terminus of hnRNP R
and identified proteins by mass spectrometry. We detected
77 proteins significantly enriched in the hnRNP R immuno-
precipitate relative to IgG control (Figure 6A and Supple-

mental Table S1). Among these, hnRNP R was the top hit
indicating the specificity of the procedure. Analysis of hn-
RNP R interactors revealed several RBPs in agreement with
its role as mRNP component. Among these, we detected hn-
RNP U, Taf15, hnRNP A1, hnRNP A3, hnRNP Q, hnRNP
C and Fus, which have previously been found to associate
with hnRNP R (10,36,37).

To identify protein interactions that are not mediated via
nucleic acids, we additionally performed the immunopre-
cipitation in the presence of Benzonase and analysed the
interactors by mass spectrometry. The number of proteins
associated with hnRNP R after Benzonase treatment was
much lower compared to when nucleic acids were left in-
tact (Figure 6B). Nevertheless, under both conditions we
found Msy1, also known as Y-box binding protein 1 (Yb1),
as major interactor of hnRNP R (Figure 6A and B). Yb1
is a RNA/DNA-binding protein involved in a wide vari-
ety of cellular functions in both the nucleus and the cyto-
plasm, including DNA repair (38). In order to investigate
which region of hnRNP R is involved in binding to Yb1, we
expressed HA-tagged hnRNP R-FL, hnRNP R-�N, and
mutants with deletion of the RRM (hnRNP R-�RRM)
or RGG domain (hnRNP R-�RGG) in HEK293TN cells.
The Nuclear Localization Signal (NLS) was preserved in
all constructs. As control, we used untransfected cells and
cells transfected with HA-tagged EGFP. Following pull-
down with anti-HA beads, Yb1 association with hnRNP
R was reduced slightly in the absence of the N-terminus,
but more prominently in the absence of the RRM domain.
Thus, its N-terminal acidic domain and its RNA-binding
capability contribute to the association of hnRNP R with
Yb1 (Figure 6C and D).

To investigate whether the interaction between hnRNP
R and Yb1 is regulated by irradiation, we immunoprecip-
itated Yb1 in the presence or absence of Benzonase from
irradiated NSC-34 cells. In agreement with our proteomics
results, both hnRNP R isoforms co-precipitated with Yb1
in the presence as well as in the absence of Benzonase treat-
ment (Figure 6E and F). Additionally, while both hnRNP
R isoforms co-precipitated with Yb1 independent of irra-
diation exposure (Figure 6E and F), we observed that Yb1
displayed a 1.7-fold preference for the interaction with hn-
RNP R-FL, compared to hnRNP R-�N (Figure 6G).

We next sought to investigate the specific protein inter-
actome of each hnRNP R isoform. For this purpose, we
expressed HA-tagged hnRNP R-FL, hnRNP R-�N and
EGFP as control in HEK293TN cells, followed by purifi-
cation with anti-HA beads and analysis of interacting pro-
teins by mass spectrometry. We first determined the inter-
actomes in the absence or presence of Benzonase. As ex-
pected, hnRNP R was the most abundant protein in the hn-
RNP R-FL and hnRNP R-�N immunoprecipitates (Fig-
ure 6H and I and Supplemental Table S2). We observed
that while both isoforms share some common interactors,
each of the isoforms also possesses its own repertoire of
binding partners (Supplemental Figure S7). For example,
we found that LARP7, a core interactor of 7SK, was more
strongly enriched for hnRNP R-FL. Its interaction with hn-
RNP R-FL was RNA-dependent in agreement with a pre-
vious study (39). Notably, while Yb1 was detectable among
co-immunoprecipitated proteins, we did not observe an en-
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Figure 6. Yb1 shows preferential interaction with the full-length isoform of hnRNP R. (A, B) Volcano plots showing proteins identified by mass spectrome-
try that were significantly enriched after immunoprecipitation with a C-terminal-specific hnRNP R antibody relative to IgG control immunoprecipitations.
Experiments were carried out in the absence (A) or presence (B) of Benzonase. Log-transformed p-values (t test) associated with individual proteins were
plotted against log-transformed fold changes in protein enrichment between hnRNP R and control immunoprecipitations. (C) Anti-HA immunoprecip-
itation from HEK293TN cells transfected with plasmids for expression of HA-tagged hnRNP R isoforms or deletion mutants, or HA-tagged EGFP, or
from untransfected cells (control). Proteins were analyzed by western blot with antibodies against Yb1 and HA-tag. In, input; IP, immunoprecipitation.
Input represents 5% of the lysate used for immunoprecipitation. (D) Quantification of Yb1 co-immunoprecipitation with hnRNP R constructs. Data are
mean ± SD (n = 5 independent experiments). Statistical analysis was performed using two-way ANOVA followed by Bonferroni post-hoc test; **P ≤ 0.01.
(E, F) Immunoprecipitation of Yb1 from lysates of non-irradiated (0 Gy) or irradiated (9 Gy) NSC-34 cells in the absence (E) or presence (F) of Benzonase
treatment. Proteins were analyzed by Western blot with antibodies against Yb1 and hnRNP R. In, input; IP, immunoprecipitation. Input represents 5%
of the lysate used for immunoprecipitation. (G) Quantification of hnRNP R isoforms co-immunoprecipitating with Yb1 in the presence of Benzonase
(F) normalized to the input. Data are mean ± SD (n = 3 independent experiments). Statistical analysis was performed using two-way ANOVA followed
by Bonferroni post-hoc test; **P ≤ 0.01. (H, I) Scatter plots showing proteins identified by mass spectrometry after immunoprecipitation with anti-HA
antibody from HEK293TN transfected with plasmids for expression of hnRNP R-FL-HA, hnRNP R-�N-HA or EGFP-HA as control. Data are shown
as log-transformed fold changes in protein enrichment between hnRNP R-FL-HA or hnRNP R-�N-HA and EGFP-HA immunoprecipitations, carried
out in the absence (H) or presence (I) of Benzonase. (J, K) Scatter plots showing proteins identified by mass spectrometry after immunoprecipitation with
anti-HA antibody from HEK293TN expressing hnRNP R-FL-HA (J), hnRNP R-�N-HA (K) or EGFP-HA under non-irradiated (0 Gy) or after expo-
sure to irradiation (9 Gy). Experiments were carried out in the absence of Benzonase. Log-transformed fold changes in protein enrichment in EGFP-HA
immunoprecipitations under non-irradiated (0 Gy) and irradiated (9 Gy) conditions were plotted against log-transformed fold changes in protein enrich-
ment in hnRNP R-FL-HA (J) or hnRNP R-�N-HA (K) immunoprecipitations under non-irradiated (0 Gy) and irradiated (9 Gy) conditions. Functional
annotations of proteins are colour-coded. (L, M) Same as (J, K) but in the presence of Benzonase.
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richment in the hnRNP R-FL immunoprecipitates relative
to hnRNP R-�N. This might be due to differences in purifi-
cation efficiency between hnRNP R-FL and hnRNP R-�N
or the use HEK293TN cells. To gain further insights into
the involvement of each of hnRNP R isoform in DDR, we
performed mass spectrometry analysis following pulldown
of hnRNP R isoforms from irradiated cells. Intriguingly,
we observed that most of the interactome changes upon ir-
radiation occurred with the hnRNP R-FL isoform, while
hnRNP R-�N seems to be insensitive to irradiation (Fig-
ure 6J–M). Specifically, we observed less interaction of hn-
RNP R-FL with hnRNP proteins and additional associ-
ations with nuclear proteins upon irradiation (Figure 6J).
Among these was Khsrp, a protein thought to be involved
in DDR (40).

Our data show that loss of hnRNP R-FL disrupts DNA
damage repair in motoneurons (Figure 5D–G). Given that
hnRNP R associates with � -H2AX upon DNA damage
(Figure 5C), we next asked whether Yb1 interacts with � -
H2AX upon irradiation. We found that immunoprecipita-
tion of Yb1 from irradiated NSC-34 cells co-precipitated
higher amounts of � -H2AX compared to non-irradiated
cells (Figure 7A). Immunoprecipitation with an antibody
against � -H2AX confirmed its interaction with Yb1 (Figure
7B). Taken together, our data indicate that DNA damage in-
duces recruitment of hnRNP R/Yb1 complexes to sites of
DNA damage through interaction with � -H2AX.

To investigate whether Yb1 has DNA damage-associated
functions in motoneurons, we knocked down Yb1 by
lentiviral transduction with a shRNA (Figure 7C and D)
and used the comet assay to assess DNA breaks in non-
irradiated and irradiated control and Yb1 knockdown mo-
toneurons. Without irradiation, nuclei of control motoneu-
rons showed only very few comet tails indicative of low lev-
els of DNA breaks (Figure 7E and F). Compared to con-
trols, nuclei of non-irradiated Yb1 knockdown motoneu-
rons contained higher levels of DNA breaks indicating
that depletion of Yb1 affects DNA repair mechanisms al-
ready at basal levels. The increased level of DNA damage
upon Yb1 knockdown was also detectable after irradia-
tion, when nuclei of Yb1 knockdown motoneurons showed
significantly increased tail moments compared to controls
(Figure 7E and F). To corroborate these findings, we as-
sessed � -H2AX levels in Yb1 knockdown and control mo-
toneurons by immunostaining. In control motoneurons, en-
dogenous Yb1 was detectable throughout the cytoplasm
and axons of motoneurons (Figure 7G). In Yb1 shRNA-
transduced motoneurons, the Yb1 immunosignal was re-
duced consistent with the protein knockdown detected by
immunoblot analysis (Figure 7G). In the absence of irra-
diation, � -H2AX immunoreactivity was low in both con-
trol and Yb1 shRNA-treated cells (Figure 7G and H). Fol-
lowing exposure to � -irradiation and recovery for 10 min,
the � -H2AX immunoreactivity was increased in both con-
trol and Yb1 knockdown motoneurons. Compared to con-
trols, the increase in � -H2AX immunoreactivity was higher
in Yb1-depleted motoneurons (Figure 7G and H). After 24
h of recovery, � -H2AX levels returned to near-basal levels
in both control and Yb1 knockdown motoneurons (Figure
7G and H). Taken together, these data indicate that, sim-

ilar to loss of hnRNP R-FL, Yb1 depletion affects DDR
signaling in motoneurons.

DNA damage enhances chromatin binding of Yb1 in an hn-
RNP R-dependent manner

Next, we investigated whether hnRNP R regulates the chro-
matin association of Yb1 in response to irradiation by
performing subcellular fractionation of irradiated NSC-34
cells. We found that chromatin binding of Yb1 was en-
hanced upon exposure to � -irradiation, coinciding with
the increased levels of � -H2AX (Figure 8A and B). Given
that Yb1 interacts with hnRNP R, and that DNA re-
pair is impaired in Hnrnprtm1a/tm1a motoneurons, we next
asked whether hnRNP R-FL regulates Yb1 recruitment to
chromatin. Since we could not perform subcellular frac-
tionation on motoneurons derived from single embryos of
Hnrnprtm1a/tm1a mice due to limited material, we used NSC-
34 cells transduced with a shRNA targeting hnRNP R-FL
(shRNA-FL-C, Figure 3C) and performed subcellular frac-
tionation with and without exposure to irradiation. Under
non-irradiated conditions, the distribution of Yb1 was sim-
ilar between control and hnRNP R-FL knockdown mo-
toneurons (Figure 8C and D). However, upon exposure to
irradiation we observed that Yb1 levels were increased in the
cytosol of hnRNP R-FL knockdown motoneurons com-
pared to control motoneurons (Figure 8C and E). At the
same time, association of Yb1 with chromatin upon ex-
posure to irradiation was impaired by knockdown of hn-
RNP R-FL (Figure 8C and E). Since Yb1 is a RNA-binding
protein, we tested the possibility that an excess of Hnrnpr
mRNA lacking exon 2, as occurs following knockdown of
hnRNP R-FL, prevents Yb1 recruitment into the nucleus
following irradiation. We performed Yb1 RNA immuno-
precipitation (RIP) from NSC-34 cells under control condi-
tions and after exposure to irradiation (Supplemental Fig-
ure S5). As positive control, we observed an enrichment of
Eef2 mRNA in the Yb1 immunoprecipitate, which is a tran-
script known to bind Yb1 (41). For Hnrnpr mRNA, we did
not observe any difference in the binding capacity between
the Hnrnpr-FL and Hnrnpr-ΔN transcript to Yb1. Addi-
tionally, after irradiation we did not detect an increased
binding of Yb1 to the Hnrnpr-ΔN transcript, which argues
against a potential role for this transcript in preventing Yb1
recruitment to chromatin upon DNA damage exposure. To
further address how the interaction between hnRNP R and
Yb1 regulates DNA repair, we selectively knocked down the
full-length isoform of hnRNP R and investigated the asso-
ciation of Yb1 with � -H2AX. We found that while Yb1 as-
sociation with � -H2AX was strongly enhanced upon irradi-
ation in control cells, depletion of hnRNP R-FL prevented
irradiation-induced Yb1 binding to � -H2AX (Figure 8F).
Taken together, these results suggest that the hnRNP R-FL
is required for chromatin binding and anchoring of Yb1 and
its binding to � -H2AX after exposure to irradiation.

DISCUSSION

Long-lived postmitotic neurons are particularly vulnerable
to various forms of DNA damage and depend on highly
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Figure 7. Yb1 knockdown results in DNA damage defects in motoneurons. (A, B) Immunoprecipitation of Yb1 (A) or � -H2AX (B) performed on whole
lysates of non-irradiated (0 Gy) or irradiated (9 Gy) NSC-34 cells. Proteins were analyzed by western blot with antibodies against � -H2AX and Yb1. In,
input; IP, immunoprecipitation. (C) Western blot analysis of Yb1 levels in cultured motoneurons transduced with control or shRNA-Yb1. Calnexin was
used as loading control. (D) Quantification of western blot data shown in (C). Data are mean ± SD (n = 3 independent experiments). Statistical analysis
was performed using unpaired t-test; *P ≤ 0.05. (E) Representative images of alkaline comet assay performed on control and shRNA-Yb1-transduced
motoneurons under non-irradiated conditions (0 Gy) or after exposure to � -irradiation (9 Gy). (F) Quantification of comet mean tail moments. Data
are mean ± SD (n = 3 independent experiments; N = 31 nuclei for control (0 Gy), N = 34 nuclei for control (9 Gy), N = 33 nuclei for shRNA-Yb1
(0 Gy) and N = 33 nuclei for shRNA-Yb1 (9 Gy)). Statistical analysis was performed using two-way ANOVA followed by Bonferroni post-hoc test;
*P ≤ 0.05, **P ≤ 0.01. (G) Representative images of � -H2AX immunofluorescence staining of control and shRNA-Yb1-transduced motoneurons under
non-irradiated conditions (0 Gy) or after exposure to � -irradiation (9 Gy) followed by the indicated recovery times. EGFP was used as a marker to identify
transduced cells. Scale bar: 5 �m. (H) Quantification of nuclear � -H2AX immunostaining in (G). Data are mean ± SD (n = 4 independent experiments;
N = 42 nuclei for control (0 Gy), N = 40 nuclei for control (9 Gy,10 min recovery), N = 18 nuclei for control (9 Gy, 24 h recovery), N = 34 nuclei for
shRNA-Yb1 (0 Gy), N = 43 nuclei for shRNA-Yb1 (9 Gy, 10 min recovery) and N = 31 nuclei for shRNA-Yb1 (9 Gy, 24 h recovery)). Statistical analysis
was performed using two-way ANOVA followed by Bonferroni post-hoc test; **P ≤ 0.01.

efficient DNA repair mechanisms to maintain their ge-
nomic integrity. There is increasing evidence that failure
to repair defects and the resulting accumulation of unre-
paired DNA lesions contribute to neurodegenerative disor-
ders such as SMA and ALS (42–44). However, the link be-
tween DNA repair deficiency and degenerative diseases is
still limited, raising the need to identify the components in-
volved in this process. Several studies have implicated RBPs
in DDR signaling. The RBP hnRNP R is enriched in the

nervous system and has a diverse range of functions in reg-
ulating gene expression (45–48). Here, we show that exon 2
of the Hnrnpr transcript undergoes alternative splicing, pro-
ducing two protein isoforms that differ at their N-terminus.
We used a mouse model with selective depletion of the hn-
RNP R-FL isoform to show that it has a specific role in
DNA damage repair. We found that the function of hn-
RNP R in DNA repair involves Yb1, whose association
with chromatin and � -H2AX upon DNA damage was de-
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Figure 8. Recruitment of Yb1 to chromatin in response to DNA damage is impaired in the absence of the full-length hnRNP R isoform. (A) Non-irradiated
NSC-34 cells (0 Gy) or NSC-34 cells subjected to � -irradiation (9 Gy) were separated into cytosolic (Cyt), nuclear soluble (Nuc) and chromatin-bound
(Chr) fractions. Fractions were analyzed by western blot with the indicated antibodies. (B) Quantification of western blot data shown in (A). The expression
of Yb1 in each fraction is presented as the percentage of total. Data are mean ± SD (n = 3 independent experiments). Statistical analysis was performed
using two-way ANOVA followed by Bonferroni post-hoc test; *P ≤ 0.05. (C) Non-irradiated (0 Gy) or irradiated (9 Gy) NSC-34 cells transduced with
control lentivirus or lentivirus expressing shRNA-FL for knockdown of full-length hnRNP R were fractionated and analyzed by western blot with the
indicated antibodies. (D, E) Quantification of the Yb1 Western blot data shown in (C) for control conditions (0 Gy) (D) and after exposure to � -irradiation
(9 Gy) (E). The expression of Yb1 in each fraction is presented as the percentage of total. Data are mean ± SD (n = 3 independent experiments). Statistical
analysis was performed using two-way ANOVA followed by Bonferroni post-hoc test; **P ≤ 0.01, ***P ≤ 0.001. (F) Immunoprecipitation of � -H2AX from
lysates of non-irradiated (0 Gy) or irradiated (9 Gy) NSC-34 cells transduced with control lentivirus or lentivirus expressing shRNA-FL for knockdown
of full-length hnRNP R. Proteins were analyzed by Western blot with the indicated antibodies. In, input; IP, immunoprecipitation.

pendent on the full-length isoform of hnRNP R. Thus, our
data reveal a specific function of a RBP splice isoform in
genome maintenance and repair.

Our study shows that depletion of the full-length isoform
of hnRNP R in vivo as well as in vitro results in a compen-
satory upregulation of the N-terminally truncated hnRNP
R-�N isoform in neuronal tissues (brain and spinal cord).
This increase is likely due to regulatory mechanisms at the
post-transcriptional level, since we did not observe any dif-
ference at the pre-mRNA level in Hnrnprtm1a/tm1a relative to
wildtype mice. Such mechanisms might involve autoregula-
tion by binding of hnRNP R to its own pre-mRNA as has
been shown for other RBPs (15,49). Alternatively, regula-
tion of other splice factors by hnRNP R might affect Hn-
rnpr exon 2 splicing. For example, it has been shown that
knockdown of ADAR, an adenosine deaminase that medi-
ates A-to-I editing, results in the upregulation of HNRNPR
exon 2 inclusion (50). Importantly, we found that the inclu-
sion of exon 2 is particularly high in the nervous system sug-
gesting that neuron-specific mechanisms might contribute
to Hnrnpr alternative splicing.

Our RNA and protein analysis showed that the full-
length protein is the predominant isoform of hnRNP R in
the nervous system suggesting that it has important func-
tions in neurons. Knockdown of both hnRNP R isoforms
has previously been shown to affect axon growth and ax-
onal RNA transport (4,6). However, selective depletion of
hnRNP R-FL in Hnrnprtm1a/tm1a mice did not affect axon
growth or axonal RNA transport indicating that the N-
terminally truncated isoform can compensate for absence of
the full-length protein in these processes. While motoneuron
development appears to depend on total levels of hnRNP
R, we uncovered a new role of hnRNP R in DDR that is
specifically associated with the hnRNP R-FL isoform. We
show that motoneurons of mice deficient for hnRNP R-FL
exhibit delayed DNA damage repair, as seen by increased
� -H2AX immunoreactivity and increased tail moments in
the comet assay. Conspicuously, we detected high levels of
the hnRNP R-FL isoform in the nervous system while it
was present at much lower levels in other tissues such as
liver. This suggests that neurons in particular require hn-
RNP R-dependent DNA damage repair mechanisms. One
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possible reason for this could be that neurons are postmi-
totic and thus particularly depend on efficient DNA repair
mechanisms compared to fast regenerating tissues. In sup-
port of this notion, DNA damage repair seems to occur
less efficiently in liver cells compared to motoneurons (Sup-
plemental Figure S6). Thus, our finding that the hnRNP
R-FL isoform has a function in DDR could potentially
explain its abundant expression in the developing nervous
system.

Proteomic analysis of the hnRNP R interactome revealed
the RNA/DNA-binding protein Yb1 as a major interac-
tor. Previous studies found that Yb1 plays a major role in
different types of DNA damage repair (51–55), interacting
with proteins involved in DSB repair like WRN (56) and
Ku80 (54). We now provide evidence that the function of
hnRNP R-FL in DNA damage repair involves Yb1. We
show that Yb1 knockdown in motoneurons phenocopies
the impaired DDR we observed for loss of hnRNP R-FL.
Furthermore, we found that Yb1 preferentially binds to hn-
RNP R-FL compared to hnRNP R-�N in NSC-34 cells.
Additionally, we demonstrate that DNA damage enhances
Yb1 binding to chromatin, and that this translocation is
abolished when hnRNP R-FL is depleted. We found that
even though the interaction between hnRNP R and Yb1
is not enhanced after exposure to � -irradiation, their as-
sociation with � -H2AX is increased upon DNA damage.
This finding points towards the possibility that chromatin-
associated Yb1/hnRNP R complexes relocate to � -H2AX
foci at DNA damage sites in agreement with the notion that
H2AX phosphorylation serves as an epigenetic signal to
orchestrate the ordered recruitment of downstream DDR
proteins (35). This notion is supported by our observation
that the interaction of Yb1 with � -H2AX was diminished
upon knockdown of hnRNP R-FL. It is possible that the N-
terminal acidic domain of hnRNP R enhances the affinity
of Yb1 for chromatin by stabilizing complexes between Yb1
and other proteins at DNA damage sites. Alternatively, the
N-terminus of hnRNP R might be required to liberate Yb1
from complexes in the cytoplasm thus allowing it to bind
to chromatin directly or indirectly. Intriguingly, interactome
analysis shows that only the full-length isoform loses inter-
action with hnRNP proteins upon irradiation, which could
reflect a shift in its function as a mRNP component towards
increased interaction with nuclear proteins.

In conclusion, our study suggests a novel role for hnRNP
R in the DDR in post-mitotic motoneurons. Research over
the past years has identified several RBPs, many of them in-
volved in motoneuron diseases, that function in DNA dam-
age repair (57). Loss of nuclear Fus results in DNA nick
ligation defects in motoneurons due to reduced recruitment
of XRCC1/LigIII to DNA strand breaks (58). TDP-43 in-
teracts with key proteins involved in DNA damage repair
including pATM, and p53BP1 (59). Chronic low levels of
SMN results in increased RNA–DNA hybrids (R-loops)
and DSBs (60,61). Given that hnRNP R interacts with sev-
eral proteins involved in motoneuron diseases, and that ag-
gregates of hnRNP R have been detected in FTLD (13), it
thus remains possible that impaired DNA damage repair
through mechanisms that involve dysfunction of hnRNP R
might contribute to the pathology underlying certain forms
of neurodegenerative disorders.
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