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ABSTRACT
PAR-CLIP (photoactivatable ribonucleoside–enhanced crosslinking and immunoprecipitation) facilitates
the identification and mapping of protein/RNA interactions. So far, it has been limited to select cell-lines as
it requires efficient 4SU uptake. To increase transcriptome complexity and thus identify additional RNA-
protein interaction sites we fused HEK 293 T-Rex cells (HEK293-Y) that express the RNA binding protein
YBX1 with PC12 cells expressing eGFP (PC12-eGFP). The resulting hybrids enable PAR-CLIP on a neuronally
expanded transcriptome (Fusion-CLIP) and serve as a proof of principle. The fusion cells express both
parental marker genes YBX1 and eGFP and the expanded transcriptome contains human and rat
transcripts. PAR-CLIP of fused cells versus the parental HEK293-Y identified 768 novel RNA targets of YBX1.
We were able to trace the origin of the majority of the short PAR-CLIP reads as they differentially mapped
to the human and rat genome. Furthermore, Fusion-CLIP expanded the CAUC RNA binding motif of YBX1
to UCUUUNNCAUC. The fusion of HEK293-Y and PC12-eGFP cells resulted in cells with a diverse genome
expressing human and rat transcripts that enabled the identification of novel YBX1 substrates. The
technique allows the expansion of the HEK 293 transcriptome and makes PAR-CLIP available to fusion cells
of diverse origin.
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Introduction

The combination of immunoprecipitation and RNAseq has
greatly facilitated the characterization of RNA-binding pro-
teins and their targets. This includes high-throughput
sequencing of RNA isolated by crosslinking immunoprecipi-
tation (HITS-CLIP), photoactivatable ribonucleotide-
enhanced crosslinking and immunoprecipitation (PAR-
CLIP), individual-nucleotide resolution UV crosslinking and
immunoprecipitation (iCLIP), enhanced UV crosslinking
and immunoprecipitation (eCLIP) and the nonisotopic infra-
red CLIP (irCLIP).1–7 These technologies have not only
expanded the protein-RNA interaction landscape but also
facilitated the mapping of binding sites at nucleotide resolu-
tion. PAR-CLIP is restricted to select cell types such as HEK
293 cells due to the uptake of photoactivatable ribonucleoti-
des such as 4-thiouridine (4SU) but provides improved reso-
lution and signal-to-noise ratio compared to other CLIP-
technologies due to the T to C transition in crosslinked
RNAs – although other CLIP methods continue to be
improved.2,8 To facilitate the application of PAR-CLIP to
cells with a more diverse transcriptome that reflect disease
relevant cell types, we used cell fusion. Cell fusion occurs
during diverse natural processes such as cell differentiation,

embryogenesis or morphogenesis. Induced cell-fusion is
commonly used for the production of antibodies in hybrid-
oma cells and to study cell division9 or protein shuttling.10

We used YBX1 for the proof of concept, as it binds a diverse
DNA and RNA substrate spectrum related to cell proliferation
and differentiation in response to stress.11 YBX1 is highly con-
served among species and contains a nucleic acid-binding cold
shock domain (CSD), an N-terminal arginine/proline (A/P)
rich domain, and a C-terminal domain (CTD). As an oncogene
it is upregulated in multiple cancers and associated with multi-
drug resistance.12,13 Little is known about its functions in neu-
ronal cells, but recent studies have suggested a role of YBX1 in
the suppression of Alzheimer’s disease via its interaction with
b-amyloid.14

Here, we fused rat PC12 cells, which – in addition to
several neuronal transcripts – express enhanced green fluo-
rescent protein (eGFP) as a marker to human HEK 293
cells expressing YBX1 (HEK293-Y). The resulting expanded
transcriptome facilitates the identification of novel protein-
RNA interactions and the analysis of species-specific RNA
processing. Our analysis of the HEK 293 PC12 fusion cells
provide a map of YBX1 RNA-binding sites in a neuronally
expanded transcriptome.
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Results

Generation and characterization of fusion cells from
HEK293-Y and PC12- eGFP cells

To derive neuronal transcripts that interact with YBX1, we
fused the FLAG/HA-tagged YBX1 expressing human embry-
onic kidney cell line T-REx HEK 293 (HEK293-Y) and the
eGFP expressing rat adrenal medulla cell line PC12 (PC12-
eGFP; Fig. 1A). We refer to the resulting fusion cells as
PC12f-Y (HEK 293 PC12 fusion cells expressing YBX1) and
focus our analysis on the fusion clones PC12f-Y1 and
PC12f-Y2. Their morphology is different from the parental
cells and from each other as analyzed by light and fluores-
cence microscopy (Fig. 1B). Both fusion clones express eGFP
derived from the PC12-eGFP cells and doxycycline (Dox)-
inducible FLAG/HA-YBX1 derived from HEK293-Y cells
(Fig. 1C). To follow the stability of the combined genome,
we determined the DNA content of parental and fusion cells
by DNA-staining with propidium iodide (PI) followed by
flow cytometry. The DNA content of both fusion clones is
increased compared to the parental cells (3-fold for PC12f-
Y1 and 2-fold for PC12f-Y2 as compared to the parental
HEK293-Y cell (Fig. 1D, gating details in Fig. S2).

To compare the transcriptome of the fusion and parental
cells we used RNAseq. Sequencing reads were mapped to
the human (Ensembl GRCh38.80) and rat (Ensembl
Rnor_5.0) genome and gene expression was quantified using
HTSeq.15 Reads obtained from PC12-eGFP cells map almost
completely to the rat (99.98%) and the parental HEK293-Y
cells to the human (99.98%) genome, while the fusion cells
express rat and human genes in different proportions
(Fig. 2A, B). The clone PC12f-Y1 predominantly reflects the
PC12 cell character as transcripts predominantly map to
the rat (75.3% rat and 24.7% human). The transcripts of
PC12f-Y2 predominantly map to the human genome,
reflecting the HEK 293 origin (80.5% human and 19.5%
rat). Their transcriptomes overlap to a higher degree as
compared to the parental cell lines (84.6%; Fig. 2B), which
do not correlate with each other (0.6% overlap).

YBX1 efficiently binds rat and human RNAs in fusion cells

To evaluate the RNA binding capacity of YBX1, we per-
formed PAR-CLIP of the parental HEK293-Y cell line and
the two fusion clones PC12f-Y1 and PC12f-Y2. Differences
in 4-thiouridine (4SU) uptake could affect the efficiency of

Figure 1. Characterization of the fusion cell model. (A) Experimental overview. (B) Characterization via light and fluorescence microscopy. Both analyzed fusion clones
PC12f-Y1 and PC12f-Y2 express the marker gene eGFP derived from the parental PC12-eGFP cell line. Scale bar 200 mm. (C) Western blot of the HA-tagged YBX1. Both
fusion clones express the marker gene YBX1 derived from the parental cell line HEK293-Y T-REx. The expression of YBX1 is inducible by doxycycline (Dox). (D) Propidium
iodide staining of total DNA analyzed via flow cytometry. Both fusion cell lines exhibit an increased DNA content in G0/G1-phase of the cell cycle (green).
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the assay, but systematic data comparing cell lines is scarce.
Therefore, we determined the 4SU incorporation in PC12-
EGFP, PC12f-Y1 and PC12f-Y2 compared to the HEK293-
Y cells (Fig. 3A, quantified from Fig. S4A). HEK293-Y cells
incorporate 4SU most efficiently followed by both fusion
clones (20 – 50% of the parental cells) and the PC12-eGFP
cells (<15%). This is reflected in the amount of RNA cross-
linked to YBX1 (Fig. 3B): the identical amount of starting
material leads to a higher enrichment of YBX1-RNA-com-
plexes in HEK293-Y cells compared to PC12f-Y1 und
PC12f-Y2 cells. Gene expression of the nucleoside trans-
porters SLC29A1 and SLC29A2, which account for the
majority of the 4SU uptake16, is significantly reduced in
fusion clones as determined by RNAseq analysis (read
counts normalized to library size; Fig. 3C). SLC29A4 is
expressed at highest levels in PC12 cells, but does function
as 4SU transporter. Together, the regulation of SLCs is con-
sistent with the differential 4SU incorporation between
HEK293-Y and PC12-eGFP cells. To account for these dif-
ferences, we doubled the amount of starting material for
fusion cell lines compared to HEK293-Y cells.

Cell fusion expands the YBX1-RNA interactome

PAR-CLIPs of HEK293-Y, PC12f-Y1 and PC12f-Y2 cells were
performed in two biological replicates. YBX1-bound RNA of
each individual replicate and pooled replicate samples were
mapped to the human and rat genome (Mapped genes: Table 1;
Mapped reads: Tables S2C3). We observed that the mapping
specificity to either human or rat genome increased with
increasing read lengths (Fig. S4). Therefore PAR-CLIP reads
that were shorter than 20 nt were discarded (»50% of all PAR-
CLIP reads: Table S5; Fig. S5). The genomic distribution of spe-
cies specific PAR-CLIP reads and RNAseq is comparable. The
PAR-CLIP reads of HEK293-Y cells map almost exclusively to
the human genome (more than 90%), those derived from
PC12f-Y1 mainly to the rat genome (54.1% rat vs. 45.9%
human), and PC12f-Y2 reads map predominantly to the
human genome (>80%; Table S3).

Identification of YBX1 binding transcripts was highest in
the parental HEK293-Y cell-line followed by PC12f-Y1 and
PC12f-Y2 cells (Table 1). We merged replicates for further
analyses since only few additional novel candidates were
derived from the smaller replicate (Fig. 4A-C). To compare
the PAR-CLIP results of the different cell lines, all rat genes
were assigned into their human orthologues resulting in
9619 YBX1 targets identified in HEK293-Y cells, 5916 in
PC12f-Y1 and 1119 in PC12f-Y2 (Fig. 4D). In total, 5426
genes were exclusively identified in the parental HEK293-Y
cells, 648 and 88 in the fusion clones PC12f-Y1 and PC12f-
Y2, respectively. 33 genes were found in both fusion lines,
but not in the parental HEK293-Y cells. Taken together,
additional 768 potential target transcripts of YBX1 were
identified after cell fusion as compared to the parental cell
line. Of those genes 515 were derived from rat transcripts,
221 from human transcripts and 32 from both. As expected,
the majority of novel genes were derived from the predomi-
nantly rodent clone PC12f-Y1 (648 genes), the minority
from the predominantly human clone PC12f-Y2 (88 genes;
33 from both fusion clones). The novel genes were classified
according to the gene ontology (GO) term “biological
processes” using the ClueGO plugin in Cytoscape.17 The
GOrilla software18 was used to calculate the enriched ontol-
ogy terms: The target list contained the 768 potentially new
substrate RNAs of YBX1 (exclusively in PC12f-Y1 and -Y2)
and the background list all genes identified by PAR-CLIP
(parental and both fusion lines). The most enriched path-
ways are associated with cell chemotaxis, chemokines pro-
duction, and DNA transposition (Fig. 4E). The newly
identified genes relate to toll-like receptor 4 signaling or
interferon type I response (Fig. 4F), which have both been
implicated in Alzheimer’s Disease.19–21

YBX1 predominantly binds a CAUC motif in the 30-UTR
of its substrate RNAs

To characterize YBX1 binding sites we separately evaluated
human and rat transcripts in PC12f-Y1 (PC12f-Y1hum and
PC12f-Y1rat) and PC12f-Y2 (PC12f-Y2hum and PC12f-
Y2rat) fusion cells. YBX1 mainly binds the 30-UTR and the
coding region of its target transcripts across all cell lines

Figure 2. Transcriptomic analysis of the parental and fusion cells. The transcrip-
tome of the parental and fusion cells were paired end sequenced (2 £ 101bp). (A)
Mapping of the sequencing reads to rat and human genome. A higher fraction of
reads originating from PC12f-Y1 cells map to the rat genome (derived from the
PC12-eGFP) where reads originating from PC12f-Y2 cells mainly map to the human
genome (derived from HEK293-Y). (B) Scatter and heatmap correlation plot of read
counts per gene comparing the four cell lines. PC12f-Y1 and PC12f-Y2 have the
highest correlation. Beyond that PC12f-Y1 clusters with PC12-eGFP and PC12f-Y2
with HEK293-Y cells.
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investigated (Fig. 5A). The spatial binding of YBX1 differs
between human and rat RNAs. While all human reads map
to annotated regions in the human genome approx. 25% of
the rat reads map to regions in the corresponding genome
that are not annotated. The binding seed sequence was
determined using the motif analysis software MEME.22

Binding motifs were extracted by sequence comparison of
random PAR-CLIP reads derived from the different cell
lines. In all three cell lines (HEK293-Y, PC12f-Y1 and
PC12f-Y2) YBX1 predominantly binds the previously
described CAUC motif23 (Fig. 5B). We find the motif pre-
ceded by a yet undescribed UCUUU motif. The nucleic
acid binding cold shock domain (CSD) of YBX1 is 100%
identical between rat and human (the complete YBX1
amino acid sequence is 97% identical; Fig. 5C, D). Accord-
ingly we do not expect a bias in YBX1 binding to rat or

human targets, facilitating the comparison between the
parental HEK293-Y cells and the fusion cells PC12f-Y1 and
PC12f-Y2.

The fusion of PC12-eGFP and HEK293-Y cells generated
cells with an expanded genome and transcriptome composed
of human and rat. The resulting increase in transcript diversity
led to the identification of 768 novel YBX1-bound RNAs in the
fusion cells as compared to the parental HEK293-Y cells. YBX1
binds its target RNAs independent of the species via a
UCUUUNNCAUC motif (Fig. 5C) that mainly resides in the
30-UTR and coding regions (Fig. 5A).

Discussion

HEK293-Y and PC12-eGFP fusion cells (PC12f-Y) express
both parental marker genes YBX1 and eGFP. Their morphol-
ogy is not only different from the parental cells but also from
each other. These differences can be expected based on the dif-
ferential DNA composition of the fusion cells.

Since the DNA content of the fusion cell lines is two to
three times that of the parental cells, fusion clones can rep-
resent more than two genomes allowing further diversifica-
tion of the transcriptome (e.g., after fusion of more than
two cell lines). We validated the contribution of each paren-
tal cell type to the merged transcriptome using RNAseq and
found human and rat RNA species in fusion-cell lines with
35 to 70% rat transcripts derived from PC12 cells. Before
performing PAR-CLIPs on fusion cells, we confirmed

Figure 3. 4SU incorporation and PAR-CLIP in fusion cells. (A) Quantification of the 4-Thiouridine (4SU) incorporation in total RNA extracted from the two parental cells and
the two analyzed fusion clones. 4SU incorporation rate is highest in HEK293-Y cells followed by the fusion cells and PC12-eGFP. (B) Radioactive labeling of RNA bound by
YBX1 after IP. HEK293-Y have the most efficient crosslinking rate. (CCD) Expression of rat and human nucleoside reporters from RNAseq data. SLC29A1 is highly expressed
in HEK293-Y cells (C) compared to PC12-eGFP (D) and most important for the uptake of 4SU. �P < 0.05, ��P < 0.01, ���P < 0.001, n D 3, one-way ANOVA (A).

Table 1. YBX1-bound RNAs mapped to rat and human genes.

Cell line Rat genes Human genes Total genes

HEK293-Y_1 56 9286 9342
HEK293-Y_2 26 4854 4880
HEK293-Y_union 81 10420 10501
PC12f-Y1_1 362 374 736
PC12f-Y1_2 3312 2392 5704
PC12f-Y1_union 3770 3059 6829
PC12f-Y2_1 25 135 160
PC12f-Y2_2 68 937 1005
PC12f-Y2_union 102 1216 1318
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efficient uptake and incorporation of 4SU. The lower effi-
ciency of 4SU incorporation in fusion clones compared to
the parental HEK293-Y cells reflects the differential expres-
sion of nucleoside transporters which are divided in two
classes: Concentrative nucleoside transporters (SLC28A1,
SLC28A2 and SLC28A3) and equilibrative nucleoside trans-
porters (SLC29A1, SLC29A2, SLC29A3 and SLC29A4).
While HEK293-Y cells as well as the fusion clones PC12f-
Y1 and PC12f-Y2 mainly express the uridine-transporters
SLC29A1 and SLC29A224, PC12-eGFP express predomi-
nantly the nucleoside transporter SLC29A4 which a high
affinity for adenine and adenosine only.24 The differential
4SU uptake and incorporation of the fusion cells leads to a
lower enrichment of YBX1-RNA complexes compared to
HEK293-Y cells. Accordingly, PAR-CLIP of PC12f-Y1 and
PC12f-Y2 were performed with more starting material to
obtain similar amounts of YBX1-RNA complexes. Taken
together, the cell fusion of HEK293-Y und PC12-eGFP gen-
erated fusion cells with a heterogeneous genome consisting
of rat and human which incorporate sufficient amounts of
4SU to perform PAR-CLIP experiments. While the
increased uptake of 4SU could also be achieved by stable
overexpression of the transporters SLC29A1 and SLC29A2
and would be suited for cell-types that do not efficiently
fuse. We find the fusion process very efficient for PC12 and

293 cells, which offer the benefit of increasing the complex-
ity of the transcriptome and facilitates interspecies compari-
sons that overexpression of the transporters could not
achieve. This artificial environment can change expression
levels of target transcripts, and indeed we find novel tran-
scripts that relate to the process of cell fusion and main-
taining a stable genome. Thus, we can evaluate transcripts
that are not present in sufficient amounts in each parental
cell. As the CLIP reads are normalized to the transcript lev-
els as determined by RNAseq of the fusion cells, potential
changes in expression levels can be accounted for. Still, the
fusion cells could lead to the identification of protein-RNA
interactions that do not occur in a natural setting, which
would be similar to the results of in vitro studies using
EMSA. The functional relevance would always have to be
validated in the original cell system – e.g. through a loss or
gain of function approach followed by quantification of iso-
form expression.

Fusion-CLIP provides the increased specificity and low sig-
nal to noise ratio of PAR-CLIP in an increased spectrum of cell
types.24 It offers the possibility to examine RNA interactions of
proteins that poorly crosslink with high energy UV of 254 nm,
but are amenable to 4SU PAR-CLIP.2 In addition, Fusion-CLIP
allows to study protein-binding to newly synthesized tran-
scripts by metabolic labeling of RNA using photoreactive

Figure 4. PAR-CLIP of YBX1. VENN-diagram of YBX1 bound genes in biological PAR-CLIP replicates of HEK293-Y (A), PC12f-Y1 (B) and PC12f-Y2 cells (C). (D) VENN diagram
of genes bound in different cellular environments. PAR-CLIP replicates are merged and rat genes translated to human orthologues. In total 768 genes were bound by
YBX1 in fusion cells but not in parental HEK293-Y cells. (E) GOrilla enrichment analysis of the cell fusion-based identified YBX1-bound genes (top five biological process
ranked by p-value). (F) ClueGO classification of the YBX1-bound genes identified in the fusion cells by the gene ontology term biological process.
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nucleosides.25,26 Taken together, Fusion-CLIP facilitates the
analysis of increased transcriptome complexity and interspecies
comparisons as compared to other CLIP methods as well as to
overexpression of 4SU transporters in the target cells.

Although YBX1 is highly conserved between human and rat
(97% sequence identity; 100% identity of the RNA binding
domain; Fig. 5C, D), we found an increased percentage of
human PAR-CLIP reads as compared to RNAseq reads – espe-
cially in PC12f-Y1 (45.9% human reads in PAR-CLIP and only
24.7% in RNAseq). The shorter PAR-CLIP reads together with
the incomplete rat annotation might contribute to this bias, as
sequences mapping to regions that are not annotated cannot be
assigned to a specific gene and were therefore discarded. This is
a main reason for the for the lower identification of YBX1-
bound transcripts in the fusion cells compared to the parental
HEK293-Y cells since about 25% of the rat PAR-CLIP reads
derived from PC12f-Y1 and PC12f-Y2 map to regions that
have not previously been annotated.

Since RNA-binding sites are often highly conserved among
species, long PAR-CLIP reads (> 20 nt) are needed to discrimi-
nate orthologue sequences between human and rat in the fusion
cells (Fig. S4). Reads that did not map to a specific genome were
discarded and led to a lower read count in the fusion cells. The
number of YBX1-bound RNAs identified in fusion cells was
lower than those identified in the parental HEK293-Y cells
(Fig. 4A). Despite the short read length and the species homol-
ogy, cell fusion led to the identification of 768 additional

interactions of YBX1, which not only relate to the PC12 pheno-
type but also to changes resulting from the increased cell-size
and DNA content associated with cell fusion.

The binding motif analysis using MEME22 validated the
CAUC binding motif of YBX1 in HEK293-Y as well as in
PC12f-Y1 and PC12f-Y2 cells.27 After binding this motif YBX1
activates 30-splice sites.28 The inclusion of additional YBX1 tar-
get RNAs allowed us to identify a UCUUUNN motif upstream
of the CAUC motif. The UCUUUNN motif could either pro-
mote the binding of a cofactor or also be recognized by YBX1
and influence the strength of its binding to target RNAs.
YBX1’s binding sites are predominantly located in the coding
region or the 30-UTR of its substrates (Fig. 5A). At the 30-UTR
YBX1 regulates polyadenylation, translation efficiency, localiza-
tion, and stability of mRNAs.29,30

The expanded transcriptome of PC12f-Y fusion cells with
an increased transcript complexity enables the identification
of novel YBX1-bound RNAs species, which were predomi-
nantly derived from PC12 cells and partly relate to the tran-
scriptional response to the fusion process such as DNA
transposition (Fig. 4A, D). Importantly, the PC12-Y fusion
transcriptome enabled the identification of genes related to
toll-like receptor 4 and interferon type I signaling, which
have both implications in Alzheimer’s Disease.19–21 Thus,
the improved transcript diversity can provide novel links to
human disease, which would not have been discovered in
the HEK 293 transcriptome.

Figure 5. RNA binding of YBX1. (A) Spatial RNA binding of YBX1. The YBX1-bound reads of the two fusion clones were separated according to specific mapping to either
the human (PC12f-Y1hum and PC12f-Y2hum) or the rat genome (PC12f-Y1rat and PC12f-Y2rat). In all analyzed cell lines YBX1 binds its targets mainly in the 3‘-UTR and
the coding region. The main difference in human/rat reads bound by YBX1 in the fusion cells is due to the lower annotation of the rat genome leading to the identifica-
tion of not annotated reads in the condition of PC12f-Y1rat and PC12f-Y2rat. (B) MEME binding sequence analysis. YBX1 binds to the UCUUUNNCAUC-sequence in all
three cell lines. (CCD) YBX1 consists of the arginine/proline- (A/P) rich domain, the cold-shock domain (CSD) and the C-terminal domain (CTD) and is highly conserved
among species. The conservation is depicted by a grey heatmap and were analyzed by the program PRALINE. Human and rat YBX1 share 97% of the protein sequence
with an identical sequence of the RNA-binding CSD.

364 F. HINZE ET AL.



Conclusions

Using cell fusion we expanded the HEK293 fibroblast transcrip-
tome with neuronal transcripts of PC12 cells. The process com-
bines existing technology and is therefore easy to employ. It
generates suitable amounts of cells for the analysis of RNA
binding proteins using PAR-CLIP in a short amount of time as
compared to other types of cell engineering. In this study rat
and human cells were used to differentiate the transcripts and
monitor the contribution of each parental cell-line to the
merged transcriptome. Future Fusion-CLIP of mouse and
human cells with better genome annotation can be expected to
further increase the identification of novel substrates, which are
not annotated in the current version of the rat genome. This
could also be achieved by revisiting our dataset when rat
genome annotation has been improved. In addition to the ease
of use and the possibility to compare species differences in
RNA-protein interactions, a main benefit of the method is the
access to transcripts for disease relevant tissue, facilitating the
analysis of e.g. a cardiac or neuronal specific RNAs. Thus, cell
fusion opens up the application of the PAR-CLIP to cells with a
specialized transcriptome that cannot easily be engineered to
take up 4SU and facilitates the analysis of tissue-specific
expressed RNA binding proteins.

Materials and methods

Handling of cells

PC12-EGFP and PC12f-Y fusion cells were cultured on collagen
coated plates with DMEM (Lonza) supplemented with 10% horse
serum (Sigma), 5% fetal bovine serum (Sigma) and 1% PenStrep.
The medium of PC12-EGFP cells were additionally supple-
mented with 600 mg/ml G418 (PAA), the medium of PC12-Y
fusion cells with 600 mg/ml G418 and 2 mg/ml blasticidin (Inviv-
oGen). 293 T-REx YBX1 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum and 1% PenStrep.

Generation of stable cell lines

PC12 cells were transfected with pEGFP-C1 and for 2 weeks
selected with 600 mg/ml G418. Single colonies were picked and
expanded under antibiotic pressure.

Cell fusion

6–7 £ 106 PC12-EGFP and 293 T-REx YBX1 cells were mixed
and spun down in serum-free medium. The whole following
process was performed at 37 �C with pre-warmed solutions
and serum-free medium. Under continuous stirring 100 ml of
50% PEG 1500 (Roche) were added to the cell pellet over a
period of 1 min. The fusion mixture was stirred for 2 more min
before 100 ml medium was added over a period of 3 min. After
the addition of 1 ml medium the mixture were incubated for
5 min at 37 �C. Cells were spun down and placed in fresh
medium. After 2 days the medium were replaced with medium
supplemented with 600 mg/ml G418 and 2 mg/ml blasticidin
(InvivoGen). Single colonies were picked and expanded.

Cell morphology

The cell morphology and expression of eGFP were analyzed
using bight field and fluorescence microscopy (Leica).

Cell cycle and DNA content analysis

The cells were harvested and suspended in cold PBS, fixed in
80% ethanol and stored for at least 1 h at 4�C. The fixed cells
were stained in PBS containing 40 mg/ml propidium iodide
(Sigma Aldrich) and 100 mg/ml RNase A (Thermo Scientific)
and incubated for 30 min at 37 �C in the dark. The cells were
diluted with PBS and analyzed using a LSRFortessa (BD Biosci-
ence). The software FlowJo was used for data analysis.

Western blot

Protein extracts of doxycycline (Clonetech) induced and not
induced cells were separated by SDS-PAGE and transferred on
a nitrocellulose membrane. Primary antibodies were anti-HA
(Covance) and anti-GAPDH (Calbiochem).

PAR-CLIP

293 T-REx YBX1 cells and the two fusion clones PC12f-Y1 and
PC12f-Y2, all expressing FLAG-tagged YBX1, were used for
PAR-CLIP following the protocol in Hafner et al., 20102.

RNA sample preparation for RNA sequencing

The RNA of doxycycline induced cells was extracted using TRI-
zol (Invitrogen) and a clean-up was performed using RNeasy
mini spin columns (QIAGEN). The concentration and integrity
of the RNA were analyzed using a NanoDrop (Peqlab) and an
agilent bioanalyzer 2100 (Agilent Technologies). The mRNA
library preparation was performed using the TruSeq RNA Sam-
ple Preparation v2 Guide (Illumina) following the manufac-
turer’s instructions.

Sequencing of cDNA libraries

The PAR-CLIP libraries were sequenced with 1 £ 51 cycles
on an Illumina HiSeq2000 (Illumina). The cDNA libraries
were prepared for sequencing using the TruSeq RNA Sam-
ple Prep Kit v2 following the manufacturer’s instructions
and sequenced 2 £ 101 paired end on a Illumina
HiSeq2000 (Illumina).

Read processing

Adaptors were trimmed using Cutadapt31 with the following
parameters:

-a TCGTATGCCGTCTTCTGCTTG -g AATGATACGGC-
GACCACCGACAGGTTCAGAGTTCTACAGTCCGAC-
GATC -b CGTACGCGGGTTTAAACGA -b CTCATCT
TGGTCGTACGCGGAATAGTTTAAACTGT -q 20 -n 1 -m
16 -e 0.1 –overlap D 4
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Mapping strategy

First, we remove reads stemming from rRNA from the PAR-
Clip libraries. To this end, PAR-Clip reads were first mapped
against all human rRNAs from SILVA32 using STAR (version
2.3.1z1)33 with the following mapping parameters:

–chimSegmentMin 40 –chimJunctionOverhangMin 40 –out-
SAMattributes All –outFilterIntronMotifs RemoveNoncanonical
– –alignSJoverhangMin 10 –outFilterMatchNmin 16 –alignIn-
tronMax 10000 –outFilterMismatchNmax 2 –seedMultimapN-
max 100000 –seedPerReadNmax 100000 –outQSconversion
Add 33 –outFilterMultimapNmax 10000 –seedSearchStartLmax
6 –sjdbOverhang 99 –winAnchorMultimapNmax 1000

All reads that mapped to rRNAs were discarded.
Subsequently, the remaining reads were mapped with STAR

to the human genome (GRCh38.80), the rat genome
(Rnor_5.0) and the the union of the two genomes, using the fol-
lowing parameters:

–chimSegmentMin 40 –chimJunctionOverhangMin 40
–outFilterMultimapNmax 20 –outSAMattributes All –outFil-
terIntronMotifs RemoveNoncanonical –alignSJoverhangMin
12 –out FilterMatchNmin 19 –alignIntronMax 10000 –seed-
MultimapNmax 200000 –seedPerReadNmax 60000 –out-
QSconversionAdd 33 –seedSearchStartLmax 6 –sjdbOverhang
99 –winAnchorMultimapNmax 1000 –outFilterMismatchN-
max 3

To study the effect of the read-length filtering (Fig. S4) we
used the same parameters as described above, except that we
allowed shorter read alignments. This was done by using the
parameter –outFilterMatchNmin 14 for the alignment.

Mapping of RNA-Seq reads was performed with STAR,
using the following parameters: -alignEndsType EndToEnd
—chimSegmentMin 40 –chimJunctionOverhangMin 40 –out-
FilterMultimapNmax 20 –outSAMattributes All –outFilterIn-
tronMotifs RemoveNoncanonical –alignSJoverhangMin 500

Read filtering

To minimize the effect of reads mapping to multiple locations
on our analysis, we removed reads that did not align uniquely.
Specifically, we only kept the best alignment of a read if the sec-
ond best alignment had more than one mismatch more than
the best alignment. Furthermore, we discarded reads that had
more than two mismatches.

Quantification

Gene expressions were quantified using HTSeq15 (v. 0.6.0) with
the following parameters: –minaqual D 0 –stranded D no
–type D gene –mode D union

Peak calling

For peak calling, the alignments for the different samples we
merged. Peaks were called with PARalyzer34 using the following
parameters:

BANDWIDTH D 3
CONVERSION D T>C
MINIMUM_READ_COUNT_PER_GROUP D 5

MINIMUM_READ_COUNT_PER_CLUSTER D 2
MINIMUM_READ_COUNT_FOR_KDE D 3
MINIMUM_CLUSTER_SIZE D 11
MINIMUM_CONVERSION_LOCATIONS_FOR_CLUS-

TER D 2
MINIMUM_CONVERSION_COUNT_FOR_CLUSTER D 2
MINIMUM_READ_COUNT_FOR_CLUSTER_INCLU-

SION D 1
MINIMUM_READ_LENGTH D 20
MAXIMUM_NUMBER_OF_NON_CONVERSION_MIS-

MATCHES D 1
EXTEND_BY_READ

Motif discovery

In order to make the motifs of different samples compara-
ble, we down-sampled the peaks such that all samples had
the same number of peaks, as the library with the smallest
number of peaks (n D 1610). Subsequently, we determined
motifs using MEME35 (v.4.11.1). For the motif discovery,
we used the following parameters:

-mod anr -nmotifs 5 -minw 8 -maxw 14 -bfile -dna -min-
sites 800 -p 3 -maxsites 3000

The background nucleotide distribution was computed on
all human transcripts.

4SU incorporation assay

Cells were fed with 4SU for 16h and subsequently the RNA was
extracted via TRIzol. 2 mg of RNA were incubated with 10 mM
Tris-HCl, 10 mM EDTA and 5 mg biotin-HPDP for 2 h in the
dark. The incorporated 4SU forms a disulfide bond with the
reactive HPDP-biotin. In the following the biotinylated RNA
was extracted via phenol/chloroform extraction. The reaction
was spotted on a Hyperbond NC membrane (Amersham). The
membrane was subsequently UV-crosslinked (twice with
1200 mJ) and the biotinylated RNA was visualized using the
Chemiluminescent Nucleic Acid Detection Module (Pierce).
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