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ABSTRACT

Y-box binding proteins are DNA- and RNA-binding proteins with an evolutionarily ancient and con-
served cold shock domain. The Y-box binding protein 1 (YB-1) is the most studied due to its abundance
in somatic cells. YB-1 is involved in a variety of cellular processes, including proliferation, differentiation
and stress response. Here, using Ribo-Seq and RIP-Seq we confirm that YB-1 binds a wide range of
mRNAs and globally acts as a translation inhibitor. Surprisingly, YBX7 knockout results in only minor
alterations in the expression of other genes, mostly caused by changes in RNA abundance. But YB-
3 mRNA is an exception: it is better translated in the absence of YB-1, thereby producing an increased
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amount of YB-3 and thus suggesting that its synthesis is under YB-1 negative control. We have shown
that the set of mRNAs bound to YB-3 is strikingly similar to that of YB-1, and that the mRNA-binding by
YB-3 is enhanced in the absence of YB-1, resulting in a similar global reduction of translation of bound
mMRNAs in YB-1-null cells. Thus, YB-3 acts as a substitute for YB-1 in mRNA binding and, probably, in

global translational control.

Introduction

Y-box binding proteins drew researchers’ close attention in
the late eighties of the last century. Today, the best-studied
member of this family is YB-1, whose multiple cellular func-
tions and involvement in proliferation, differentiation, and
stress response have been recognized [1]. It remains contro-
versial by what mechanism it acts and which stages of the
gene expression it regulates.

As known, YB-1 is involved in DNA replication, DNA
repair, and pre-mRNA alternative splicing; also, its post-
secretion extracellular functions (mRNA sorting, Notch bind-
ing) have been recognized [2,3]. However, the most important
and the most studied functions of YB-1 are regulation of
transcription and translation [2].

In transcription, YB-1 has been shown to act both as an
activator or inhibitor, but the reported evidence is mostly
indirect [1]. Currently, a comprehensive set of all YB-1 targets
at the transcriptional level is not available, since neither the
canonical Y-box motif nor any other clear motif is enriched in
YB-1-bound genomic regions [1,4]. Probably, the lack of pre-
dominant sequence patterns is associated with a huge number
of protein partners capable of interacting with YB-1 due to its
structural intrinsic disorder.

In translation, the YB-1 functions are known in more detail.
Initially, YB-1 was recognized as a global translation regulator

that, at a high YB-1/mRNA ratio, inhibits translation by displa-
cing the translation initiation complex eIF4F from the cap-
structure of any mRNA. Concurrently, YB-1 packages mRNAs
into mRNPs that are unaffected by the cellular mRNA degrada-
tion machinery, thereby stabilizing these mRNAs [5,6].
However, most of the data supporting this hypothesis were
obtained either using a cell-free translation system or from
experiments with purified components in vitro.

Later, high-throughput experiments showed that YB-1 pre-
dominantly binds to mRNAs whose translation products
belong to groups related to proliferation, differentiation, or
binding of nucleic acids. It was also demonstrated that over-
expression of YB-1 in mammary epithelial cells MCF10AT
with the activated Ras-MAPK signaling pathway results in
activation of translation of a whole class of mRNAs encoding
transcription factors necessary for the epithelial-mesenchymal
transition. Presumably, the translation of these mRNAs with
highly structured 5" UTRs is performed by a cap-independent
mechanism requiring an elevated concentration of YB-1 [7].

The results of knockout experiments are not fully clear. On
the one hand, YBXI knockout in mice results in normal
embryonic development for 13.5 days followed by a sudden
drop in the embryo growth rate, anomalies in the neural tube
formation, and prenatal death of the animals [8]. On the other
hand, analysis of mouse embryonic fibroblasts isolated from
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YB-1""~ embryos revealed no serious changes in transcription
and total protein synthesis [8].

We applied high-throughput sequencing to analyse the
translatome (with ribosome profiling, Ribo-Seq) and YB-
1-associated fraction of the transcriptome of HEK293T cells,
including YB-1 overexpression and CRISPR/Cas9 knockout.
In wild type and YB-1-overexpressing HEK293T cells, YB-1
acted as a global translation inhibitor. However, in YB-1-null
cells, we observed only minor changes in gene expression,
mostly at the transcriptional level. A notable exception was
the YB-3 mRNA exhibiting better translation and resulting in
a higher amount of the synthesized protein and thus suggest-
ing that the YB-3 overexpression was the compensation for
the absence of YB-1. This hypothesis was supported by
mRNA-immunoprecipitation sequencing (RIP-Seq) revealing
that YB-1 and YB-3 shared a similar set of bound mRNAs and
that the mRNA-binding by YB-3 was enhanced in the absence
of YB-1.

Results
YB-1 globally acts as a translation inhibitor

One of the many putative functions of YB-1 is the global
translational control [2]. We performed ribosomal profil-
ing (Ribo-Seq) and RNA immunoprecipitation followed
by deep sequencing (RIP-Seq) of HEK293T cells to assess
the relationship between ribosome occupancy and YB-
1-binding efficiency at the transcriptome-wide scale.

At comparable sequencing depth of RNA-Seq and RIP-Seq,
the read counts from those are well-correlated (Pearson’s
correlation coefficient from 0.49 to 0.89 depending on anti-
bodies and rRNA depletion protocol, Supplementary Fig.
S1A). For more than 80% of expressed genes, respective
transcripts are detected in the YB-1-bound transcriptome
fraction. Thus, YB-1 should be considered as a universal
RNA-associated protein capable of binding a very wide
range of RNAs.

Next, we estimated the ribosome occupancy at gene cod-
ing segments (CDS) as the normalized Ribo-Seq read counts
relative to the normalized read counts of the size-matched
RNA-Seq samples, and the YB-1 immunoprecipitation effi-
ciency as YB-1 RIP-Seq normalized read counts for the
whole transcripts relative to those from standard RNA-Seq
samples.

By comparing the ribosome occupancy at CDS and YB-1
immunoprecipitation efficiency we found a weak significant
negative correlation (Pearson’s CC = -0.14, P < 10719, with
even the stronger effect (Pearson’s CC = -0.23, P < 10°")
upon YB-1 overexpression (Fig. 1A). Thus, YB-1 binds the
major fraction of the transcriptome and its binding is nega-
tively associated with the mRNA translation efficiency. This
agrees with the published data obtained in the cell-free trans-
lation systems [6,9], where YB-1 served as a non-specific
translation inhibitor.

Of note, both observations are consistent for RIP-Seq
results from two different YB-1 antibodies (Supplementary
Fig. SIB).

YBX1 knockout leads to limited changes in the
translatome

High-throughput data provided evidence for YB-1 as a global
translation inhibitor. However, an analysis of the global trans-
lation level in murine embryonic fibroblasts showed virtually
no changes upon YBXI knockout [8]. To clarify this discre-
pancy, we generated a YB-1-null HEK293T cell line
(HEK293TAYB-1) using the CRISPR/Cas9 genome editing
technique (Fig. 1B, Supplementary Text and Supplementary
Fig. S2).

The HEK293TAYB-1 cells had a lower division rate (Fig.
1C), which is in agreement with previous observations that
a decreased YB-1 amount results in the decreased cell division
rate [10,11]. The HEK293TAYB-1 cells exhibit altered expres-
sion of selected cell cycle markers (Cyclin A2, CDK4, CDKe,
Smadl, 3, 4, and CDK inhibitors pl8, p21, p27.
Supplementary Text and Supplementary Fig. S3). Synthesis
of exogenous HA-YB-1 in the HEK293TAYB-1 cells restored
the division rate to the normal level of HEK293T cells (Fig.
1C). Thus, the reduced division rate of HEK293TAYB-1 cells
was indeed caused by the absence of YB-1, and the obtained
AYB-1 cells provide a valid loss-of-function model.

Next, we tested the effect of YBXI knockout on the global
translation level in HEK293T cells using metabolic labeling
with the methionine analogue azidohomoalanine (Fig. 1D),
where the cells were treated with azidohomoalanine, lysed,
and the newly synthesized protein was fluorescently labeled by
Click Chemistry (see Methods).

The global translation level per cell in case of YBXI knock-
out decreased only slightly, by about 15% (similarly to that
observed in [8]). Expression of HA-YB-1 in HEK293TAYB-1
cells raised the translation level, but only by 5-10% (statisti-
cally non-significant). With YB-1 considered to be the general
translation inhibitor, the global translation decline upon
YBX1 knockout seems baseless. However, in rabbit reticulo-
cyte lysate, the absence of YB-1 was found to inhibit transla-
tion [12]. In the case of knockout cells, this observation
suggests that there is a strong compensatory mechanism,
which we discuss below.

With only a minor effect on the global translation, a more
exhibited change of translation could be expected in
HEK293TAYB-1 for particular mRNAs targeted by YB-1 in
HEK293T. We performed Ribo-Seq and size-matched RNA-
Seq of HEK293TAYB-1 cells and compared the results with
data for HEK293T. The results of high-throughput experi-
ments were validated wusing qPCR for 26 genes
(Supplementary Text and Supplementary Figs. S4-S5), 8 of
those were also verified by the Western-blot analysis
(Supplementary Fig. S3).

Fig. 2A presents the correlation between changes in Ribo-
Seq and changes in RNA-Seq (Pearson’s CC = 0.76,
P < 107"); here Ribo-Seq and RNA-Seq read counts were
obtained for the whole transcripts. Further computational
analysis of differential ribosome occupancy between
HEK293TAYB-1 and HEK293T cells with edgeR aimed to
reveal translation changes of particular transcripts but
detected no statistically significant genes with Benjamini-
Hochberg (FDR) adjusted P-value < 0.05.
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Figure 1. YBX1 knockout leads to reduced cell proliferation and weak global downregulation of translation. (A) Scatterplot of ribosome occupancy in HEK293T (Y-axis,
left) or HEK293T overexpressing YB-1 (Y-axis, right) and the YB-1 immunoprecipitation efficiency in HEK293T (X-axis, both panels). The two-dimensional kernel density
estimation, the linear regression line, the Pearson’s correlation coefficient, and the significance of correlation (P-value) are shown. For each gene, the ribosome
occupancy (Ribo-Seq read counts normalized to the RNA-Seq read counts) was estimated at coding segments, excluding UTRs. (B) Changes in the amount of YB-1 in
HEK293T cells after knockout or plasmid-induced expression of YB-1, as revealed by Western blotting. (C) Changes in the number of HEK293T and HEK293TAYB-1 cells
after 72 h cultivation. Equal numbers of HEK293T and HEK293TAYB-1 cells after 24h transfection by pcDNA-HA or pcDNA-HA-YB-1 were replated to dishes, and the
cell growth was monitored by cell counting over 72 hours. The data represent three independent experiments. (D) The total translation level in HEK293T and
HEK293TAYB-1 cells transfected either by the empty vector pcDNA3-HA or pcDNA3-HA-YB-1 (HA-YB-1) was assessed from the incorporation of azidohomoalanine.
The values were computed as follows: for each biological replicate, the values were normalized to the mean value of a particular replicate; the obtained values were
then normalized across experiments to the mean value of HEK293T cells transfected by the empty vector. Two-tailed Student’s t-test was used to estimate the

statistical significance versus HEK293T cells transfected by the empty vector. ***p < 0.001, **p < 0.01, # — not significant.

Next, we applied the gene set enrichment analysis to the
gene lists ranked by changes in RNA-Seq or ribosome occu-
pancy (Ribo-Seq relative to RNA-Seq). This way we found
several functional groups of RNAs with ribosome occupancy
increased in HEK293TAYB-1. In particular, translation-level
changes compensating the reduced mRNA abundance were
detected for mRNAs related to the cell cycle and cellular
respiration (Fig. 2C). This was typical for other significant
gene ontology terms and functional groups (Supplementary
Table S2).

However, there was a notable exception: genes of cell
response to growth factor stimulus, including those of
TGEF-p-signaling, were upregulated at the transcriptional
level and slightly at translational level. This is of special
interest since YB-1 is known to act as an antagonist in
TGEF-p-signaling to some extent [13,14] and, furthermore,
YB-1 and TGF-B counter-regulate each other [15,16].

To sum up, we were unable to detect particular genes with
statistically significant translation-level changes but found multi-
ple significant functional gene groups, which exhibited slight but
orchestrated changes. This suggests an active compensatory
mechanism activated in the YB-1 absence.

YB-1 controls YB-3 expression

While no genes showed statistically significant changes at the
translational level in HEK293TAYB-1 cells, there were a few
outliers (see the volcano-plot, Fig. 2B) of which there were no
RNA-binding or translation-related proteins, except for YB-3,
which showed the most significant increase of the mRNA
translation level. YB-3 is a homolog of YB-1 that was specu-
lated to have overlapping functions, as follows from the sur-
vival of YB-1-null mouse embryos [17].
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First, using sucrose gradient centrifugation followed by
qRT-PCR we confirmed the YB-3 mRNA transition to poly-
somal fractions upon YBXI knockout (Fig. 3A). Next, in YB-
I-null cells, we confirmed the increased YB-3 amount by
Western blotting (Fig. 3B). Of note, YB-1 overexpression
leads to a decreased YB-3 level both in HEK293T and
HEK293TAYB-1. Thus, YB-1 inhibits translation of YB-3.
However, the abundance of YB-3 mRNA changes in the
opposite direction: it is decreased upon YBXI knockout and
increased upon YB-1 overexpression (Fig. 3C, qRT-PCR).
Both observations agree with the high-throughput data.
Importantly, the magnitude of the increased ribosome occu-
pancy (1.25 log, fold change) considerably exceeds that of the
decreased mRNA abundance (-0.64 log, fold change), as
shown by Ribo-Seq and RNA-Seq data (Fig. 2A), thereby
suggesting that the varying mRNA amount could be
a secondary compensatory effect.

According to both high-throughput (RIP-Seq) and low-
throughput (immunoprecipitation with YB-1 antibodies followed
by RT-PCR, Supplementary Fig. S6) data, YB-3 mRNA is bound to
YB-1. Thus, YB-1 could directly regulate YB-3 mRNA translation.
We verified this in the cell-free translation system obtained from
HEK293T cells using the reporter mRNA with 5’ and 3' UTRs of
the YB-3 mRNA (Fig. 3D). Indeed, YB-1 specifically inhibits
translation of the YB-3 reporter mRNA.

Thus, YB-3 synthesis is controlled by YB-1 at the mRNA
abundance level, by affecting either transcription or stability, and
at the mRNA translation level.

In HEK293TAYB-1 cells, YB-3 substitutes YB-1 in mRNA
binding

YB-1 and YB-3 have homologous sequences and similar
domain organization (Fig. 4A): they have almost identical
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gRT-PCR. YB-3 mRNA amounts were normalized to those of HEK293T cells transfected by the empty vector. Two-tailed Student’s t-test was used to estimate the
statistical significance versus HEK293T cells transfected by the empty vector. ***p < 0.001, *p < 0.05. (D) 0.15 pmol of capped and polyadenylated reporter Firefly
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cold shock domains, disordered N- and C-termini with
a similar amino acid composition, and a similar distribution
of charged amino acid residues in the C-terminal domain
[1,18]. The specific affinity of YB-1 is believed to be deter-
mined by the cold shock domain [19,20], and one can expect
a similar set of YB-1- and YB-3-bound mRNAs.

We performed RIP-Seq with YB-3 antibodies in HEK293T
and HEK293TAYB-1 cells. Indeed (Fig. 4B, Supplementary
Fig. S7), YB-1 and YB-3 share a similar set of bound
mRNAs. RIP-Seq of YB-3 detects about 80% of the tran-
scribed RNAs, and the immunoprecipitation efficiencies of
YB-1 and YB-3 are strongly positively correlated (Pearson’s
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CC = 0.9, P < 10™"°). Furthermore (Fig. 4C), the YB-3 binding These data suggest that YB-3 could serve as a partial sub-
efficiency globally increases in HEK293TAYB-1 cells versus  stitute for YB-1. In the same way as for YB-1, we compared
wild type HEK293T. the ribosome occupancy of CDSs and the YB-3



immunoprecipitation efficiency of the whole transcripts (Fig.
4D), which showed the same pattern as for YB-1 (Fig. 1A).
Interestingly, in HEK293TAYB-1, the negative correlation
between the YB-3 immunoprecipitation efficiency and the
ribosome occupancy was even stronger. Furthermore, we
found a significant positive correlation when comparing YB-
1 overexpression and YBXI knockout by considering RNA-
Seq (Pearson’s CC = 0.39, P < 10~"°), Ribo-Seq (CC = 0.35,
P < 107%), or RO changes relative to HEK293T
(Supplementary Fig. S8A). Of note, the correlation for
changes in the ribosome occupancy was even higher
(Pearson’s CC = 0.59, P < 107").

Taken together, YB-1-null cells have a similar molecular
phenotype to that of YB-l-overexpressing cells, probably
achieved through strong upregulation of YB-3. In turn, YB-3
overexpression could be the cause of the global translation
decrease in HEK293TAYB-1. Further, we measured the global
translation level in YB-3- or YB-1-overexpressing cells (Fig.
4E,F). In both cases, global protein synthesis was reduced by
approximately 25% in comparison to HEK293T cells. Thus,
YB-3, like YB-1, is a global translation inhibitor and function-
ally substitutes YB-1 in HEK293TAYB-1.

Discussion

YB-1 is a DNA- and RNA-binding protein that participates in
multiple DNA- and RNA-dependent processes, including reg-
ulation of RNA transcription, translation, and stability [1].
Although YB-1 involvement in transcription regulation is
widely studied, it remains unclear [2,4]. First, YB-1 is
a predominantly cytoplasmic protein that goes to the nucleus
only in specific conditions, such as inhibited transcription and
DNA-damaging stress [21-25]. Second, according to ChIP-
Seq data, YB-1-bound DNA regions exhibit no clear sequence
motif, which could be expected for transcription factors that
specifically recognize DNA sites [4]. Our data also support the
idea that YB-1 impact on transcription is of limited magni-
tude. In particular, we have detected no differentially
expressed genes (passing 5% FDR) upon YB-1 overexpression
(Supplementary Table S2). In HEK293T, we found a weak but
significant positive correlation between the YB-1 immunopre-
cipitation efficiency and changes in RNA-Seq upon YB-1
overexpression  (Supplementary  Fig. S8B, Pearson’s
CC = 0.23, P < 107"°). This correlation between overexpres-
sion-induced changes in RNA abundance and IP efficiency in
wild type cells suggests that YB-1 could control RNA stability
but not RNA transcription per se. This assumption is in
agreement with the previous observations [5] reporting that
YB-1 could package and stabilize RNAs in the form of
untranslated mRNPs.

Y-box binding proteins of different organisms were initi-
ally recognized as the major mRNP proteins that pack and
protect mRNAs [26,27]. Later, several mRNAs specifically
binding to YB-1 were identified (see references in [1]). Since
then, the degree of YB-1 RNA-binding specificity and the
range of its mRNA targets in the cell were under debate.
Previous studies found only 15-20% of all mRNAs to be
bound by YB-1 [28,29]. However, more recent data, such as
iCLIP in glioblastoma cells [30], reveal YB-1-binding sites in
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RNAs of nearly 15 thousand genes, which is comparable to
the mRNA diversity of the whole transcriptome. Of note,
specific YB-1 binding sites were found only in 17% of the
binding regions [30], thus suggesting that there was a major
component of non-specific binding. In this study, using two
different antibodies, we confirm that YB-1 binds about 80% of
the transcriptome, and show that a similarly wide range of
RNAs can be bound by YB-3. Taking into account the strong
positive correlation between RIP-Seq and RNA-Seq in wild-
type HEK293T (Supplementary Fig. S1A), we consider that
Y-box-binding proteins bind the majority of RNAs in a non-
specific way, probably involving indirect interactions facili-
tated by other RNA-binding proteins.

YB-1 plays a dual role in mRNA translation. At a high YB-
1-to-RNA ratio, YB-1 inhibits translation either by competing
with eIF4F and PABP [6,31] and by packaging mRNA into
free mRNPs [9,32]. At a low YB-1-to-RNA ratio, YB-1 stimu-
lates translation probably by shifting translation initiation
factors towards the 5'UTR [9,33] or unwinding the RNA
secondary structure [34]. In this study, we found that
a negative correlation between the ribosome occupancy and
the YB-1 immunoprecipitation efficiency was becoming much
more prominent upon YB-1 overexpression (Fig. 1A), in
agreement with the decreased total translation level (Figs.
1D and 4F). Thus, in HEK293T cells, for the majority of the
transcripts, YB-1 serves as a translation inhibitor.

In knockout cells, we expected the increased translation
level for mRNAs with a high YB-1 binding efficiency and the
decreased one for other transcripts. However, we observed the
opposite effect, similar to that of YB-1-overexpressing cells
(Supplementary Fig. S8C), ie. the negative correlation
between the YB-1 binding efficiency and the differential ribo-
some occupancy. This apparent contradiction can be
explained as follows. Our data suggest that YB-3 is a partial
functional substitute for YB-1. It is known that YB-3, along
with YB-2 (another homolog of YB-1), is required for transla-
tion repression of hundreds of mRNAs in mouse testis [35].
However, YB-2 expression is limited to early development
[36,37], and in HEK293T cells YB-2 is not expressed. As to
YB-3, nothing was previously known about its involvement in
the regulation of translation in somatic cells. Here we report
that YB-3 is specifically overexpressed in YB-1-null cells. The
increased amount of YB-3 can be the cause of the translation
inhibition of YB-1 targets, which instead may be bound by
YB-3.

The concept of functional interchangeability of YB-1 and
YB-3 is supported by the following. First, YB-1 and YB-3
share similar cold shock domains (CSD), as well as struc-
turally similar N- and C-termini [1]. For both YB-1 and
YB-3, the AKT and RSK kinases phosphorylate the CSD at
the same amino acid (Ser102 for YB-1 and Ser134 for YB-3)
[38]. The CSDs of Y-box-binding proteins are believed to
be responsible for specific RNA binding [19,20], suggesting
that YB-1 and YB-3 bind similar sets of mRNAs. This study
shows that this is indeed the case, the YB-3 mRNA binding
is more exhibited in the absence of YB-1. Second, the
previous YB-1- and YB-3-knockout experiments also indir-
ectly demonstrated their partial functional interchangeabil-
ity [8,17]. YB-3-null mice showed no other pathologies but
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the lack of fertility, while double mutant embryos (YB-17"~
and YB-37") had serious malformations and died sooner
(8.5-11.5 days) than YB-17'~ embryos (13.5 days and peri-
natal death). Thus, YB-3 seems to functionally replace YB-1
at the early stages of embryo development, although later
stages require precise functions of YB-1 that are not fully
performed by the paralog.

Among numerous functions of YB-1, there are those spe-
cific to YB-1 only and not fulfilled by YB-3. In particular,
a comparative GSEA analysis of changes in RNA-Seq and RO
of HEK293TAYB-1 versus wild-type HEK293T revealed
a decreased RNA amount but an increased ribosome occu-
pancy of mRNAs related to the cell cycle and cellular respira-
tion. It was shown previously that YB-1 selectively interacts
with and suppresses translation of mRNAs coding for cyclins,
growth factors, and translation factors [29]. Also, YB-1 acts as
a negative regulator of translation of mitochondrial oxidative
phosphorylation (OXPHOS) mRNAs [39]. Thus, we hypothe-
size that YB-1 binds and stabilizes these mRNAs and specifi-
cally inhibits their translation.

A very different case is represented by mRNAs related to
TGF B-signaling. Upon YBXI knockout, for these transcripts,
both the mRNA amount and, to a lower extent, the ribosome
occupancy were increased. Probably, for these mRNAs, the
YB-1 influence is limited to translational control, but YB-3
cannot fully compensate for its loss. This is of special interest
since YB-1 is known to somewhat act as an antagonist in
TGF-B signaling [13,14]; also, YB-1 and TGF-B counter-
regulate each other [15,16]. Besides, activation of the TGF-f
signaling cascade is associated with a slowdown of cell divi-
sion [40], which agrees with a reduced rate of HEK293TAYB-
1 cell division.

Another important example of specific translational con-
trol by YB-1 is the translation repression of YB-3 mRNA. In
the YB-1-null cells, the YB-3 level is increased due to strongly
enhanced mRNA translation, whereas in normal conditions
and upon YB-1 overexpression YB-3 mRNA is translated at
a very low level. The molecular mechanism of this transla-
tional control is obscure. It is known that YB-1 negatively
regulates translation of its own mRNA through a regulatory
element within the 3'UTR [41,42]. Probably, in the case of
YB-3 mRNA, the translation inhibition also involves YB-1
binding to specific sites in the untranslated regions. In parti-
cular, we observed YB-1-induced inhibition of translation of
the reporter mRNA carrying 5’ and 3’ UTRs of the YB-3
mRNA (Fig. 3D).

Interestingly, the cross-regulation, although at the spli-
cing level, was previously reported for pairs of other
homologous RNA-binding proteins [43], such as
hnRNPD and D-like protein [44]. Regarding Y-box bind-
ing proteins and translational control, the ability of YB-3
to inhibit YB-1 or YB-3 mRNA translation is still
questionable.

All in all, for Y-box-binding proteins, further analysis
of the post-transcriptional regulatory loop and its possible
cell-type specificity is required to fully describe their
regulatory functions.

Methods
Plasmids

pSpCas9(BB)-2A-Puro (a gift from Feng Zhang; Addgene
plasmid #48,139) [45], pcDNA3-HA-YB-1 and pcDNA3-HA
[5], pGFP-c3 [46], pNL2.2 SLU7-NlucP [47], pSP36TLuc-A50
[48], pcDNA-3.1-puro (kindly provided by Dr. Dmitriev, A.N.
Belozersky Institute of Physico-Chemical Biology, MSU).

pcDNA-3.1-puro-YB-1, pcDNA-3.1-puro-YB-3, pSP36T-5’
UTR YB-3-FLuc-3'UTR YB-3-A50 (the plasmids cloning
described in the Supplementary Text).

Antibodies

Polyclonal rabbit antibody against YB-1 (4202, Cell
Signaling), polyclonal rabbit antibody against YB-1 (A303-
230A, Bethyl), polyclonal rabbit antibody against YB-3
(A303-070A, Bethyl), monoclonal rabbit antibody against
Fibrillarin (2639, Cell Signaling), monoclonal rabbit antibody
against NUP98 (2598, Cell Signaling), anti-rabbit HRP-
conjugated antibody (7074, Cell Signaling).

Cell cultures

HEK293T cells (originally obtained from ATCC) were kindly
provided by Dr. Elena Nadezhdina (Institute of Protein
Research, RAS). The cells were cultivated in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin. The cells were incubated at 37°C in
a humidified atmosphere containing 5% CO, and passaged by
standard methods.

The number of cells in experiments was determined using
a Countess automated cell counter (Invitrogen).

For DNA transfection experiments, the cells were cultured
on a 6-well plate to a density of 80-90%. The cells were
transfected using Lipofectamine 3000 (Invitrogen). For trans-
fection, 5 ug of the plasmid mixture (1 pg of pcDNA3-HA-
YB-1 and 4 pg of pcDNA3-HA or 5 ug of pcDNA3-HA only)
was incubated with 10 ul of the P3000 reagent and 7.5 ul of
the Lipofectamine 3000 in 250 pl Opti-MEM for 5min and
then added to the growth medium. 12 hours later, the cells
were plated onto a new 100-mm dish and cultivated for 36 h.
To obtain YB-1- and YB-3-overexpressing cells (Fig. 4E,F), 5
pug of pcDNA-3.1-puro, or pcDNA-3.1-puro-YB-1, or
pcDNA-3.1-puro-YB-3 was used in DNA transfection
experiments.

Western blotting

The cultured cells were washed with phosphate-buffered sal-
ine and lysed in the SDS-electrophoresis sample buffer.
Proteins were separated by SDS-PAGE and transferred onto
a nitrocellulose membrane. The membrane was blocked for
1 h at room temperature with non-fat 5% milk in TBS
(10 mM Tris-HCI, pH 7.6, and 150 mM NaCl) and incubated
overnight at 4°C in TBS-T (10 mM Tris-HCI, pH 7.6, 150 mM



NaCl, 0.05% Tween 20) supplemented with BSA (5%) and
appropriate antibodies. The membrane was washed three
times with TBS-T, incubated for 1 h with 5% non-fat milk
in TBS-T and secondary antibodies conjugated with horse-
radish peroxidase, and then washed three times with TBS-T.
Immunocomplexes were detected using an ECL Prime kit (GE
Healthcare) according to the manufacturer’s
recommendations.

YBX1 knockout using a CRISPR/Cas9 genome editing
system

gRNAs targeting the first exon of YB-1 were designed using
CRISPR Design software from the Zhang lab (crispr.mit.edu).
Oligonucleotides were annealed and cloned into pSpCas9
(BB)-2A-Puro according to [45]. gRNAs target the sequences
5'-ACACCAAGCCCGGCACTACG-3". within the YB-1 first
exon: pSpCas9(BB)-2A-Puro plasmid with cloned gRNAs
were transfected into HEK293T cells using Lipofectamine
3000 (Invitrogen). After puromycin treatment (1 pg/ml) for
three days, the cells were allowed to recover for two days and
then the pool of survived cells were cloned by limiting dilu-
tion and screened by Western blotting.

Genotyping of YBX1

Genome DNA of HEK293TAYB-1 cells was obtained using
The Genomic DNA Purification Kit (Thermo Fisher
Scientific) according to the manufacturer’s recommendations.
For genotyping, a YBX1 fragment was amplified by polymer-
ase chain reaction (PCR) using primers located within the first
exon and first intron of YBXI gene (Forward: 5'-
CAGTCACCATCACCGCAACCATG-3/, Reverse: 5'-
AGCTCCGGCTAACGGTTCCGCT-3’) using Pfu polymerase
(Thermo Fisher Scientific). Amplicons were cloned into
pJetl.2 (Thermo Fisher Scientific) and sequenced individually
(Evrogen).

Measuring the total translation level per cell

The total translation level per cell was determined from the
incorporation of azidohomoalanine in newly synthesized pro-
teins, followed by its crosslinking with an alkyne derivative of
the fluorescent dye Alexa Fluor 488 [49]. The cells were
cultured on a 6-well plate to a density of 60-70%. Then
DMEM was replaced by methionine-free DMEM, and the
cells were incubated in the absence of FBS for 45 min under
standard conditions. Then the reaction mixture was replaced
by fresh methionine-free DMEM containing azidohomoala-
nine (50 puM). After 2 h incubation, the cells were washed with
ice-cold PBS, and 200 pl of lysis buffer (1% SDS in 50 mM
Tris-HCI (pH 8.0) and Benzonase (250 U/ml)) was added to
each well of the plate. A 200 pg sample of lysate was diluted
with water to a volume of 77 pl and mixed with 100 ul of
alkyne-containing PBS buffer. Then the mixture was supple-
mented with 3 pl of freshly prepared CuSO,-THPTA (Tris
(3-hydroxypropyltriazolyl-methyl)amine) mix (1 ul CuSO,
(20 mM) and 2 pl THPTA (50 mM)), 10 ul aminoguanidine
(100 mM), and 10 pl of freshly prepared sodium ascorbate
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(100 mM) and incubated at room temperature for 1 h in the
dark. After incubation, the reaction mixture was supplemen-
ted with 600 pl methanol, 150 pl chloroform, and 400 pl
water, well-mixed and subjected to centrifugation at
13,000 g for 5 min. Then the aqueous phase was removed
and replaced by 450 pl methanol, and centrifugation at
13,000 ¢ was continued for 5 min. The methanol washing
was repeated twice, after which the pellet was let dry for 1 h
and then dissolved in 200 pl of 1.5x sample buffer for SDS-
PAGE.

For all samples, equal total protein amounts were separated
by SDS-PAGE and Alexa Fluor 488-labeled proteins were
detected on a ChemiDoc MP Imaging System (Bio-Rad) and
processed using the OptiQuant Software (Packard
Instruments). To estimate the translation level per cell, equal
numbers of cells were lysed in the SDS-electrophoresis sample
buffer and separated by SDS-PAGE. The total protein amount
was estimated by Coomassie blue staining using OptiQuant
Software. The total translation level per cell was estimated as
the Alexa Fluor 488 fluorescence normalized to the total
protein amount per cell.

Analysis of mRNA distribution between polysomes and
free mRNPs

Cells were washed twice with ice-cold PBS containing 0.1 mg/
ml cycloheximide and lysed directly on the plate after addition
of 400 pl of polysome extraction buffer: 15 mM Hepes-KOH,
pH 7.6, 5 mM MgCl,, 0.3 M NaCl, 1% Triton X-100, 0.1 mg/
ml cycloheximide, and 0.2 mM VRC (vanadylribonucleoside
complex), 1 mM DTT. Extracts were transferred into 1.5 ml
tubes and incubated on ice for 10 min with occasional mixing.
The nuclei and debris were removed by centrifugation at
12,000 g for 10 min in a microcentrifuge. 45 pl aliquots of
supernatants were layered onto 4.5 ml of 15-45% sucrose
gradient in buffer (15 mM Hepes-KOH, pH 7.6, 5 mM
MgCl,, 100 mM KCl, 0.1 mM EDTA, and 0.01 mg/ml cyclo-
heximide) and centrifuged in a SW-60 rotor (Beckman
Coulter) at 45,000 rpm for 55 min at 4°C. All gradients were
monitored for absorbance at 254 nm during their collection
from the bottom. 0.375 ml fractions were collected and 0.1 ng
of in vitro transcribed Nanoluc luciferase (Nluc) mRNA was
added to each fraction for normalization.

Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was obtained from cells or sucrose gradient frac-
tions using TRIzol LS Reagent (Thermo Fisher Scientific)
according to the manufacturer’s recommendations. Up to 1
ug of total RNA was used in reverse transcription reaction
with Maxima H Minus Reverse Transcriptase (Thermo Fisher
Scientific). Quantitative real-time PCR (qRT-PCR) was per-
formed on a DTlite Real-Time PCR System (DNA
Technology) using qPCRmix-HS SYBR+LowROX reaction
mixture (Evrogen). A 25 pl aliquot of final reaction mixture
contained 1/40 of the RT reaction mixture and 0.4 uM pri-
mers (see Supplementary Table S1). The following cycling
conditions were used: 5 min at 95°C followed by 50 cycles
of 95°C for 10 sec, 59°C for 20 sec and 72°C for 10 sec. For the
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total RNA samples, the statistical data analysis and assessment
of differences in gene expression were performed using the
REST2009 software; the reference genes were BTF3 and
ALDHI16A. For sucrose gradient fractions, transcript abun-
dance values were normalized to those of Nluc mRNA.

Transcription in vitro

RNA was transcribed by T7 RNA polymerase using a HiScribe
T7 High Yield RNA Synthesis Kit (NEB). Spike-in Fluc RNA was
transcribed from FLuc Control Template (NEB), spike-in GFP
RNA was transcribed from pGFP-c3 linearized with EcoRT. DNA
template for Nluc mRNA was obtained by PCR amplification of
the pNL2.2 SLU7-NlucP with the primers (Forward 5'-
TAATACGACTCACTATAGGGATTACGAGATTGGCTTG-
GATTC-3'and Reverse 5-TGTTGTTAACTTGTTTATTGCA
GCTTATAATG-3', T7-promoter is underlined). RNAs were
polyadenylated using the A-Plus Poly(A) Polymerase Tailing
Kit (CellScript) according to the manufacturer’s manual.
Reporter mRNAs for in vitro translation experiments were
transcribed with a SP6-Scribe Standard RNA IVT Kit
(CellScript). Polyadenylated YB-3_Fluc_YB-3 mRNA was
transcribed from pSP36T-5'UTR_YB-3-FLuc-3'UTR_YB-
3-A50 linearized with Hpal. Polyadenylated beta-globin_Fluc
mRNA was transcribed from pSP36TLuc-A50 linearized with
Smal. mRNAs were capped using the ScriptCap m’G Capping
System and the ScriptCap 2'-O-Methyltransferase Enzyme
(CellScript) according to the manufacturer’s manual.

In vitro translation

HEK293T cell extract for the cell-free translation system was
obtained as described previously [50]. Recombinant YB-1 was
purified as described previously [51].

The translation mixture (10 pl) consisted of 5 ul HEK293T
cell extract, 1 ul 10X translation buffer (200 mM Hepes-KOH,
pH 7.6, 10 mM DTT, 5 mM spermidine-HCI, 80 mM creatine
phosphate, 10 mM ATP, 2 mM GTP, and 250 uM of each
amino acid), 100 mM KAc, 1 mM Mg(Ac),, 2 units of Human
Placental Ribonuclease Inhibitor (Fermentas), 0.15 pmol
reporter Fluc mRNA, and recombinant YB-1 protein.
Reaction mixtures were incubated for 1 h at 30°C, and then
the luciferase activities were measured using the OneGlo
Luciferase Assay kit (Promega).

Ribosome profiling

Ribosome profiling was performed using the TruSeqRibo
Profile kit (Illumina) with modifications described below.
HEK293T, HEK293TAYB-1, and HEK293T overexpressing
HA-YB-1 cells at 70-80% confluency were immediately
chilled on ice and washed with PBS + cycloheximide
(100 pg/ml). The cells were not pre-treated with cyclohexi-
mide to avoid the artificial accumulation of initiation com-
plexes at translation initiation starts [52]. The cells were then
lysed with buffer containing 20 mM Tris-HCl (pH 7.4),
150 mM NaCl, 5 mM MgCl,, 1 mM DTT, 1% Triton X-100,
100 pg/ml cycloheximide (Sigma-Aldrich), 25 U/ml TURBO
DNase (Ambion). Cell lysates were incubated on ice for

10 min, triturated ten times through a 26-G needle and
centrifuged at 20,000 g at +4°C for 10 min. The supernatant
was divided into two parts: for Ribo-Seq and size-matched
RNA-Seq library preparation. Nuclease footprinting and ribo-
some recovery for Ribo-Seq library preparation were per-
formed according to [53]. Total RNA for RNA-Seq library
preparation was isolated using TRIzol LS Reagent (Thermo
Fisher Scientific).

Subsequent  procedures  were  performed  using
a TruSeqRibo Profile Kit (Illumina) according to the manu-
facturer’s protocol. rfRNA depletion was performed using
a Ribo-Zero rRNA Removal Kit (Human/Mouse/Rat)
(Illumina) according to the manufacturer’s recommendations.

RNA immunoprecipitation and sequencing (RIP-Seq)

RNA immunoprecipitation was performed as described by
Tenenbaum et al., [54] with some modifications. Briefly,
cells were washed twice with ice-cold PBS and removed
from culture plates with a scraper. Then cells were resus-
pended in approximately two pellet volumes of lysis buffer
containing 10 mM Hepes-KOH, pH 7.0, 100 mM KCl, 5 mM
MgCl,, 0.5% Nonidet P-40 with 1 mM DTT, 100 U/ml RNase
Inhibitor (Thermo Fisher Scientific), 0.2% vanadylribonucleo-
side complex (Fluka), and Protein Inhibitor Cocktail (Roche)
added fresh at the time of use. The lysed cells were then
frozen and stored at —80°C. At the time of use, the cell lysate
was thawed and centrifuged at 16,000 g in a microfuge for
10 min at 4°C. For immunoprecipitation, Protein G Sepharose
beads (GE Healthcare) were swollen 1:5 V/V in NT2 Buffer
(50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM MgCl,,
0.05% Nonidet P-40) supplemented with 5% BSA. A 300 pl
aliquot of the 1:5 V/V pre-swollen protein G bead slurry was
used per immunoprecipitation reaction and incubated over-
night at 4°C with an excess of YB-1 or YB-3 antibody (5--
10 pg). The antibody-coated beads were washed with ice-cold
NT?2 buffer and resuspended in 900 ul of NT2 buffer supple-
mented with 100 U/ml RNase Inhibitor, 0.2% vanadylribonu-
cleoside complex, 1 mM DTT, 20 mM EDTA. The beads were
briefly vortexed, and 100 ul of cell lysate was added and
immediately centrifuged, and a 100 ul aliquot removed to
represent total cellular RNA. The immunoprecipitation reac-
tions were performed at room temperature for 2 h and then
beads were washed 4 times with ice-cold NT2 bufter followed
by 2 washes with NT2 buffer supplemented with 1 M urea.
Washed beads were resuspended in 100 pl NT2 buffer.
Immunoprecipitated and total RNA were isolated using
TRIzol LS Reagent according to the manufacturer’s protocol.

Libraries for sequencing were obtained using a NEBNext
Ultra Directional RNA Library Prep Kit for Illumina (NEB)
according to the manufacturer’s protocol. rRNA depletion
was performed using a NEBNext Poly(A) mRNA Magnetic
Isolation Module (NEB) or a NEBNext rRNA Depletion Kit
(Human/Mouse/Rat) (NEB) according to the manufacturer’s
protocol.

For selected samples (polyA RIP-Seq YB-3 and polyA
RNA-Seq in HEK293T and HEK293TAYB-1) spike-ins (7 pg
GFP mRNA and 0.12 pg FLuc mRNA) were added per 0.5 pg
of RNA at the start of library preparation.



High-throughput sequencing and data processing

Libraries were sequenced on Illumina HiSeq 2000 (Laboratory
of Evolutionary Genomics, FBB MSU) and Illumina NextSeq
500 (Skoltech Genomics Core Facility).

Reads quality control was performed with FastQC v0.11.5
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc).
Overview of samples, sequencing, and read mapping statistics
are presented in Supplementary Table S2. The reads were
processed as follows: trimming was performed with cutadapt
v1.18 [55] to remove adapter sequences; mapping to the hg38
genome assembly [56] with GENCODE v29 genome annota-
tion [57] was performed with STAR v2.6.1d [58], which also
provided gene counts for the whole transcripts. Reads counts
for coding segments (used in Figs. 1A and 4D, Supplementary
Fig. S1B for CDS-level ribosome occupancy estimates, see
below) were obtained with plastid v.0.4.8 [59].

For samples with spike-ins, the respective sequences were
added to the genome assembly as separate chromosomes.
Across samples, from 10 to 99 million reads passed trimming
(median of 38 million), 9 to 31 million (median of 17 million)
reads were uniquely mapped. Resulting read counts from
several sequencing runs of the same sample were summed
up. The principal component analysis of samples shows
a reasonable separation of experiment types and agreement
between replicates (Supplementary Fig. S9A).

Ribo-Seq data have clear triplet periodicity, metagene profiles
of windows surrounding gene start codons were obtained with
plastid v.0.4.8 [59] and visualized in Supplementary Fig. S9B.

The differential gene expression and gene set enrichment
analyses were performed in the R environment. Gene counts
for rRNA and mt-rRNA were excluded. Genes passing 1
count-per-million in all samples were used in further analysis.
Read counts per gene were normalized with the edgeR TMM
method [60]. Additionally, polyA YB-3 RIP-Seq in
HEK293TAYB-1 was re-normalized to that of HEK293T
using spike-ins (mean estimate for two spike-ins), the same
was performed for polyA RNA-Seq. Spike-in normalization
allowed to estimate absolute changes in the YB-3 immuno-
precipitation efficiency upon YBXI knockout.

Samples of (HEK293T and HEK293T+HA) or
(HEK293TAYB-1 and HEK293TAYB-1+HA) showed similar
expression patterns and were used as replicates. Differential
gene expression (changes in RNA-Seq and Ribo-Seq), ribo-
some occupancy (Ribo-Seq relative to size-matched RNA-Seq,
RO values for particular cell types, and differential ribosome
occupancy between cell types), and immunoprecipitation (IP)
efficiency (RIP-Seq relative to standard RNA-Seq) were esti-
mated using contrasts of the edgeR generalized linear model
(glmQLFit, glmQLFTest). P-values were corrected for multi-
ple testing using FDR (Benjamini-Hochberg). CDS read
counts were used for ribosome occupancy estimates in Figs.
1A and 4D, Supplementary Fig. S1B; whole-transcript read
counts were used elsewhere.

The Gene Set Enrichment Analysis (GSEA) was per-
formed using a fgsea bioconductor package [61]. GO
terms were obtained from MSIGdb v6.2 [62]. Gene rank-
ing was obtained using the signed P-value (sign taken
from the fold change, more significant up- and down-
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regulated genes appear at the top and bottom of the list,
respectively).
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