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SUMMARY

Sufficient amino acid supplies are critical for protein
synthesis and, thus, cell growth and proliferation.
Specialized transporters mediate amino acid ex-
change across membranes and their regulation is
critical for amino acid homeostasis. Here, we report
that the DNA- and RNA-binding protein YBX3 regu-
lates the expression of amino acid transporters. To
investigate the functions of YBX3, we integrated
proteomic and transcriptomic data from cells
depleted of YBX3 with analyses of YBX3 RNA bind-
ing sites to identify RNAs directly regulated by
YBX3. The data implicate YBX3 as a RNA-binding
protein that regulates distinct sets of mRNAs by
discrete mechanisms, including mRNA abundance.
Among direct YBX3 targets, two solute carrier
(SLC) amino acid transporters (SLC7A5 and
SLC3A2) were identified. We show that YBX3 stabi-
lizes these SLC mRNAs and that YBX3 depletion
diminishes the expression of SLC7A5/SLC3A2,
which specifically reduces SLC7A5/SLC3A2 amino
acid substrates. Thus, YBX3 emerges as a key regu-
lator of amino acid levels.

INTRODUCTION

Cold shock proteins are among the most highly conserved pro-

tein families from bacteria to humans. This super family is char-

acterized by the presence of one or more cold shock domains

(CSDs), enabling these proteins to bind to single-stranded

nucleic acids. DNA- and RNA-binding capabilities allow mem-

bers of this family to perform diverse functions, including regula-

tion of transcription, splicing, translation, and mRNA stability

(Kleene, 2018; Lindquist and Mertens, 2018).

The Y-box (YBX) protein family comprises the major group of

CSD proteins in humans, which contains three genes, namely,

YBX1, YBX2, and YBX3. YBX proteins differ from other CSD pro-

teins in their domain organization, which consists of a central CSD
Cel
This is an open access article under the CC BY-N
and unstructured N- and C-terminal regions. However, like other

CSD proteins, YBX proteins have been linked to diverse forms of

RNAmetabolismandmanyprocesses, including cell proliferation,

DNA repair, multiple stress responses, development, and neuro-

degenerative and inflammatory diseases (Kleene, 2018; Lindquist

and Mertens, 2018; Lyabin et al., 2014; Prabhu et al., 2015).

YBX proteins are highly expressed and bind a broad range of

RNAs, creating a challenge to distinguish binding from direct

regulation of YBX target RNAs (Kleene, 2018; Lyabin et al.,

2014). In addition, YBX proteins have overlapping functions

exemplified by phenotypes appearing only if two family mem-

bers are depleted. For example, the YBX3 knockout mouse de-

velops normally with only minor problems in spermatogenesis

and with marginally reduced fertility (Lu et al., 2006). However,

a mouse that is hemizygous for both YBX2 and YBX3

(YBX2+/�;YBX3+/�) is infertile, whereas a double knockout of

YBX1/YBX3 is embryonic lethal (Lu et al., 2006; Snyder et al.,

2015). The functional redundancy, multilevel regulation, and

broad binding by YBX proteins make it difficult to delineate their

RNA targets and functional roles.

YBX3 itself has been reported to control gene expression at

multiple levels. It was first reported as a DNA-binding factor

that regulates the transcription of promoters containing a YBX

sequence (Coles et al., 1996; Kudo et al., 1995; Matsumoto

and Wolffe, 1998; Sakura et al., 1988; Wolffe and Meric, 1996).

Later reports established YBX3 as an RNA-binding protein

(RBP) that post-transcriptionally controls translation and mRNA

stability (Coles et al., 2004; Davies et al., 2000; Giorgini et al.,

2001; Nie et al., 2012). Like other members of the YBX family,

YBX3 plays diverse roles in biology, including during develop-

ment, in spermatogenesis, and cellular differentiation and prolif-

eration (Balda et al., 2003; Giorgini et al., 2002; Lima et al., 2010;

Lu et al., 2006; Snyder et al., 2015). However, its functionally rele-

vant RNA-binding targets remain elusive.

To elucidate how YBX3 controls gene expression, we took a

multi-omics approach. We first obtained and integrated proteo-

mic and transcriptomic data to assess changes occurring at both

the mRNA and translational level upon YBX3 depletion. These

data were further integrated with enhanced crosslinking and

immunoprecipitation (eCLIP) data for YBX3-RNA complexes to

reveal candidates for direct regulation by YBX3. The combined
l Reports 27, 3097–3106, June 11, 2019 ª 2019 The Authors. 3097
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Figure 1. Transcriptomic and Proteomic Changes Elicited by YBX3 Knock Down

(A) Schematic of approach to identify genes affected by knock down (KD) of YBX3 in HeLa cells. Cells transfected with either non-targeting or YBX3 siRNAs were

subjected to a 2-h pulse with metabolic labels (AHA, azidohomoalanine indicated with the red star; SILAC, stable isotope labeling amino acids in cell culture; dark

blue represents [13C6,15N2] L-Lys/[13C6,15N4] L-Arg, i.e., heavy, and light blue represents [4,4,5,5-D4] L-Lys/[13C6] L-Arg, i.e., medium) 2 days after siRNA

transfection. AHA-containing proteins are coupled to alkyne-agarose by a click chemistry reaction, and de novo protein synthesis was measured by quantitative

mass spectrometry, while RNA-seq of total RNA measured changes in transcript levels.

(legend continued on next page)
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datasets uncover a previously unknown function for YBX3 in

regulating amino acid homeostasis. We show that YBX3 stabi-

lizes the mRNAs encoding the amino acid transporters

SLC7A5 and SLC3A2 by binding to their 30 UTRs. Importantly,

YBX3 depletion reduces the intracellular concentrations of

amino acids transported by SLC7A5/SLC3A2, which can be

partially recovered by expression of an exogenous SLC7A5 not

regulated by YBX3. Thus, our data establish a direct molecular

function of YBX3 and reveal its unanticipated role in amino

acid transport.

RESULTS

Identification of Genes Affected by YBX3 Depletion
To identify genes whose expression is controlled by YBX3, we

used omics techniques to identify changes occurring at both

the transcriptomic and translational levels in HeLa cells depleted

of YBX3 by small interfering RNA (siRNA). Efficient knockdown

(KD) (<10% protein) was achieved after YBX3 depletion for

48 h (Figure S1A). We first examined changes in transcript levels

comparing YBX3 KD versus control KD cells by RNA sequencing

(RNA-seq) (Figure 1A). Out of the 28,066 detected transcripts,

560 RNAs changed in expression upon YBX3 KD (absolute fold

change [FC] > 1.5 with <1% false discovery rate [FDR]; Fig-

ure 1B). Of these, 216 transcripts had increased expression,

while 344 were decreased in their expression (Figure 1B, red

dots indicate significant transcript defined by absolute FC >

1.5 with <1% FDR and orange dots are candidates transcripts

defined by absolute FC > 1.5 with <5% FDR). Most of the

observed changes are among low-abundant mRNAs with a

few distinct exceptions (e.g., SLC3A2 and SLC7A5) (Figure S1D)

and did not widely vary between samples (Figure S1C). In parallel

samples, we measured protein synthesis by pulse labeling with

stable-isotope-labeled amino acids (SILAC) and the methionine

analog azidohomoalanine (AHA) to identify and enrich for newly

synthesized proteins (Eichelbaum and Krijgsveld, 2014). This

methodmeasures the synthesis rate of proteins during the pulse,

thus allowing for the analysis of translation when combined with

transcriptomic data. In total, we identified 1,869 newly synthe-

sized proteins, 34 of which displayed altered synthesis upon

YBX3 depletion in both replicates (absolute FC > 1.5 with 5%

FDR; Figure 1C). Specifically, 19 proteins displayed reduced

synthesis upon loss of YBX3, whereas 15 proteins showed

increased synthesis (Figure 1C, red dots indicate significant pro-

teins defined by absolute FC > 1.5 with <5% FDR and orange

dots are candidates proteins defined by absolute FC > 1.5 with

<10% FDR). As expected, YBX3 was consistently and signifi-

cantly reduced at the transcript (Figure 1B), protein synthesis,
(B) Volcano plot of altered transcripts in cells from (A). RNAs were classified in 3

(absolute FC > 1.5 with <5% FDR, orange dots), or not significant (gray dots).

candidate transcripts; labels are significant transcripts with absolute FC of >3 an

(C) Scatterplot of altered de novo protein synthesis in YBX3 versus control KD cells

red dots), candidate (absolute FC > 1.5 with <10% FDR, orange dots), or not sign

49 candidate proteins; labels are significant proteins with absolute FC > 2.

(D) Scatterplot integrating proteomic (y axis) andRNA-seq (x axis) datasets. Classi

and orange and blue dots found in either dataset; labels are significant genes fro

(E) Bar graph illustrating protein (brown) and transcript (blue) levels for all signific
and steady-state level (Figures 1C and S1B, respectively) in all

replicates.

To determine if the changes in protein translation correlate

with altered transcript levels, we integrated the two datasets

(Figure 1D; Table S1). The majority of proteins (13 out of 15)

with increased expression display little to no corresponding

alteration in mRNA levels (Figures 1D and 1E), whereas all

proteins with reduced expression show concomitant de-

creases in mRNA amounts and translation rates with the

exception of DNAJA3, which was not identified in the RNA-

seq dataset (Figures 1D and 1E). These results suggest that

YBX3 regulates gene expression at multiple levels, namely

as a translational repressor (i.e., proteins with increased

synthesis but no change in mRNA in response to YBX3 defi-

ciency) and a positive regulator of mRNA abundance (i.e., pro-

teins with decreased synthesis and mRNA levels in cells

depleted of YBX3). However, the data do not distinguish if

the regulation of mRNA abundance occurs at the transcrip-

tional or post-transcriptional level.

YBX3 Binds the 30 UTR and CDS of Specific mRNAs
The observed changes in gene expression could be a direct or

indirect consequence of regulation by YBX3. To uncover direct

targets of YBX3, we determined the subset of transcripts that

are both bound by YBX3 and show YBX3-dependent gene regu-

lation. To identify YBX3-bound RNAs, we performed eCLIP of

YBX3-RNA complexes from HeLa cells (Figure S2A) (Van Nos-

trand et al., 2016). In total, we generated three YBX3 immunopre-

cipitation (IP) replicates (with an average of 24.4 million uniquely

mapped reads per sample) and three replicates of SMI (size-

matched input) controls (with an average of 1.2 million uniquely

mapped reads per sample) (Figures S2B and S2C). By normal-

izing the immunoprecipitated RNA for the RNA abundance

obtained from the SMI samples, we found that YBX3 binds a

set of specific RNAs broadly without a discernible binding-motif

(8,727 binding regions within 4,018 RNAs; Figure 2A). YBX3

binding was enriched within the 30 UTRs and coding sequences

(CDS) of mRNAs, whereas other mRNA regions or types of

RNAs, including abundant RNAs (e.g., rRNAs), were depleted

from the YBX3 eCLIP samples (Figure 2B). Furthermore, meta-

gene analysis of the transcriptomic region revealed an

enrichment of crosslinking within the last third of the transcript

(Figure 2C). These data indicate that YBX3 primarily binds

mRNAs toward their 30 ends.
When combining both the significant and candidate cate-

gories of differentially expressed genes from the RNA-seq

(absolute FC > 1.5 with <5% FDR) and pulse stable isotope

labeling by amino acids in cell culture (pSILAC)/AHA datasets
categories: significant (absolute FC > 1.5 with <1% FDR, red dots), candidate

From a total of 28,066 RNAs, we identified 560 significantly altered and 110

d SLC7A5 with absolute FC of �2.6.

with altered proteins classified as significant (absolute FC > 1.5 with <5%FDR,

ificant (gray dots). In total, 1,869 proteins were identified with 34 significant and

fication of categories same as in (B) and (C) with red dots found in both datasets

m (C) with an absolute FC of >2.

ant genes from (C). Data provided in Table S1.
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Figure 2. YBX3 BindsmRNA 30 Ends and Is En-

riched in Binding mRNAs Affected by YBX3

Depletion

(A) Visualization of eCLIP enrichment for YBX3 immu-

noprecipitations versus size-matched inputs (SMIs).

Blue dots indicate significantly enriched genomic re-

gions in YBX3 IP (8,727 binding regions within 4,018

RNAs enriched with an absolute FC > 2 with <1%

FDR).

(B) RNA type crosslink site enrichment in YBX3 eCLIP

compared to SMI control.

(C) Metagene analysis of eCLIP read distribution.

Average detectable crosslinks over the transcriptome

of RNAs in the YBX3 replicates (orange) versus SMI

control (gray). TSS, transcription start site; TES,

transcription end site.

(D) Scatterplot integrating the YBX3 eCLIP dataset

with integrated proteomics and RNA-seq from Fig-

ure 1D.

(E) Bar graph illustrating protein (brown) and tran-

script (blue) levels for all significant proteins in Fig-

ure 1C enriched in YBX3 eCLIP.

(F) Bar graph of YBX3 x-linked RNAs (orange) as a

percent of unaltered or altered genes detected in

Figures 1B and 1C. In total, 28,202 genes were

identified out of which 27,473 were unaltered and 729

were altered by YBX3 KD. Of the unaltered 3,891

(�14.2%) were x-linked by YBX3, while 208 of the

altered (�28.5%) were YBX3 x-linked RNAs. A

Fisher’s exact test for count data was used to

determine significance. Data provided in Table S1.
(absolute FC > 1.5 with <10% FDR), we identify 729 differen-

tially expressed genes. Out of these, only 28.5% (208) are

enriched in the YBX3 eCLIP dataset. However, this number in-

creases to nearly 71% (22 bound out of the 31 altered genes)

when there is differential protein expression and the transcript

is identified in RNA-seq (Figure 2E). These results suggest

that altered protein expression frequently results from a direct

interaction of YBX3 and the mRNA. We then assessed the per-

centage of YBX3-bound transcripts comparing those that do or

do not respond to YBX3 depletion. Although just over 28.5% of

genes with altered expression are enriched in the YBX3

eCLIP data, this number significantly decreases to 14.2%

(3891) for genes with unaltered expression in the YBX3 KD

(p valueFisher-Exact < 2.2 E-16; Figure 2F; Table S1). Thus,

integration of the eCLIP dataset with the proteomic and tran-

scriptomic data indicates that YBX3 directly controls gene
3100 Cell Reports 27, 3097–3106, June 11, 2019
expression at multiple levels, including

the control of translational efficiency and

mRNA abundance.

YBX3 Enhances the Stability of SLC
mRNAs
When looking at the potential direct tar-

gets of YBX3, we found two SLCs

(SLC7A5 and SLC3A2) (Figure 2D) most

substantially altered by YBX3 depletion

both at the mRNA and protein level (Fig-

ures 1B–1E). Because both proteins are
well-known to transport amino acid across the plasma mem-

brane (Baird et al., 2009; Meier et al., 2002; Nicklin et al.,

2009), this suggests a possible link between YBX3-directed

gene expression and nutrient supply. To dissect how YBX3

regulates the expression of these transporters and perhaps

amino acid levels within cells (Figures 1B–1E and 2D), we first

assessed the steady-state protein and mRNA levels of these

SLCs in YBX3 KD cells. In accordance with the proteomics

and RNA-seq data, we found that SLC7A5 and SLC3A2

display reduced steady-state protein and mRNA levels as-

sessed by immunoblotting and quantitative real-time PCR,

respectively, whereas the levels of the control mRNAs and

proteins were not significantly altered in YBX3 KD cells (Fig-

ures 3A and 3B). The levels of the steady-state protein and

mRNA reduce to a similar degree, which is in accordance

with the results of the integrated proteomic and RNA-seq
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Figure 3. YBX3 Stabilizes Distinct SLC mRNAs by Their 30 UTR
(A) Immunoblot analysis of steady-state protein levels for SLC7A5 and SLC3A2 expression along with negative controls (ACTB, SLC1A3, and SLC25A6). Lysates

from cells treated with control siRNAs are loaded at 100%, 50%, and 25%. Protein quantification and molecular mass markers are indicated. PPIA is not

represented due to the lack of a suitable antibody.

(B–D) qRT-PCR of relative mRNA levels after YBX3 depletion: (B) steady-state, (C) after actinomycin D (ACT D) treatment, and (D) for nascent mRNA levels after

a pulse with 4-thio-uridine (4SU) and enrichment by biotin-streptavidin for indicated transcripts. RNAs extracted at indicated time points after ACT D treatment

(C) and 4SU pulse and enrichment method for (D), as described in STAR Methods.

(E) Rescue experiments in doxycycline (Dox)-inducible YBX3-GFP cells. Cells were transfected with siRNAs that only target endogenous YBX3 (30 UTR specific)

or control siRNAs and inducedwith 0.5 mg/ml Dox for 2 days, lysed, and cell extracts analyzed by immunoblotting with the indicated antibodies. Both SLC7A5 and

SLC3A2 have a p value < 0.05 with Student’s t test, n R 4.

(F) Immunoblot of control KD or YBX3 KD in Dox-inducible cells expressing SLC7A5- or SLC25A6-FLAG-HA either with or without the SLC7A5 30 UTR. Protein
quantification and molecular mass markers are indicated. Line indicates where the image was cropped to take out superfluous lanes.

(G) qRT-PCR of relative FLAG-HA mRNAs in cells from (F). Protein quantification and molecular mass markers are indicated. All siRNA transfections as

in Figure 1A. All qRT-PCR data and immunoblot quantifications are displayed as single points, mean ± SD. **p < 0.01 and *p < 0.05 with Student’s t test,

n = > 3.
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datasets (Figure 1E). Together, these data imply that YBX3

regulates the expression of these SLCs by their mRNA levels.

Transcript levels can be altered by changes in transcription,

RNA processing, mRNA stability, or a combination thereof, and

YBX3 has been suggested to have roles in all these processes

(Balda and Matter, 2000; Coles et al., 1996; Nie et al., 2012;

Sourisseau et al., 2006). To address these possibilities, we first

evaluated the mRNA half-lives after inhibiting transcription in

HeLa cells with actinomycin D. Control mRNAs (PPIA), including

other SLC mRNAs (SLC25A6 and SLC1A3) displayed similar

half-lives in control and YBX3 KD cells upon blocking transcrip-

tion (Figure 3C, right panels; Figure S3A). In contrast, YBX3

depletion decreased the mRNA half-lives of the two candidate

SLC genes (SLC7A5 and SLC3A2) (Figure 3C, left panels). As

YBX3 has also been reported to have roles in transcriptional con-

trol (Balda andMatter, 2000; Coles et al., 1996; Sourisseau et al.,

2006), we next evaluated the levels of nascent mRNAs after a

pulse with 4-thiouridine (4SU), which selectively incorporates

into newly transcribed mRNAs, allowing a measurement of tran-

scription of these mRNAs in YBX3 KD (Rädle et al., 2013). This

analysis showed a slight, significant reduction in SLC7A5 and

SLC3A2 nascent mRNA (�40%) with little to no effect on control

mRNAs (Figure 3D). These data suggest that YBX3 affects SLC

mRNA abundance at more than one level, including transcrip-

tional and post-transcriptional control.

YBX3 Regulates SLC7A5/SLC3A2 Expression
To follow-up on the finding that YBX3 directly binds the 30 UTR of

these SLC mRNAs, we generated a doxycycline (Dox)-inducible

HeLa cell line expressing an siRNA-resistant YBX3-GFP tran-

script that lacks the YBX3 30 UTR. In the presence of Dox, an

siRNA specifically targeting the 30 UTR of YBX3 depleted the

endogenous protein but not exogenous YBX3-GFP (Figure 3E;

Figure S3B). Importantly, YBX3-GFP significantly rescued the

reduced protein expression of SLC7A5 and SLC3A2 upon loss

of endogenous YBX3 (Figure 3E, lanes 3 and 4). YBX3-GFP

also rescued the reduced levels of SLC7A5 and SLC3A2mRNAs

observed upon depletion of endogenous YBX3 (Figure S3C).

Together, these results support the notion that YBX3 promotes

the expression of SLC7A5 and SLC3A2 proteins by stabilizing

their transcripts.

SLC7A5 Regulation by YBX3 Is Mediated by Its 30 UTR
YBX3 directly binds the 30 UTR of SLC7A5 (Figure S3D), which is

a region that often contains regulatory elements that RBPs bind

to stabilize mRNAs (Szostak and Gebauer, 2013). To evaluate

the role of the SLC7A5 30 UTR in YBX3-mediated regulation,

we generated Dox-inducible cell lines expressing FLAG-hemag-

glutinin (HA)-tagged SLC7A5 open reading frames (ORFs) either

without (7A5 ORF) or with (7A5 ORF + 7A5 30 UTR) the SLC7A5 30

UTR (Figure S3E schematic). We found that the SLC7A5 30 UTR
is required for YBX3-mediated regulation of SLC7A5 protein and

transcript levels (Figures 3F, right panels, and 3G). Furthermore,

placing the SLC7A5 30 UTR downstream of the SLC25A6 ORF,

an SLC not regulated by YBX3 (Figures 3A and 3B), was suffi-

cient to render the protein and transcript susceptible to regula-

tion by YBX3 (Figures 3F and 3G). The cell lines showed reduced

levels of endogenous SLC7A5 and YBX3 upon depletion of
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YBX3, as expected (Figures S3E and S3F). Together, these

data reveal that the SLC7A5 30 UTR is required for YBX3-

mediated regulation and that YBX3’s post-transcriptional control

suffices to modulate the expression of SLC7A5 expression.
YBX3 Regulates the Intracellular Levels of Specific
Amino Acids by the L1 Transporter
SLC7A5 and SLC3A2 comprise the L1 transporter system, which

transports large neutral and aromatic amino acids (LNAA:

leucine, isoleucine, phenylalanine, methionine, tyrosine, histi-

dine, tryptophan, and valine). Of note, this includes seven of

the nine essential amino acids in human cells (Wu, 2009; Zhang

et al., 2017). LNAA import is paired with export of other amino

acids at a 1:1 stoichiometry (Figure 4A) (Baird et al., 2009; Meier

et al., 2002; Nicklin et al., 2009). To determine if YBX3-mediated

regulation of SLC7A5/SLC3A2 affects cellular amino acid levels,

we performed targeted metabolomics. Compared to extracts

from control cells, YBX3 KD cell extracts displayed significantly

reduced levels of all tested SLC7A5/SLC3A2 substrate amino

acids (Figure 4B, top). In contrast, amino acids that are not trans-

ported by the L1 complex were generally not affected or show

minor reductions in their levels (e.g., threonine and lysine) (Fig-

ure 4B, bottom). These mild decreases are likely due to reduced

SLC3A2 expression, which complexes with other transporters

(e.g., SLC7A8 or SLC7A7) to import overlapping but distinct

sets of amino acids (Fotiadis et al., 2013; Kandasamy et al.,

2018; Verrey et al., 2004). Immunoblotting confirmed that both

the transporters and YBX3 were depleted, whereas control pro-

teins were unaffected (Figure S4A). These results suggest that

YBX3 is required to maintain intracellular steady-state LNAA

levels by regulating SLC7A5/SLC3A2 expression.
The 30 UTR of SLC7A5 Is Required for YBX3-Mediated
Regulation of LNAA Levels
SLC3A2 is a regulatory glycoprotein that is needed to stabilize

and transport SLC7A5 to the plasma membrane, whereas

SLC7A5 is the subunit necessary for the transport of LNAAs.

SLC3A2 interacts with several members of the SLC7 family,

and expression of SLC7A5 most closely matches the function

of the L1 transporter system (Fotiadis et al., 2013; Kanai et al.,

1998; Mastroberardino et al., 1998; Verrey et al., 2004). As

SLC7A5 harbors the permease activity for LNAAs, and SLC7A5

regulation by YBX3 is mediated by the 30 UTR (Figures 3G and

3H), we tested whether ectopic expression of SLC7A5 from a

transgene lacking the endogenous 30 UTR (7A5 ORF) would at

least partially restore L1 transporter activity and abrogate the

reduction in LNAA levels observed in YBX3 KD cells (Figure 4B).

Exogenous 7A5ORF and 7A5ORF+ 7A5 30 UTRwere expressed

at 5-fold and 10-fold lower levels, respectively, than endogenous

SLC7A5, and only 7A5 ORF was not reduced upon depletion of

YBX3 (Figure 4C, anti-SLC7A5 and anti-HA). Importantly,

although LNAA levels were significantly reduced in YBX3 KD

cells expressing 7A5 ORF + 7A5 30 UTR (Figure 4D, bottom),

they were substantially restored in YBX3 KD cells expressing

the SLC7A5 ORF without the 30 UTR (Figure 4D, top). These re-

sponses are specific because amino acids not transported by

the L1 complex were largely unaffected (Figure 4D; Figure S4B).
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Figure 4. The SLC7A5 30 UTR Sensitizes LNAA Steady-State Levels to YBX3 Regulation

(A) Schematic of SLC7A5/SLC3A2 amino acid transport. Light green, SLC3A2; dark green, SLC7A5; LNAA, large neutral amino acids.

(B) Intracellular amino acid levels after transfection with control or YBX3 siRNAs. Boxplot indicates standard deviation and the line marks median value for the

replicates with **%1% FDR and *%5% FDR. SLC7A5/SLCA2 amino acid substrates underlined.

(C) Immunoblot analysis of siRNA transfection in Dox-inducible cell expressing SLC7A5 with or without the 30 UTR. Marker molecular weight indicated.

(D) Intracellular amino acids in the SLC7A5-inducible cell line without the 30 UTR (top) or with the 30 UTR (bottom). Dot plot indicates standard deviation and the line

marks average value for the replicates with **%1% FDR and *%5% FDR using the Benjamini, Krieger, and Yekutieli method.

(E) Model of YBX3 regulation of amino acid transport by primarily post-transcriptional control of SLC7A5 and SLC3A2 mRNA stability.
Thus, YBX3 specifically regulates LNAA levels by regulating

SLC7A5 mRNA stability by its 30 UTR.

DISCUSSION

In contrast to unicellular organisms and plants, mammalian cells

synthesize only eleven of the twenty amino acids encoded by the

genetic code, whereas the remaining essential amino acids

require fine-tuned, active transport (Wu, 2009; Zhang et al.,
2017). SLC protein complexes, such as the L1 system, form

the core of specialized transporters that facilitate the exchange

of amino acids across membranes (Fotiadis et al., 2013; Hediger

et al., 2013; Verrey et al., 2004). As SLCs control the pool of

LNAA, their expression is coordinated by a number of processes

ranging from transcription to protein stability (Arif et al., 2017;

Bröer and Bröer, 2017; Fotiadis et al., 2013; Hediger et al.,

2013; Lin et al., 2015; Verrey et al., 2004). Our study reveals an

important physiological role of YBX3 as an RBP that regulates
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LNAA transport through combined transcriptional and post-tran-

scriptional control of the SLCs SLC7A5 and SLC3A2. Depletion

of YBX3 reduces the transcript levels of SLC7A5 and SLC3A2

(Figure 3A) by decreasing transcription (Figure 3D) and

destabilizing the mRNAs (Figure 3C), which reduces SLC7A5

and SLC3A2 protein levels (Figure 3A) and ultimately attenuates

steady-state levels of LNAAs (Figure 4B). YBX3 directly binds

the 30 UTR of SLC3A2 and SLC7A5 (Figure 2; Table S1), and

this region is required for YBX3 to stabilize the SLC7A5 mRNA

needed for SLC7A5 protein expression (Figures 3G and 3H).

LNAA transport is largely uncoupled from YBX3-mediated regu-

lation in cells expressing exogenous SLC7A5 mRNA lacking the

30 UTR, demonstrating that the post-transcriptional control is

sufficient to affect LNAA steady-state levels (Figure 4D).

Our results highlight YBX3 as a nucleic-acid-binding protein

that directly regulates gene expression by using different mech-

anisms. Specifically, YBX3 acts as a translational repressor (e.g.,

MYH9 and SPTBN1) and positive regulator of mRNA stability

(SLC7A5 and SLC3A2) (Figures 1D, 1E, and 2D). Although this

study focuses on the post-transcriptional control of the amino

acid transporters, our datasets reflect how YBX3 regulates

RNA expression by different mechanisms. RBPs typically regu-

late their mRNA targets by binding to specific sequences

and/or structures within their UTR, which, in turn, assemble

complexes dictating an mRNA’s fate (Singh et al., 2015). Bio-

computational investigations for specific features within the

YBX3 eCLIP RNAs did not yield any obvious sequence or

structural motifs. However, because the YBX proteins display

functional redundancy (Lu et al., 2006; Snyder et al., 2015),

our functional analyses in YBX3 depletion cells only yield those

YBX3 targets that are not redundantly controlled by the other

YBX proteins. Further research needs to be done in examining

the features needed for translational repression versus mRNA

stability and the overlapping functions among the YBX protein

members to characterize the full range of regulation by this pro-

tein family.

RNA binding of RBPs can be altered bymetabolic cues. Such

post-translational regulation was observed nearly three de-

cades ago for IRP1 (e.g., iron regulatory protein 1), where low

levels of cellular iron convert cytosolic aconitase into the

RBP. IRP1 binds and regulates mRNAs encoding iron trans-

porters for cells (e.g., ferroportin and transferrin receptor 1) to

counterbalance the lack of iron (Hentze et al., 1989; Muck-

enthaler et al., 2017). The expression of specific SLC trans-

porters is sensitive to amino acid levels within cells. For

example, SLC38A2, SLC1A5, and SLC7A1 are bound by the

RBPs hnRNPL and PTB or HuR respectively, to increase cap-

independent translation in response to amino acid starvation

(Gaccioli et al., 2006; Majumder et al., 2009; Yaman et al.,

2003; Yaman et al., 2002). As YBX3 regulates amino acid levels

by its control of SLC7A5/SLC3A2, an interesting possibility is

that amino acid levels may instruct this regulation. In fact,

YBX3 translation is acutely sensitive to the mechanistic target

of rapamycin complex 1 (mTORC1), which is a well-character-

ized cellular amino acid sensor (Bröer and Bröer, 2017; Thoreen

et al., 2012). YBX3 translation is reduced upon inhibition of

mTORC1 by the specific inhibitor Torin-1 (Thoreen et al.,

2012), suggesting that YBX3 expression is potentially regulated
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by cellular amino acids by mTORC1 activity, which, in turn, reg-

ulates SLC transporter expression and the import of essential

amino acids. There are numerous examples of physiological

and pathological conditions that require increases in SLC

expression, including T cell activation, cell growth, and devel-

opment, as well as cancer and inflammatory diseases (Fotiadis

et al., 2013; Ren et al., 2017; Scalise et al., 2018). For example,

SLC7A5 and SLC3A2 expression rapidly increase in human

skeletal muscle after essential amino acid ingestion, which

was suggested to be an adaptive response needed to increase

amino acid uptake after eating (Drummond et al., 2010). Intrigu-

ingly, YBX3 is the only YBX protein detected in human skeletal

muscle (The UniProt Consortium, 2017; Uhlén et al., 2015).

Therefore, it may be particularly informative to further study

YBX3-mediated regulation of amino acid transport in skeletal

muscle, which provides a system not complicated by functional

redundancy from other YBX proteins and physiological context.

Lastly, as SLC7A5 is highly expressed in many human cancers,

this work potentially opens up avenues for using YBX3 regula-

tion in therapeutic strategies (Fotiadis et al., 2013; Scalise et al.,

2018).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-ZONAB Bethyl Laboratories Cat#A303-070A; RRID: AB_10893576

Mouse monoclonal anti-YBX3/CSDA clone 4D9 LifeSpan Biosciences Cat#LS-C105064/70947; RRID: AB_2084778

Rabbit polyclonal anti-LAT1 Cell Signaling Cat#5347; RRID: AB_10695104

Rabbit polyclonal anti-LAT1 Cosmo Bio Co Cat#KAL-KE026; RRID: AB_567466

Rabbit polyclonal anti-CD98 (H-300) Santa Cruz Biotechnology Cat#sc-9160; RRID: AB_638288

Rabbit mAB anti-EAAT1 (D44E2) Cell Signaling Cat#5684; RRID: AB_10695722

Mouse monoclonal anti-HA.11 Epitope

Tag (Clone 16B12)

Biolegend Cat#901502; RRID: AB_2565335

Rabbit polyclonal anti-SLC25A6 Thermo Fisher Cat#PA5-29199; RRID: AB_2546675

anti-b-ACTIN Sigma Cat#A5441; RRID: AB_476744

Chemicals, Peptides, and Recombinant Proteins

Actinomycin D Sigma Cat#A1410

4-thiouridine Biomol Cat#T2933

L-AHA Jena Bioscience Cat#CLK-AA005

[13C6,
15N4] L-arginine Silantes Cat#201603902

[13C6,
15N2]L-lysine Silantes Cat#211603902

[4,4,5,5-D4]L-lysine Silantes Cat# 211103913

[13C6]L-arginine Silantes Cat#201203902

Critical Commercial Assays

Maxima RT Kit Thermo Fisher Cat#K1671

Lipofectamine RNAiMax Invitrogen Cat# 137780755

TrueSeq RNA Sample Preparation Kit V2 Illumina Cat#RS-122-2001

Alkyne Agarose Jena Bioscience Cat#CLK-1032

Zymo Quick RNA MicroPrep Zymo Research Cat#R1051

Deposited Data

YBX3 eCLIP data This paper ArrayExpress: E-MTAB-5888

Control versus YBX3 KD RNaseq This paper ArrayExpress: E-MTAB-7455

Control versus YBX3 KD pSILAC/AHA This paper ProteomeXchange: PXD011592

Raw data for Western Blots This paper https://data.mendeley.com/datasets/h3x8hjyxzz/1

Experimental Models: Cell Lines

Human: HeLa cells ATCC Cat#CCL-2; RRID:CVCL_0030

Human: HeLa Flp-In Elena Dobrikova and

Matthias Gromeier Duke

University

N/A

Human: HeLa Flp-In YBX3:GFP This paper N/A

Human: HeLa Flp-In SLC7A5 This paper N/A

Human: HeLa Flp-In SLC7A5+SLC7A5 30 UTR This paper N/A

Human: HeLa Flp-In SLC25A6 This paper N/A

Human: HeLa Flp-In SLC25A6+SLC7A5 30 UTR This paper N/A

Oligonucleotides

ON-Targetplus YBX3 siRNAa, please

refer to Table S2

Dharmacon Cat#J-015793-05; Cat#J-015793-06; Cat# J-015793-07;

Cat# J-015793-08

ON-Targetplus Non-targeting, please

refer to Table S2

Dharmacon Cat# D-001810-01; Cat# D-001810-02; Cat# D-001810-03

Cat# D-001810-04

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primers for all quantitative reverse transcription

polymerase chain reaction (RT-qPCR) please

refer to the Table S2

This paper N/A

Recombinant DNA

pCDNA5-FRT-TO-YBX3-GFP This paper N/A

pCDNA5-FRT-TO-SLC7A5 and variants This paper N/A

pCDNA5-FRT-TO- SLC25A6 and variants This paper N/A

Software and Algorithms

Prism GraphPad GraphPad Software Version 7

ImageJ NIH https://imagej.net/Welcome

htseq-clip Hentze and Huber

groups at EMBL

https://bitbucket.org/htseq-clip/htseq-clip

YBX3 eCLIP data analysis This paper https://git.embl.de/schwarzl/ybx3

STAR RNaseq aligner Dobin et al., 2013 https://github.com/alexdobin/STAR/releases

DeSeq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/html/

DESeq2.html

MaxQuant Cox and Mann 2008 Version 1.5.1.2; https://www.maxquant.org/

R software The R project Version 3.5.1; https://www.r-project.org/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Matthias

W. Hentze (hentze@embl.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adherent HeLa cells (human female orgin) (ATCC Cat# CCL-2, RRID:CVCL_0030) were grown at 37�C and 5% CO2 in DMEM, sup-

plemented with 10% FBS Gold (PAA), 1% Penicillin/Streptomycin (Sigma) and 1% L-glutamine (GIBCO). HeLa FLP-IN T-REx lines

were a kind gift from Elena Dobrikova and Matthias Gromeier (at Duke University Medical Center). Cell-line stably expressing

doxycycline induced proteins were established following the manufacturer’s protocol (Flip In TRex, Invitrogen). Stable cell lines

were grown in medium containing blasticidine (5mg/ml) and hygromycin (200mg/ml). Inductions were performed with doxycycline

at 500 ng/ml overnight. Cell lines were not authenticated.

METHOD DETAILS

siRNA Transfections
Cells were grown until 70%–80% confluent, trypsinized, counted (Biorad TC20) and 200,000 cells were seeded per well in a 6-well

dish for reverse transfection of siRNAs following the manufacturer’s recommendations (Lipofectamine RNAiMax, Invitrogen, cat#

137780755). YBX3 and control siRNAs were obtained from Dharmacon (YBX3 pool: SMARTpool ON-Targetplus L-015793-00

or YBX3 30 UTR targeting: ON-Targetplus L-015793-07; and control pool: ON-Targetplus non-targeting siRNAs 1-4). The siRNA

used to target the YBX3s 30 UTR was YBX3 smartpool J-015793-07. Cells were harvested 48 hours after transfections. All siRNA

sequences are in Table S2.

Pulse (p)SILAC/AHA Cell Treatment
All experiments were performed in duplicate with reverse SILAC labels.

To deplete HeLa cells of methionine, arginine and lysine, the cells were washed in warm PBS and incubated for 15 minutes in

depletion medium (DMEM non-GMP formulation without methionine, arginine and lysine; GIBCO) with 10% dialyzed FBS (GIBCO),

L-glutamine and primocin. Then the cells were incubated in the same medium supplemented with 0.1 mM L-AHA (Jena Bioscience,

#CLK-AA05) and either 84 mg/ml [13C6,
15N4] L-arginine and 146 mg/ml [13C6,

15N2]L-lysine or 84 mg/ml [13C6]L-arginine and 146 mg/ml

[4,4,5,5-D4]L-lysine (Silantes) for 2 hours (Eichelbaum and Krijgsveld, 2014). The cells were washed, trypsinized, counted and

centrifuged (5 minutes at 1,000 g). Samples were resuspended in 1ml PBS then 150ul was removed for isolation of RNA (75ul cell

suspension) and protein (75ul cell suspension) analysis. The remaining 850ul of cell suspension was centrifuged (5 minutes at

1,000 g) and used for mass spectrometry analysis.
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Sample Preparation for Mass Spectrometry (MS)
From each heavy/medium pulse labeling pair, equal amounts (measured by cell number) were lysed in 900ul of 8MUrea, 0.75MNaCl,

6.2% CHAPS in 300mM HEPES, pH 8, with a probe sonicator, cleared by centrifugation and mixed prior to enrichment. Newly syn-

thesized proteins were enriched on alkyne-agarose beads (Click-iT, Life Technologies, NY). Prior to the click reactions, cell lysates

were treated with 15mM iodoacetamide for 30minutes at room temperature. [3+2] cycloaddition was performed by incubation of the

sample with washed alkyne agarose resin (100 ul slurry) in buffer containing 1 mM Cu(II)SO4, 5 mM Tris((1-hydroxy-propyl-1H-1,2,3-

triazol-4-yl)methyl)amine (Jena Bioscience), 10 mM aminoguanidine and 10 mM sodium ascorbate (2 mL total volume) for 2 hours at

40�C, while vigorously shaking at 2000 rpm. Following the cycloaddition, the resin was pelleted, supernatants removed and the resin

washed with water prior to a 30 min incubation at 70�C in 10 mM tris(2-carboxyethyl)phosphine and 40 mM 2-chloroacetamide in

0.8% SDS, 200 mM NaCl, 4 mM EDTA, 100 mM Tris pH 8.0 with vigorous shaking. After cooling to room temperature, the resin

was transferred to an empty column (Biospin Bio-rad) for extensive washing by gravity flow. Sequentially, the column was washed

with 5 mL (�100 column volumes) 100 mM Tris-HCl pH 8.0, 1% SDS, 250 mM NaCl, 5 mM EDTA, 1 mL water, 5 mL 6M Guanidine-

HCl, 100 mM Tris-HCl pH 8.0 and5 mL 20% acetonitrile in water (ULCMS grade). Subsequently, the bottom of the column was

capped for an on-resin digestion by the addition of 0.5 ug of trypsin (sequencing grade, Promega) in 200 ul 50 mM ammonium

bicarbonate pH 8.0 and incubation at 37�C for 16h in an incubation oven. Following the digestion, the resulting peptide mixtures

were eluted by positive pressure and one additional elution (200 ul 1% formic acid in water). Finally, the combined eluate was

desalted with C18 solid phase cartridges (OASIS, Waters) according to the manufacturer’s protocol and resuspended in 0.1%

trifluoroacetic acid in water for mass spectrometric analysis.

LC-MS/MS
Sampleswere injected by an Easy-nLC 1200 nano-UPLC (Thermo Fisher Scientific) onto a trap column (Pepmap, 100 mmx2cm,C18,

5 mm100Å pores) and separated on an analytical column (PepMap RSLC 75 mm3 50 cm, nanoViper, C18, 2 mM, 100Å) by applying a

multistep gradient (Solvent A: 0.1% formic acid in water, Sovent B: 0.1% formic acid, 80% acetonitrile 29.9% water) from: 3%–50%

B over 90min (2h total run time). Eluting peptides were electro-sprayed by applying 2 kV to a Picotip (20 um inner diameter, 10 um tip)

coated emitter (New Objective) into an Orbitrap Fusion Tribrid (Thermo Fisher Scientific) mass spectrometer operated in data-

dependent mode of acquisition. The Orbitrap operated in positive mode generated profile spectra at a resolution of 60.000

FWHM, AGC target was 1x106, maximum injection time 50 ms. Data-dependent selection (top speed) of the most intense ions

(threshold 5x103) for HCD-fragmentation using nitrogen as a collision gas (33% CE) by the Quadrupole (1.6 m/z window), resulting

fragments were analyzed by the Linear-Ion-Trap set to rapid scan rate, first mass 120 m/z, AGC Target 1x104, maximum injection

time of 50 ms. Selected ions were excluded for reselection 40 s with a window of 20 ppm.

Peptide Identification and Quantification
Raw data were processed using MaxQuant (version 1.5.1.2) using standard settings (Cox and Mann, 2008). MS/MS spectra were

searched against the human UniProt database. Enzyme specificity was set to trypsin, allowing a maximum of twomissed cleavages.

Cysteine carbamidomethylation was set as fixed modification. Methionine oxidation, protein N-terminal acetylation, methionine to

AHA conversion and AHA conversion to diaminobutyrate and homoserine (Kramer et al., 2009) were used as variable modifications.

False discovery rates for peptide and protein identification were set to 1%. Match between runs and re-quantify options were

enabled. SILAC labeling multiplicity was set to 3 to accommodate the three possible labeling states a peptide could be in.

Data Analysis
R (3.5.1) was used to pre-process the data, proteins flagged as decoy hits were excluded from any further analysis, and SILAC ratio

data and signal intensity data were combined for export. Exported data were subjected to statistical analysis for proteins quantified in

both biological replicates using moderated t test with linear models. Multiple hypothesis correction was performed with using Inde-

pendent Hypothesis Weighting (Ritchie et al., 2015).

Sample Preparation for RNaseq
Total RNAwas extracted from 7.5%of cells pulsed with SILAC and AHA for each SILAC label and siRNA treatment using ZymoQuick

RNA MicroPrep (#R1051, Zymo Research) kit. RNA integrity was assessed using a 2100Bioanalyzer (Agilent Genomics). Barcoded

and stranded RNaseq libraries were prepared from high quality total RNA samples (�200 ng/sample) using the Illumina TruSeq

RNA Sample Preparation v2 Kit (Illumina, San Diego, CA, USA) implemented on the liquid handling robot Beckman FXP2. Obtained

libraries that passed the QC step were pooled in equimolar amounts; 1.8 pM solution of this pool was loaded on the Illumina

sequencer NextSeq 500 and sequenced uni-directionally, generating �500 million reads of �85 nucleotides each.

RNaseq Data Analysis
The reads were aligned with STAR to the hg38 genome using Gencode v23 annotation (Dobin et al., 2013). Significantly expressed

genes were determined with DESeq2 (Love et al., 2014) comparing YBX3 KD samples against control KD (fold change > 1.5, p-adj <

0.01) with independent hypothesis weighting for false discovery rate control undermultiple hypothesis testing (Ignatiadis et al., 2016).
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eCLIP analysis
Proliferating HeLa cells were washed, irradiated with UV light at 254 nm (150mJ/cm2), lysed in lysis buffer (500mMNaCl, 50mM Tris-

HCl pH 7.5, 8.5%glycerol, 1mMEDTA pH 8.0, 0.5%Triton X-100, 2mMBMEand complete EDTA free protease inhibitor (Roche)) and

sonicated (Branson sonifier). Lysates were treated with RNase I (10ul 1:25 dilution/extracts from 8.03 106 cells; Ambion) to fragment

RNA, after which YBX3 RNA complexes were immunoprecipitated with anti-ZONAB (see antibodies section). A library containing

the size-matched input (SMI) was generated for each lysate used for the YBX3 IPs. Standard eCLIP workflow was followed as in

Van Nostrand et al. (2016) for preparation of SMI and YBX3 IP libraries. In total, 3 YBX3 and 3 SMI libraries were generated from

3 biological replicates and sequenced on Illumina HiSeq2000 platform (125PE, v4 chemistry).

eCLIP Data Analysis
Raw reads were preprocessed as reported in Van Nostrand et al. (2016), and aligned with STAR to the hg38 genome using Gencode

v23 annotation (Dobin et al., 2013). Gene definitions were flattened and exons of coding genes were split into 30 UTR, 50 UTR andCDS

regions. Introns and non-coding regions were added and crosslink sites were counted using htseq-clip (https://bitbucket.org/

htseq-clip/htseq-clip). Enriched regions were determined with DESeq2 (Love et al., 2014) comparing YBX3 IP samples against

SMI controls (log2 fold change > 1, p-adj < 0.01) with independent hypothesis weighting for false discovery rate control undermultiple

hypothesis testing (Ignatiadis et al., 2016). The crosslink site enrichment in RNA types was calculated using a Fisher’s exact test. Log

odds ratios of significantly enriched types (p-adj < 0.05) are displayed (Figure 2B).

Western Blots
HeLa cells were washed with PBS and lysed in RIPA buffer (150mM NaCl, 50mM Tris-HCL pH 8.0, 1mM EDTA pH 8.0, 1% NP40,

0.5% sodium deoxy cholate, 0.1% SDS, 1x complete protease inhibitor without EDTA (Roche) and 4 ul/100ul benzonase

1:100(Sigma)). Total protein extracts were run on a 4%–15% TGX gel (Biorad) in 1x Laemmli running buffer, transferred to nitrocel-

lulose membranes using the standard turbo transfer mixed molecular weight program on the trans blot turbo system (Biorad), and

analyzed using primary antibodies as follows: anti-ZONAB (Bethyl Laboratories, #A303-070A, RRID:AB_10893576), 1:2000; anti-

YBX3/CSDA clone 4D9 (LifeSpan Biosciences, #LS-C105064/70947, RRID:AB_2084778), 1:500; anti-LAT1 (Cell Signaling, #5347,

RRID:AB_10695104), 1:2000; anti-LAT1 (Cosmo Bio Co., #KAL-KE026, RRID:AB_567466), 1:1000; anti-CD98 (H-300) (Santa Cruz

Biotechnology, #sc-9160, RRID:AB_638288), 1:4000; anti-EAAT1 (D44E2) (Cell Signaling, #5684, RRID:AB_10695722) 1:1000;

anti-HA.11 Epitope Tag (Clone 16B12) (Biolegend, #901502, RRID:AB_2565335), 1:5000; anti-SLC25A6 (Thermo Fischer, #PA5-

29199, RRID:AB_2546675); anti-b-ACTIN (Sigma, #A5441, RRID:AB_476744), 1:10000. Secondary antibodies used were: goat

anti-mouse IgG-HRP (Santa Cruz Biotechnology, #sc-2005, RRID:AB_631736); goat-anti-rabbit IgG-HRP (Santa Cruz Biotech-

nology, #sc-2004, RRID:AB_631746); goat-anti-rabbit IgG-HRP (Abcam, #97051, RRID:AB_10679369). Amount of secondary

antibody was optimized for primary antibody and ranged from 1:5000 to 1:20000.

RNA Extraction and RT-qPCR Analysis
Total RNA was isolated using Zymo Quick RNA MicroPrep (#R1051, Zymo Research) or MiniPrep (#R1055, Zymo Research) kit

following the manufacturer’s recommendations including the in-column DNAase treatment. 1.0 mg total RNA was used to synthesize

cDNA using the Maxima First Strand cDNA Synthesis Kit (#K1672, Thermo Fischer) for quantitative reverse transcription polymerase

chain reaction (RT-qPCR). RT-qPCR was performed using the SYBR-Green qPCRMaster mix (#4309155, Applied Biosystems) on a

StepOneReal-Time PCRSystem (Applied Biosystems). Gene expression valueswere normalized usingGUSB orB2M and are shown

as a relative fold change to the value of control siRNA-treated samples. All experiments were performed in biological triplicate and

error bars indicate ± standard deviation as assayed by the DDCt method. A Student’s t test was used to determine significance in

values for control versus YBX3 siRNA samples. All RT-qPCR primers are listed in the table below.

Actinomycin D RNA Stability Assay
HeLa cells were treated with 5 mg/ml actinomycin D (ACT D) (#A1410, Sigma) and RNAwas isolated using ZymoQuick RNAMiniPrep

at 0 hours (i.e., no treatment), 2 hours, or 4 hours after addition of ACTD. cDNA synthesis andRT-qPCRwere performed as in the RNA

extraction and RT-qPCR analysis section. RNA decay was measured with normalized RT-qPCR values relative to values at 0 hours

for each condition. Half-life values were determined using a semi-logarithmic linear regression analysis to determine the line that best

fits the data (Chen et al., 2008).

4-Thiouridine Pulse for Newly Transcribed RNA
HeLa cells were treated with 500uM 4-thiouridine (# T4509 4-thiouridine, Sigma) for 30 minutes at 37�C and total RNA was isolated

using Zymo Quick RNA MiniPrep. RNAs transcribed with 4SU were enriched following Rädle et al. (2013). Briefly, 70-85ug of total

RNAwas labeledwith EZ-Link Biotin-HPDP (Pierce), isolatedwith mMacs Streptavidin columns (# 130-074-101,Miltenyi) and cleaned

up with QIAGEN RNeasy MinElute Cleanup Kit (#74204, QIAGEN). 200ng of 4SU labeled RNA was used to produce cDNA using

Maxima First Strand cDNA Synthesis Kit followed by standard pRT-PCR (see above).
e4 Cell Reports 27, 3097–3106.e1–e5, June 11, 2019

https://bitbucket.org/htseq-clip/htseq-clip
https://bitbucket.org/htseq-clip/htseq-clip


Plasmids Generated
To generate the expression plasmids for inducible stable cell lines, YBX3 was amplified from HeLa cDNA and cloned into the HindIII

and XhoI sites of pCDNA5-Frt-To-Linker-eGFP vector. SLC7A5 or SLC25A6 were amplified from HeLa cDNA, followed by cloning

into the HindIII and XhoI sites of pCDNA5-Frt-To-Linker-FLAG-HA. The SLC7A5 30 UTRwas then amplified and cloned into the HindIII

and KpnI sites of these vectors. The vectors lacking the SLC7A5 30 UTR contain a short 30 UTR from the vector that terminates with a

BGH pA sequence. Sanger sequencing verified all constructs. All primers for amplification are listed in Table S2.

Sample Preparation for Targeted Metabolomics of Intracellular Amino Acids
48 hours after control or YBX3 siRNA transfections, cells were harvested formetabolomic analysis following extraction ofmetabolites

in adherent cell lines (Yuan et al., 2012).

LC-MS/MS method for Amino Acid (AA) analysis
Analytical Method

LC-MS/MS analysis was performed on a Vanquish UHPLC system coupled to a Q-Exactive plus HRMS (Thermo Scientific, MA, USA)

in both ESI positive and negative mode. The separation of AA was carried out on Xbridge Amide (100X 2.1mm; 2.6uM) at the flow rate

of 0.3 ml/min andmaintained at 40�C. Themobile phase consisted of solvent A (7.5 mMAmmonium acetate with 0.05%NH4OH) and

solvent B (acetonitrile). The UHPLC system was run in gradient mode as described in Table S2. AA were detected with HRMS full

scan at the mass resolving power R = 70000 in mass range of 60-900 m/z. The data-dependent tandem (MS/MS) mass scans

were obtained along with full scans using higher energy collisional dissociation (HCD) of normalized collision energies of 10, 20

and 30 units which were at the mass resolving power R = 17500. The MS parameters in the Tune software (Thermo Scientific)

were set as: spray voltage of 4 kV (for negative mode 3.5 kV), sheath gas 30 and auxiliary gas 5 units, S-Lens 65 eV, capillary tem-

perature 320�C and vaporisation temperature of auxiliary gas was 300�C. Data were acquired in full scan mode and data dependent

tandem mass spectra (MS/MS) for all precursors corresponding to targeted AA. For LC gradient used refer to Table S2.

Quality Control and Analysis Sequence
All samples were randomized regarding the LC-MS analysis sequence. The pooled quality control (QC) samples were prepared by

mixing equal volumes from each sample and processed in a similar manner. Blank and multiple QC samples were injected at the

beginning of the sample analysis sequence in order to stabilize LC-MS system. A QC sample was injected after each 4 samples

to track the stability of instrument and analytical method (%CV < 20) throughout the analysis sequence. The chromatograms

were evaluated manually and stability of QC samples checked before proceeding for further data analysis.

Data Analysis
The Thermo software Xcalibur Quan was used for data analysis including the generation of extracted ion chromatograms (XIC), peak

integration and raw data visualization. The peak areas were exported into spreadsheets for further data analysis, including concen-

tration calculation, quality control (QC) evaluation, blank subtraction, and statistical analyses.

The identity of each AA peak in protonated [M+H] or deprotonated form [M-H] was confirmed by matching its retention time and

exact mass (±5 ppm) with respective authentic standards. All data were evaluated for consistency of peak integration, and manual

integration was performed whenever necessary. The peak areas for each AA were normalized to cellular protein concentration for

each sample, and then arbitrarily scaled so that all values could be plotted together for the plots shown in Figure 4 and Figure S4.

GraphPad Prism 7 software was used to determine the False Discovery Rate with the Two-stage linear step-up procedure of

Benjamini, Krieger and Yekutieli, with Q = 5%, for changes in amino acid levels between YBX3 and control KD cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

All RT-qPCR data andwestern blot quantifications are displayed as single points, mean ±SD; Student’s t test was used, p < 0.05 was

considered statistically significant and n values for biological replicates are indicated in respective Figure legends. Metabolomics

data plots individual measurements from the biological replicates, median ± SD; False Discovery Rate with the Two-stage linear

step-up procedure of Benjamini, Krieger and Yekutieli, with Q = 5% in GraphPad Prism 7, n values for biological replicate are indi-

cated in the respective Figure legends. GraphPad Prism v7.0 was used to create all plots. Images were quantified with ImageJ

(https://imagej.nih.gov/ij/) to determine the relative intensity of protein to the levels of the ACTB loading control on the western blots

following the web-based tutorial: https://lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-with-image-j/.

DATA AND SOFTWARE AVAILABILITY

The accession number for the pSILAC/AHA proteomics data reported in this paper is ‘‘ProteomeXchange: PXD011592.’’ The acces-

sion number for the RNaseq and eCLIP datasets reported in this paper is ‘‘Array Express: E-MTAB-7455 and E-MTAB-5888,’’ respec-

tively. The analysis of YBX3 eCLIP data can be found at https://git.embl.de/schwarzl/ybx3.
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