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SUMMARY

Nutrient deprivation inhibits mRNA translation
through mTOR and eIF2a signaling, but it is unclear
how the translational program is controlled to reflect
the degree of a metabolic stress. In amodel of breast
cellular transformation, various forms of nutrient
deprivation differentially affect the rate of protein
synthesis and its recovery over time. Genome-wide
translational profiling of glutamine-deprived cells re-
veals a rapid upregulation of mRNAs containing
uORFs and downregulation of ribosomal protein
mRNAs, which are followed by selective translation
of cytokine and inflammatory mRNAs. Transcription
and translation of inflammatory and cytokine genes
are stimulated in response to diverse metabolic
stresses and depend on eIF2a phosphorylation,
with the extent of stimulation correlating with the
decrease in global protein synthesis. In accord with
the inflammatory stimulus, glutamine deprivation
stimulates the migration of transformed cells. Thus,
pro-inflammatory gene expression is coupled to
metabolic stress, and this can affect cancer cell
behavior upon nutrient limitation.
INTRODUCTION

An adequate nutrient supply is essential for optimal mRNA trans-

lation, and eukaryotic cells have evolved nutrient-sensing path-

ways that coordinate protein synthesis with nutritional status.

Nutrient deprivation inhibits global protein synthesis through

modulation of the mechanistic target of rapamycin (mTOR)

(Wullschleger et al., 2006) and integrated stress response (ISR)

pathways (Holcik and Sonenberg, 2005).

ThemTOR signaling pathway integrates nutritional and energy

signals to regulate global translational rates via phosphorylation

of 4E-BP1 and S6K1, both of which are important for cap-depen-

dent translation (Wullschleger et al., 2006). In addition, mTOR

preferentially regulates mRNAs containing TOP motifs in their

50 UTR, which often encode ribosomal proteins that are transla-
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tionally repressed in an mTOR-dependent manner (Tang et al.,

2001; Thoreen et al., 2012).

In the ISR pathway, diverse stresses lead to the phosphoryla-

tion of the translation initiation factor eIF2a by four kinases, each

of which is activated by specific stresses (Holcik and Sonenberg,

2005). Phosphorylation of eIF2a generally inhibits translation, but

it enhances the translation of specific mRNAs, such as that en-

coding the transcription factor ATF4 or its yeast counterpart

Gcn4 (Harding et al., 2000; Holcik and Sonenberg, 2005). Trans-

lational control of ATF4 is mediated by short upstream open

reading frames (uORFs) that block translation of the downstream

canonical ORF during normal growth but permit the scanning

ribosome to initiate translation at the canonical ORF under

starved conditions (Vattem andWek, 2004). Selective translation

of ATF4 is responsible for the transcriptional activation of adap-

tation genes under amino acid deprivation (Harding et al., 2003).

As dividing cells rely differently on glucose (Bauer et al., 2004;

Warburg et al., 1927), glutamine (DeBerardinis et al., 2007;

Newsholme et al., 1985), glycine (Jain et al., 2012), serine (Mad-

docks et al., 2013), and leucine (Sheen et al., 2011) to support

specific metabolic functions, deprivation of some nutrients

may impose more severe constraints on mRNA translation

than others. In addition, oncogenes can drive translation of spe-

cific mRNAs involved in cell growth, metabolism, invasion, and

metastasis (Truitt and Ruggero, 2016). However, there is limited

knowledge about how different metabolic stresses control

mRNA translation and how the translational program is linked

to the degree of metabolic stress. Here, we show that a variety

of nutrient stresses lead to an inflammatory response, at both

the transcriptional and translational levels, that is linked to inhibi-

tion of global protein synthesis.

RESULTS

Nutrient Limitation Differentially Affects Nascent
Protein Synthesis
We analyzed the response to nutrient limitation in a model of

cellular transformation that involves an immortalized breast

epithelial cell line (MCF10A) containing an endoplasmic reticu-

lum (ER)-Src fusion gene consisting of the v-Src oncogene and

the ligand-binding domain of the estrogen receptor (Hirsch

et al., 2010; Iliopoulos et al., 2009). Treatment of these

cells with tamoxifen activates Src, which generates a rapid
eports 24, 1415–1424, August 7, 2018 ª 2018 The Author(s). 1415
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inflammatory stimulus causing an epigenetic switch from a non-

transformed state to a stable transformed state (Iliopoulos et al.,

2009). Using a fluorescent methionine analog, we quantified de

novo protein synthesis in cells subjected to short-term (30 min)

deprivation of glucose or amino acids with different bioenergetic

functions. With the exception of glycine and serine deprivation,

protein synthesis is inhibited to various extents depending on

the limiting nutrient (Figures 1A and 1B), with deprivation of

branched-chain amino acids (BCAAs) having the strongest ef-

fect. Protein synthesis is reduced in transformed cells, though

the relative effects for the various nutrient stresses are similar

in both cell types.

To analyze how cells recover from nutrient deprivation, we

measured protein synthesis after 4 and 6 hr of nutrient depriva-

tion (Figure 1C). Protein synthesis returns to normal or near-

normal levels upon deprivation of cysteine + cysteine or of

glucose, presumably due to metabolic adaptations. In contrast,

cells deprived of BCAAs and glutamine recover poorly, presum-

ably because they cannot synthesize these amino acids to suffi-

cient levels. In all these cases, non-transformed and transformed

cells behave similarly, though transformed cells seem to recover

less well under glutamine deprivation (Figure 1C). The impor-

tance of glutamine in cancer cell metabolism (Altman et al.,

2016) prompted us to investigate the translational program of

transformed and non-transformed cells subjected to glutamine

deprivation.

The Immediate Translational Response to Glutamine
Deprivation: Downregulation of mRNAs Involved in
Translation and Upregulation of mRNAs Containing
uORFs
We performed ribosome profiling (Ingolia et al., 2012),

sequencing of ribosome-protected RNA, on transformed and

non-transformed cells cultured with either complete or gluta-

mine-depleted medium for 30 min. Using RibORF (Ji et al.,

2015), we identified �5 million unique exon-mapped, ribosome

footprints corresponding to �5,700 translated ORFs (Table

S1). For each mRNA, we log2 divided the reads per kilobase of

transcript per million mapped reads (RPKM) measured by ribo-

some profiling over the RPKM measured by RNA sequencing

(RNA-seq) to obtain translation efficiencies (TEs), and then deter-

mined differential TE induced by glutamine deprivation. We also

analyzed the ribosome occupancy (RO) as determined by the

RPKM of ribosome-protected mRNA fragments. Approximately

140 mRNA transcripts have 1.5-fold or lower TE values, and

these translationally inhibited mRNAs are enriched for ribosomal

and translation proteins (Figures 2A and S1A), and most of them

contain TOP motifs in their 50 UTRs (Figure S1B). This regulatory

response resembles that observed upon inhibiting TOR activity

(Thoreen et al., 2012).

Conversely, only 13 (non-transformed cells) or 22 (transformed

cells) mRNAs are translationally stimulated after 30 min of gluta-

mine deprivation (Figure 2A), the most dramatic of which en-

codes ATF4. Like ATF4, some upregulated transcripts are linked

to translational control and have translated uORFs. PPP1R15B

(2 uORFs) is a phosphatase that dephosphorylates eIF2a,

AZIN1 (6 uORFs) is an antizyme inhibitor that stimulates

polyamine levels necessary for mRNA translation, and SAT1
1416 Cell Reports 24, 1415–1424, August 7, 2018
(2 uORFs) inhibits translation through polyamine depletion.

ATF4 and SAT1 are the only uORF-containing mRNAs upregu-

lated in both transformed and non-transformed cells.

Selective Translation of Cytokine and Inflammatory
mRNAs upon Glutamine Deprivation
To investigate the gene expression program during the recovery

from glutamine deprivation, we performed ribosome and mRNA

profiling of cells cultured for 4 hr with and without glutamine

(Table S1). In contrast to the 30-min response (Figure 2A), the

fold changes in mRNA and ribosome occupancy are strongly

correlated (Figure 2B), indicating a strong transcriptional contri-

bution to the response following 4 hr of glutamine deprivation. In

addition, the cells are still metabolically stressed, as evidenced

by decreased translational efficiency of ribosomal proteins and

increased translational efficiency of ATF4 (Figure 2B).

Interestingly, 34 and 56 mRNAs are translated more efficiently

in transformed and non-transformed cells (Figure 2B), respec-

tively, and these are enriched for genes involved in cytokine ac-

tivity, inflammation, and angiogenesis (Figures 2B and 2C; Table

S2). Some cytokines and inflammatory mRNAs are induced tran-

scriptionally but do not show increased TE (Figure 2B; Table S2).

As TE values tend to be correlated with cytosolic mRNA levels

(Larsson et al., 2010), we also performed an analysis of the partial

variance (APV) of ribosome occupancy andmRNA levels to iden-

tify differential translation with higher sensitivity (Larsson et al.,

2010). The APV shows increased translation of cytokine mRNAs

mainly in transformed cells (Figure 2C) and increased ribosome

occupancy (combined transcription and translation) of inflam-

matory mRNAs in both cell types (Figure S1C; Table S2). As ex-

pected from the induction of the ISR pathway, the mRNAs with

increased ribosome occupancy are also involved in the ER stress

response, which includes the transcription factors DDIT3 and

XBP1, the canonical targets CHAC1 and PPP1R15A, and amino-

acyl-tRNA synthetases (Figure 2B and S1C). Non-transformed

cells also exhibit increased expression of cytokine and angio-

genic mRNAs, but this response is less pronounced and,

primarily, transcriptionally mediated (Figures 2B, S1C, and

S1D; Table S2). Thus, glutamine deprivation stimulates inflam-

matory mRNAs, and this response is both transcriptionally and

translationally enhanced in transformed cells.

Although MCF10A cells express glutamine synthetase (GLUL)

and can proliferate without glutamine supplementation in the

medium, GLUL is not regulated by glutamine deprivation (Fig-

ure 2D). In contrast, genes involved in glutamine catabolism,

such as glutaminase (GLS) and glutamate-oxaloacetic transam-

inase 1 (GOT1), are induced (Figure 2D). In general, genes en-

coding enzymes in the tricarboxylic acid (TCA) cycle are mostly

unaffected by glutamine deprivation.

Cytokine and Inflammatory Gene Expression Is Coupled
to Translational Inhibition upon Nutrient Deprivation
We performed similar experiments in cells subjected to 4 hr of

deprivation of glucose, cysteine/cystine, and BCAA. As

observed upon glutamine deprivation, cytokine and inflamma-

tory mRNAs are enhanced at both the transcriptional and TE

levels upon deprivation of BCAA (Figures 3A and S2A; Table

S2). Cells deprived of glucose or cysteine/cystine-deprived cells
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Figure 1. Quantification of Protein Synthesis in Response to Metabolic Stresses

(A) Nascent proteins containing the ‘‘clickable’’ methionine analog (AHA) visualized by fluorescence microscopy.

(B) Quantification of nascent protein synthesis in tamoxifen (TAM)-treated and EtOH control cells under different metabolic conditions. CHX, cycloheximide.

(C) Recovery of nascent protein synthesis over time.

Error bars represent SD of three or more biological replicates, except for the 6-hr samples, and no cysteine or cystine at 30 min (two biological replicates).

*p < 0.05, comparing nutrient-deprived to complete medium; Up < 0.05, comparing TAM-treated to EtOH control cells, as determined by t test. FITC, fluorescein

isothiocyanate.
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Figure 2. Regulation of mRNAs upon Glutamine Deprivation

(A) Changes in mRNA and ribosome occupancy levels upon 30-min deprivation of glutamine relative to complete medium in transformed (left) and non-trans-

formed (right) cells.

(B) Similar analysis in cells grown for 4 hr in glutamine-deprived versus complete medium.

(legend continued on next page)
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behave similarly, although to a lesser extent (Figures S2B and

S2C). In contrast to the 30-min dataset, the 22 inflammatory

mRNAs with increased TE in all stresses (Figure S2D) do not

contain many uORFs (Figure S2E; Table S2). As also determined

by the APV model, the overall inflammatory response by nutrient

depletion is induced both at the transcriptional level (Figure 3B)

and translational level (Figure 3C), and it is more pronounced in

the transformed state. Intriguingly, stresses causing the stron-

gest inhibition of protein synthesis after 30 min and weakest re-

covery at 4 and 6 hr (Figure 1, depletion of glutamine or BCAA)

also cause the most pronounced increase in cytokine and in-

flammatory expression (Figures 3D and S2F). In addition, the

number of TE-downregulated mRNAs is higher in more ‘‘severe’’

stresses (Figures 2B, 3A, S2B, and S2C).

To examine more rigorously whether increased cytokine

expression is linked to translational stress, we performed hierar-

chical clustering of all conditions based on ribosome occupancy

(Figure 3E). Aggregation of all mRNAs into five k-means clusters

shows that cytokine and inflammatory mRNAs are highly co-

regulated among themetabolic conditions with the highest upre-

gulation in BCAA and glutamine-deprived transformed cells and

the lowest expression in non-transformed cells grown with com-

plete, cysteine/cystine- or glucose-free DMEM (Figure 3F; Table

S2, cluster 2). Conversely, the cluster with the strongest downre-

gulation in BCAA and glutamine-deprived transformed cells is

strongly enriched for ribosomal proteins (Figure 3F; Table S2,

cluster 5). Cluster 1 consists of immune-related mRNAs and is,

overall, upregulated in transformed cells (Iliopoulos et al.,

2009). In addition, recovery of protein synthesis 6 hr after the

stress is inversely correlated with the geometric mean in ribo-

some occupancy of 12 cytokines (Figure 3G; Table S2), but

not with aminoacyl-tRNA synthetases, whose transcription is

induced by amino-acid deprivation (Figure S3A), or ATF4, the ca-

nonical example of selective mRNA translation (Figure S3B).

Likewise, the ribosome occupancy of all downregulated mRNAs

(Figure 3H) and 176 ribosomal factor mRNAs in Gene Ontology

(GO): 0003735 (Figure S3C) is lower in the more severe stresses,

though the pattern is less evident for the latter, as ribosomal fac-

tor mRNAs are proportionally more represented in the glucose

stress (Figure S3D).

Enhanced Cytokine Expression Requires Translational
Inhibition by eIF2a Phosphorylation
To examine whether inhibition of protein synthesis, per se, leads

to an inflammatory response, we performed ribosome profiling

of transformed cells treated with torin1, an inhibitor of mTOR.

As expected (Thoreen et al., 2012), and in accord with what oc-

curs upon nutrient depletion, torin1-treated cells show

decreased levels of protein synthesis (Figure 1B), with translation

of ribosomal proteins being particularly affected (Figure 4A).

Nutrient deprivation mitigates the phosphorylation of 4EBP1

and S6K1 at 30 min and 4 hr to different extents (Figures 4B

and S4A). However, in contrast to conditions of nutrient deple-
(C) GO analysis of translationally regulated mRNAs as determined by log2 TE (to

(D) Relative RO of glutamine-catabolizing enzymes.

Error bars represent SD of two biological replicates. *p < 0.05, comparing glutam

See also Figure S1.
tion, torin1 markedly inhibits the phosphorylation of mTOR tar-

gets at 30 min and 4 hr (Figures 4B and S4A) but does not lead

to increased translation of inflammatory genes (Figure 4A).

Indeed, the TE of some cytokine mRNAs actually decreases

upon torin1 treatment, and the level of transcriptional induction

is considerably below what occurs upon nutrient stresses.

In accord with these observations, eIF2a phosphorylation in-

creases upon all forms of nutrient deprivation tested here, but

it is not affected by torin1 treatment (Figure 4B). In addition,

non-stressed transformed cells exhibit higher levels of eIF2a

phosphorylation and lower levels of protein synthesis than

non-transformed cells (Figure 4B). To test whether the inflamma-

tory response is linked to eIF2a phosphorylation, we measured

cytokine levels in nutrient-deprived cells treated with ISRIB, a

potent inhibitor of the integrated stress response pathway (Si-

drauski et al., 2013). Cytokine protein levels are induced after

glutamine depletion and in response to the other amino-acid

stresses (Figure S4B). Treatment with the ISRIB inhibitor de-

creases the induced expression of IL8, IL6, and CCL20 in trans-

formed cells, and of IL8 in non-transformed cells, after 4 hr of

glutamine deprivation (Figure 4C). In accord with the literature,

ISRIB does not affect the levels of phosphorylated eIF2a (Si-

drauski et al., 2013). Thus, translational repression by eIF2a

phosphorylation is necessary for the enhanced cytokine expres-

sion under metabolic stress.

Short-Term Nutrient Deprivation Increases Cell
Migration
As secreted chemokines can induce the directed migration of

leukocytes and neighbor cells, we examined whether glutamine

deprivation affects cell migration. Migration of transformed cells

through a basement membrane is enhanced toward conditioned

medium (CM) from glutamine-deprived cells relative to fresh

glutamine-depleted medium, whereas complete CM inhibits

cell migration when compared to fresh complete medium (Fig-

ure 4D). Migration of non-transformed cells is not affected

through the basement membrane (Figure 4D), but their motility

is enhanced in a wound healing assay in CM from glutamine-

or BCAA-deprived cells (Figure S4C). Transformed cells do not

exhibit increased motility in the wound-healing assay (Fig-

ure S4C). Thus, short-term glutamine deprivation can drive can-

cer cell behavior independently of proliferation.

DISCUSSION

As defined by the resulting gene expression patterns, depletion

of nutrients with different metabolic functions cause similar,

but not identical, inflammatory responses in transformed and

non-transformed cells at the transcriptional and translational

levels. It is likely that the transcriptional response involves the

transcription factor NF-kB (nuclear factor kB), as glutamine

deprivation leads to increased NF-kB activity (Hou et al., 2012;

Kim et al. 2014). Conversely, glutamine supplementation
p) and APV by anota2seq (bottom).

ine-deprived to complete medium, as determined by t test.
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7 mRNAs (FDR B&H: 2.05e-5)
CARS, PSAT1, AARS, PHGDH, 
ATF4, ASNS, GARS

GO:0045662 – Negative regulation of 
myoblast differentiation
4 mRNAs (FDR B&H: 1.03e-4)
TBX3, PPARD, DLL1, DDIT3

GPT2, HMOX1, LC7A5, 
ALDH1L2, PSPH

DUSP5, GADD45A, 
CTGF, CXCL2

SERPINB2,CYR61

GO:0071396 – Cellular response to lipid
7 mRNAs (FDR B&H: 5.67e - 4)
FHL2, CCL2, TNC, IL6, PDE4D, ABL2, R3C1

STX1A, KRT16, ITPRIP, DYNC1H1, BTG3, 
PMAIP1, C19orf48, SAT1, PCTP, BCL10, 
AZIN1, ZBTB38, JAG1, IER2, KRT34, 
DCTN4, PNRC2, FTH1, RSRC2, ETV5, 
LMO4, PER1, ERRFI1, LDHAL6A, RCAN1

25 8 17

DDIT3, HIST1H1C, HIST1H2AC, HIST1H2BK, 
ATF4, FN1, GADD45B, NUPR1

TAMEtOH

GO:0001817 – Regulation of cytokine production
11 mRNAs (FDR B&H: 3.37e-04)
PDE4D, ABL2, FN1, ERRFI1, PER1, CD274, CCL2, BCL10, ATF4, IL6, DDIT3
GO:0036499 – PERK-mediated unfolded protein response
4mRNAs (FDR B&H: 3.37e-04)
PPP1R15B, CCL2, ATF4, DDIT3

(legend on next page)
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prevents NF-kB activity and cytokine expression (Chen et al.,

2008; Singleton et al., 2005). Glutamine deprivation also triggers

co-localization of autophagosomes, lysosomes, and the Golgi

apparatus into a subcellular structure whose integrity is essential

for IL-8 secretion, a process regulated by mTOR and JNK ki-

nases (Shanware et al., 2014).

Translational stimulation of cytokine and inflammatory mRNAs

upon nutrient or other stresses has not been described previ-

ously. However, based on published ribosome profiling data,

we noticed that cells treated with thapsigargin (Reid et al.,

2014), a drug that induces ER stress, show increased translation

of inflammatory mRNAs. Our observation that nutrient (and,

more generally, ER) stress affects inflammatory genes at both

the transcriptional and translational levels underscores the bio-

logical importance of this response.

The relationship between the inflammatory response and

metabolic stress is relevant to transformed cells. First, as

NF-kB and STAT3 are critical for inflammation and tumor devel-

opment (Grivennikov et al., 2010), increased inflammation in

transformed cells is likely to have a greater impact in nutrient-

deprived tumors than in normal tissues. As the concentrations

of glucose and glutamine are lower in tumors than in normal tis-

sues (Cairns et al., 2011; Warburg et al., 1927), pro-inflammatory

translation may be enhanced in a tumor microenvironment. Sec-

ond, increased expression of cytokines in a nutrient-limited envi-

ronment would be an autocrine mechanism for tumor cells to

invade and metastasize. As glutamine depletion, per se, nega-

tively modulates cell migration, cytokine production under this

condition might permit cancer cells to migrate toward a region

with higher glutamine concentration. In addition, breast cancer

cells selected to grow in the absence of glutamine become

more metastatic and tumorigenic and overexpress cyclooxyge-

nase-2 (COX-2 or PTGS2) (Singh et al., 2012), one of the more

efficiently translated mRNAs in glutamine-deprived cells in our

experiments.

The inverse relationship between the inflammatory response

and general protein synthesis suggests a mechanistic connec-

tion between these two processes. Inhibition ofmTORactivity in-

duces eIF2a phosphorylation in a context-dependent manner

(Cherkasova and Hinnebusch, 2003; Gandin et al., 2016;

Thoreen et al., 2009; Wengrod et al., 2015). Inhibition of mTOR

does not explain our findings, because torin1 decreases protein

synthesis to an extent comparable to that of many conditions of

nutrient depletion but does not lead to a similar inflammatory

response. In fact, torin1-treated cells exhibit a lower translation

of various cytokine and inflammatory mRNAs, so basal mTOR

activity is probably required for the inflammatory response. In
Figure 3. Regulation of mRNAs upon 4 hr of Metabolic Stress Conditio

(A) Changes in mRNA and ribosome occupancy levels upon 4-hr deprivation of B

(right) cells. Ang, angiogenesis; DN, down-regulated; RO, ribosome occupancy;

(B and C) Venn diagram showing the anota2seq analysis of mRNAs with increas

transformed versus non-transformed cells.

(D) Venn diagram showing the mRNAs with increased ribosome occupancy in ea

red in non-inflammatory GO terms.

(E and F) Shown here: (E) hierarchical and (F) k-means clustering of ribosome oc

(G) Correlation between protein synthesis and ribosome occupancy of regulated

(H) Ribosome occupancy of all TE-downregulated mRNAs in each metabolic con

See also Figures S2 and S3.
contrast, ISRIB reverses the effects of eIF2a phosphorylation

(Sidrauski et al., 2013) and diminishes enhanced cytokine

expression in glutamine-deprived cells, suggesting that inhibi-

tion of translation initiation by eIF2a phosphorylation triggers

the inflammatory response. eIF2a phosphorylation leads to acti-

vation of NF-kB due to decreased levels of the IkB inhibitor

arising from the combination of its short half-life and the reduced

translation (Deng et al., 2004; Jiang et al., 2003). This mechanism

may explain why the transcriptional induction of cytokines does

not occur rapidly upon nutrient deprivation but, rather, takes

several hours.

The inflammatory response arising upon nutrient depletion

also occurs at the translation level. Though unknown, the mech-

anistic basis of this translational control likely involves eIF2a

phosphorylation and may act in a uORF-independent manner,

as 15 of the 22 TE upregulated inflammatory mRNAs do not

contain uORFs. Cytokine mRNAs can be stabilized by the

mitogen-activated protein (MAP) kinase/p38 pathway via au-

rich element (ARE)-binding proteins that interact with sequences

within the 30 UTR (Hoffmann et al., 2002), so ARE- or other RNA-

binding proteins might interact with translation factors and/or

ribosomes to affect the translation of cytokinemRNAs.Whatever

the precise mechanisms involved, the opposing effects of

eIF2a phosphorylation on general translation and inflammatory

response provides a mechanism to coordinate these processes

in response to a wide range of nutritional states.

EXPERIMENTAL PROCEDURES

Cell Culture

MCF10A-ER-Src cells were grown at 37�C with 5% CO2 in phenol red-free

DMEM-F12 medium containing 5% charcoal-stripped horse serum, peni-

cillin-streptomycin (13), epidermal growth factor (EGF) (200 ng/mL), hydrocor-

tisone (0.5 mg/mL, final), cholera toxin (100 ng/mL), and insulin (10 mg/mL), as

described previously (Iliopoulos et al., 2009). Cells were transformed by treat-

ment with 1 mM 4-hydroxy-tamoxifen for 24 hr, and ethanol was used as

vehicle control in non-transformed cells. For metabolic experiments, cells

were grown in the same medium but lacking nutrients as indicated.

Measurement of Nascent Protein Synthesis

Protein synthesis was assessed by treating cells with the ‘‘clickable’’ methio-

nine analog L-azidohomoalanine (AHA) for 30 min, 4 hr, or 6 hr and detecting

nascent proteins by fluorescence microscopy using the 488-nm laser channel

according to themanufacturer’s instructions (Thermo Fisher Scientific, catalog

no. C10289). Details are given in the Supplemental Experimental Procedures.

Ribosome Profiling and RNA-Seq

Details pertaining high-throughput sequencing data acquisition and analyses

are given in the Supplemental Experimental Procedures. Ribosome profiling

and RNA-seq were performed as described previously (Ingolia et al., 2012).
ns

CAAs relative to complete medium in transformed (left) and non-transformed

UP, up-regulated.

ed (B) transcriptional and (C) translational activity in all metabolic stresses in

ch metabolic stress condition in transformed cells; cytokines are highlighted in

cupancy across metabolic conditions.

cytokines among nutrient-deprived conditions.

dition; p values are derived from the Wilcoxon test.
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Figure 4. Cytokine Expression under Inhibition of mTOR and eIF2a Signaling and Migration of Glutamine-Deprived MCF10A-ER-Src Cells
(A) Changes in mRNA and ribosome occupancy levels in transformed cells subjected to 4-hr treatment with torin1 (500 nM) relative to complete medium.

(B) Immunoblot analysis of mTOR-phosphorylated proteins and eIF2a phosphorylation after 30 min of nutrient deprivation or Torin1 treatment (500 nM).

(legend continued on next page)
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For determination of gene expression levels of protein-coding genes, we

removed refSeq-defined coding regions overlapping with uORFs defined in

Ji et al. (2015), 15 amino acids downstream of the start codons and 5 amino

acids upstream of the stop codons. The gene expression levels were calcu-

lated as RPKMs in the remaining coding regions, and we considered only

mRNAs expressed at RPKM > 10 in at least one of the metabolic conditions

(Table S1). Differential translation was assessed by (1) TE, and (2) partial vari-

ance of RO and RNA levels (Larsson et al., 2010).

Statistical Analyses

Statistical analyses and visualizations were performed in R or Excel. The hier-

archical and k-means clustering was performed using the pheatmap package

with rlog-transformed ribosome occupancy. The association between protein

synthesis and ribosome occupancy of cytokine mRNAs was tested using the

Pearson correlation coefficient. Other statistical significance was assessed

using either the Wilcoxon rank-sum test or t test, as indicated.

DATA AND SOFTWARE AVAILABILITY

The accession number for the sequencing data reported in this paper is GEO:

GSE114794.
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Supplemental Experimental Procedures 

 

Measurement of nascent protein synthesis.  Protein synthesis was assessed using the ‘clickable’ 

methionine analog L-azidohomoalanine (AHA) that is incorporated into nascent proteins and detected 

by fluorescence microscopy according to the manufacturer’s instructions (ThermoFisher scientific cat. 

No. C10289). Non-transformed and transformed cells were rinsed twice with warm PBS, and 

incubated with methionine-free medium (and lacking other nutrients as indicated) containing AHA for 

30 minutes, 4 hours, or 6 hours at 37oC in 5% CO2. Cells were washed with PBS, fixed with 3.7 % 

formaldehyde, incubated with the Alexa Fluor 488 alkyne, and AHA-containing proteins were 

visualized using the 488nm laser channel. DAPI staining was performed to determine cell number. 

Quantification of protein synthesis was performed with MetaXpress Analysis Software (Molecular 

Devices) using custom cell scoring that consider the nuclei number, cell size and background 

correction for determination of average intensity of Alexa fluorescence per cell. We used ImageJ to 

set an equal minimum and maximum pixel intensity value in all RGB images for visualization of 

normalized fluorescence (Figure 1A).  Three or more biological replicates were performed (6-12 

imaging sites per replicate at 10X magnification) except for the 6 hours samples, no cysteine and no 

cystine condition at 30 minutes (two replicates). 

 

Ribosome profiling and RNA sequencing. Non-transformed and transformed MCF10A-ER-Src cells 

were cultured with either complete or nutrient-deprived DMEM as indicated. For ribosome profiling, 

cells were washed with ice-cold PBS containing 100µg/ml cycloheximide, and flash-frozen with 

detergent lysis [20mM Tris-HCl (pH 7.4), 150mM NaCl, 5mM MgCl2, 1mM DTT, 1% (vol/vol) triton 

X-100] containing 25 U/ml Turbo DNase I and 100µg/ml cycloheximide. Ribosome footprinting was 

performed by adding 8.75 µl of Rnase I (100 U/ml) to 350 µl of DNase I-treated lysates for 45 minutes 

at room temperature followed by addition of 12 µl of SUPERase·In inhibitor to stop the reaction. The 

Rna se I-digested lysates were added to 0.90 ml of 1M sucrose cushion, ribosomes were pelleted by 

centrifugation at 55,000 rpm at 4C overnight, resuspended in 700 µl of Qiazol reagent, and the RNA 



isolated using the miRNeasy Kit (Qiagen, cat. no. 217004). Ribosome-protected fragments were 

PAGE purified on a 15% TBE-Urea gel (ThermoFisher scientific, cat. No. EC68852BOX), 3’end 

ligated to a pre-adenylated universal miRNA linker (5′-rAppCTGTAGGCACCATCAAT–NH2-3′, 

NEB, cat. no. S1315S), converted into cDNA using Superscript III reverse transcriptase 

(ThermoFisher scientific, cat. no. 18080-093), circularized, depleted for ribosomal RNA using 

biotinylated probes, and PCR amplified using Illumina TruSeq indexed primers as previously 

described (Ingolia et al., 2009, 2012). For RNA-seq, total RNA was extracted using the miRNeasy kit 

(Qiagen cat No.  217004), enriched for poly(A) RNA via three rounds of Oligo d(T)25 magnetic bead 

purification (NEB, cat. No. S1419S), fragmented with 10mM ZnCl2 in 10mM Tris-HCl (pH 7.0) for 

5 minutes at 80ºC, PAGE purified on a 15% TBE-Urea gel and processed equally as the ribosome 

protected fragments for Illumina TruSeq library preparation. The ribosome profiling and RNA-seq 

experiments were performed in duplicate with the exception of RNA-seq at 30 minutes (single 

experiments), ribosome profiling in cysteine/cystine-deprived EtOH cells (triplicate experiments), and 

the Torin1 dataset (single experiment). To process the data for both ribosomal profiling and RNA-seq, 

we first trimmed the adapter sequences from the raw sequencing reads, and mapped the reads to rRNA 

reference sequences. Non-ribosomal RNA reads were then aligned to the GENCODE (Harrow et al., 

2012) defined transcripts and reference genome (hg19), and only the uniquely mapped reads were 

used for the subsequent calculations (Table S1). For determination of gene expression levels of protein 

coding genes, we removed refSeq defined coding regions overlapping with upstream open reading 

frames (uORFs) defined in (Ji et al., 2015), 15 amino acids downstream of start codons and 5 amino 

acids upstream stop codons. The gene expression levels were calculated as reads per kilobase of 

transcript per million mapped reads (RPKM) in the remaining coding regions. 

  

Analyses of differential transcription and translation. For analysis of regulated mRNAs, we treated 

the 30 minutes and 4 hours datasets independently and considered only mRNAs expressed at RPKM 

> 10 in at least one condition in each dataset, which corresponds to 5,696 (30 minutes) and 6,478 (4 

hours) translated ORFs (Table S1). We applied the exact Poisson test (poisson.test in R, two-sided) to 



derive the statistical significance of ribosome occupancy (RO) counts between samples of interest, as 

follows: we compared the observed number of RO count events x (counts in gene A divided by total 

uniquely mapped counts in the nutrient-deprived condition) to the expected number of RO count 

events T (counts in gene A divided by total uniquely mapped counts in the complete DMEM condition) 

across all mRNAs. We defined transcriptional regulation as those mRNAs with an absolute log2 fold 

change in ribosome occupancy (RO) > 1.0 between the nutrient-deprived and complete DMEM 

condition and P value < 1e-03 (exact Poisson test). To define translational regulation, we used two 

analytical approaches. A) Translation efficiency (TE) was calculated as the log2 ratio of RPKM 

measured by ribosome profiling over RPKM measured by RNA-seq. We used the intersection of TE 

values with RO fold change to reject mRNAs with TE differences caused mostly by a decrease in 

mRNAs levels rather than an increase in RO upon the metabolic stress. An absolute difference in TE 

> 0.5, log2 RO fold change > 0.5 and P value < 1e-03 (exact Poisson test) between the nutrient-

deprived and complete DMEM condition were used to define mRNAs with decreased translation, 

while a more stringent log2 RO fold change threshold (> 1.0) was applied along with the other criteria 

to define mRNAs with increased translation at 4 hours. B) We applied analysis of partial variance 

(APV) of normalized and rlog transformed RO and mRNAs levels and weighed the gene-specific 

variances using  a random variance model to exclude possible correlations between mRNAs levels 

and TE values, as previously described (Larsson et al., 2010). Using the anota2seq package (Oertlin 

et al., 2018), mRNAs were defined as differentially translated if meeting the following criteria (-0.5 < 

minSlopeTranslation < 1.5, deltaP > 0.5, deltaPT > 0.15, FDR < 0.05). We applied a variance cutoff 

of 1e-06, and did not filter genes with zero counts to keep genes expressed in TAM but not in EtOH 

cells as input for APV. 

 

Motif search, gene ontology and hierarchical clustering. We used RibORF (Ji et al., 2015) to define 

uORFs, and the MEME suite (Bailey et al., 2009) to performed an unbiased search for motifs in the 

5’UTR of TE-regulated mRNAs. Enrichment of gene ontology (GO) terms in regulated mRNAs with 

corrected P-values (FDR, Benjamini and Hochberg) was determined using the ToppGene Suite (Chen 

http://www.jstor.org/pss/2346101


et al., 2009), and representative clusters of GO terms were found using REVIGO (Supek et al., 2011), 

with an ‘allowed semantic similarity’ of 0.4. Plotting in R was performed using the ggplot2 package 

(Wickham, 2009), and clustering analysis with the pheatmap package (Kolde, 2012). The ten 

metabolic conditions were clustered based on the normalized and rlog transformed RPKM values 

measured by ribosome occupancy of either all mRNAs (Figure 3E) or after aggregation of the mRNAs 

into 5 k-means (Figure 3F) using ‘correlation’ as a distance measure and the ‘average linkage’ method. 

 

Immunoblotting.  MCF10A-ER-Src cells were grown under different media, washed twice with PBS, 

lysed in RIPA buffer (150mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM 

Tris-HCl pH 8.0) supplemented with protease inhibitors, sonicated, and centrifuged. Supernatant 

proteins were separated by SDS-PAGE on a polyacrylamide gel (NuPAGE 4-12% Bis-Tris gel, 

ThermoFisher scientific), and transferred to a nitrocellulose membrane. The membrane was blocked 

with 5% milk (or 5% BSA for phosphorylated proteins) in TBS + 0.1% Tween-20 (TBS-T), incubated 

with primary antibody in blocking buffer overnight at 4C, washed 3X with TBS-T, incubated with a 

HRP-conjugated secondary mouse or rabbit antibody (Cell Signaling) in blocking buffer, and detected 

by enhanced chemiluminescence using either an X-ray film or a CCD camera. Primary antibodies: 

anti-phospho-eIF2α (Cell Signaling cat. No. 9721), anti-eIF2α (Cell Signaling), anti-phospho-p70 S6 

kinase Thr389 (Cell Signaling, cat. No. 9205S), anti-phospho-4E-BP1 (Cell Signaling), anti-IL8 

(ThermoFisher scientific cat. No. 14-7189-80), anti-IL6 (Novus Biologicals cat. No. NB600-1131SS), 

anti-CCL20 (antibodies-online GMBH cat. No. ABIN1043784, or ThermoFisher scientific cat. No. 

MA5-16253), anti-CXCL1 (Abcam cat. No. ab86436), anti-CXCL2 (Abcam cat. No. ab91511), anti-

CXCL3 (Abcam cat. No. ab10064). 

 

Wound-healing motility assay. A single scratch was created using a p20 micropipette tip in confluent 

non-transformed and transformed cells. Cells were washed with PBS and cultured with either 

complete, glutamine-free, or BCAA-free DMEM for 6 hours followed by complete DMEM for 24 

hours. As negative control, ER-Src cells were cultured with serum-free DMEM for 30 hours. Triplicate 



images were acquired by phase-contrast microscopy at 0 and 30 hours after wounding, and the 

percentage of gap closure was determined using TScratch (Gebäck et al., 2009). Three biological 

replicates were performed except for BCAA-deprived transformed cells (two experiments). 

 

Transwell migration assay.  MCF10A-ER-Src cells were trypsinized, resuspended in PBS, aliquoted 

(1E+05 cells) into complete or glutamine-free medium (200 μl) and seeded in the upper chamber of a 

Boyden insert placed inside 24 well plates. Conditioned-medium from cells grown in complete or 

glutamine-free DMEM was mixed with an equal volume of correspondent fresh medium, 750 µL 

added to the lower chamber, and cell migration via a membrane pore (8 μM) assessed after 18-20 

hours of incubation. As control, fresh complete DMEM, glutamine-free DMEM or PBS were added 

to the lower chamber of other wells. Cells were fixed with 3.7% formaldehyde for 10 minutes, washed 

with PBS, permeabilized with 100% methanol for 20 minutes, washed with PBS, and stained with 

0.1% crystal violet (CV) for 30 minutes at room temperature. After three PBS washes, non-migrated 

cells were scraped off the upper chamber with cotton swabs and dried. For quantification, we placed 

the Boyden chamber (containing the migrated cells) in 500 μl of 10% acetic acid to release the CV 

from cells, and measured absorbance at 590 nm. Relative cell migration was presented as the 

absorbance ratio of the conditioned medium relative to the respective fresh medium. Five and three 

biological replicates were performed in transformed and non-transformed cells, respectively. 
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Figure S1; Related to figure 2: Regulation of mRNAs and their properties under glutamine-deprived transformed (TAM)
and non-transformed (EtOH) MCF10A-ER-Src cells. (A) Gene ontology and (B) motif enrichment at 5’ untranslated
regions of mRNAs with decreased translation efficiency after 30 minutes. (C) Gene ontology of mRNAs with increased
ribosome occupancy after 4 hours as determined by anota2seq (‘translated mRNA mode’). (D) Ribosome occupancy of
inflammatory mRNAs regulated after 4 hours.
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Figure S2; Related to Figure 3: Regulation of mRNAs in transformed and non-transformed MCF10A-ER-Src cells subjected to 4
hours of metabolic stress conditions. (A) Ribosome occupancy (RO) of inflammatory mRNAs after 4 hours of BCAA deprivation.
(B-C) Changes in mRNA and RO levels upon 4 hours deprivation of (B) glucose and (C) cysteine/cystine relative to complete
medium in transformed (left) and non-transformed (right) cells. (D) Venn diagram showing the mRNAs with increased translation
efficiency (TE) in all metabolic stresses in transformed vs. non-transformed cells; cytokines highlighted in red. (E) Number of
upstream open reading frames (uORFs) in all expressed coding mRNAs (grey), mRNAs with increased TE at 30 minutes of
glutamine deprivation (red) and all inflammatory mRNAs with increased TE at 4 hours of nutrient deprivation (green). (F) Venn
diagram showing the mRNAs with increased RO in each metabolic stress condition in non-transformed cells.
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Figure S3; Related to Figure 3: Correlation between protein synthesis and the ribosome occupancy of (A) aminoacyl-
tRNA-synthetases and (B) ATF4 in MCF10A-ER-Src cells. (C) Ribosome occupancy of all ribosomal subunit mRNAs
in each metabolic condition; P values are derived from the Wilcoxon test. (D) Representation of ribosomal subunit
mRNAs in the pool of mRNAs with decreased TE in each metabolic stress condition in MCF10A-ER-Src cells.
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Figure S4; Related to Figure 4: Immunoblot analysis and cell motility assay of nutrient-deprived transformed (TAM)
and non-transformed (EtOH) cells. (A) Immunoblot analysis of mTOR-phosphorylated proteins after 4 hours of
nutrient deprivation or Torin1 treatment (500nM). (B) Immunoblot analysis of cytokine levels after 24 hours of nutrient
deprivation (C) Phase-contrast images (left) and TScratch quantification (right) of nutrient-deprived cells in the wound
healing assay. Error bars represent s.d. of three biological replicates (Control, NoQ, NoFBS) or two biological
replicates (NoBCAA). * P < 0.05 comparing nutrient-deprived to complete medium as determined by t-test.
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