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: The hexosamine biosynthetic pathway (HBP) is a nutrient-sensing metabolic pathway that produces

. the activated amino sugar UDP-N-acetylglucosamine, a critical substrate for protein glycosylation.

. Despite its biological significance, little is known about the regulation of HBP flux during nutrient
limitation. Here, we report that amino acid or glucose shortage increase GFAT1 production, the first and
rate-limiting enzyme of the HBP. GFAT1 is a transcriptional target of the activating transcription factor
4 (ATF4) induced by the GCN2-elF2a signalling pathway. The increased production of GFAT1 stimulates

. HBP flux and results in an increase in O-linked 3-N-acetylglucosamine protein modifications. Taken

© together, these findings demonstrate that ATF4 provides a link between nutritional stress and the HBP

. for the regulation of the O-GlcNAcylation-dependent cellular signalling.

The regulation of metabolic fluxes is a key process in the cellular response to changes in nutrient availability,
and dysregulation of this process may contribute to the development of various diseases'?. The hexosamine bio-
synthetic pathway (HBP) plays a central role in sensing the nutritional status of the cell, since it integrates mol-
ecules coming from carbohydrates, fatty acids, amino acids and nucleotides metabolism?. The HBP converts
fructose-6-phosphate, a glucose derivative, into UDP-N-acetylglucosamine (UDP-GIcNAc), a central nucleotide
. sugar acting as a donor substrate for the glycosylation of proteins and lipids. In addition, UDP-GlcNAc is used for
. the O-GlcNAcylation of proteins, i.e. the addition of N-acetylglucosamine to their serine and threonine residues.
: Similarly to phosphorylation, O-GlcNAcylation regulates cellular activities, such as signalling and transcription®.
It has been proposed that O-GlcNAcylated proteins modulate cellular responses to nutrient deprivation and
. stress, and that their dysregulation is implicated in a wide range of pathologies®. Despite these wide-ranging bio-
. logical effects, the mechanisms underlying the adaptation of the HBP flux to nutrient availability remains poorly
understood.
The first and rate-limiting enzyme of the HBP, namely glutamine:fructose-6-phosphate aminotransferase
1 (GFAT1), which drives the HBP flux, is involved in various physiopathological processes®®. GFAT1 activity
: is inhibited by UDP-GIcNALG, the end product of the HBPY, and the AMP-activated protein kinase-mediated
: phosphorylation!'. In contrary, GFAT1 is stimulated upon phosphorylation by protein kinase A and calcium/
* calmodulin-dependent protein kinase II'2. More recently, it was shown that GFAT1 production is upregulated by
a transcription factor of the unfolded protein response (UPR), namely the spliced form of X-box binding protein
1 (XBP1s), resulting in the stimulation of the HBP flux and protein O-GlcNAcylation®®. These authors unveiled
in this way an intrinsic link between the HBP and disruption of the endoplasmic reticulum (ER) homeostasis, i.e.
ER stress, which activates the UPR.
UPR signalling is mediated by three ER transmembrane sensors: IREla (Inositol requiring enzyme 1),
PERK (PKR-like Endoplasmic Reticulum kinase), and ATF6a (activating transcription factor 6a)'. Activation
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of the UPR induces global changes in gene expression to restore ER homeostasis, and can trigger apoptosis when
the ER stress cannot be alleviated. Although XBP1s, controlled by IRE1q, directly promotes the transcription of
GFAT1%, high throughput data suggest that the activating transcription factor 4 (ATF4), another UPR effector
controlled by the PERK-mediated phosphorylation of the o subunit of the eukaryotic initiation factor 2 (eIF2v),
also regulates GFAT1 expression'>!®. This finding was of particular interest since eIlF2a phosphorylation repre-
sents an integrator of various cellular cues and therefore occurs not only during ER stress. Indeed, in addition
to PERK, three other kinases converge to phosphorylate eI[F2c, namely HRI (heme regulated inhibitor) that
responds to heme deprivation, GCN2 (general control nonderepressible 2) that responds to amino acid depri-
vation, and PKR (protein kinase RNA-activated), which is activated by double-stranded RNA"". Because of the
convergence of these kinases in the phosphorylation of eIF2a, the eIF2a-ATF4 pathway is often referred to as
the integrated stress response pathway (ISR). This pathway leads to a downregulation of the translation of most
proteins, but concomitantly, to an upregulation in the translation of specific transcripts with open reading frames
(uOREFs) in their 5’ untranslated region. One of these transcripts, ATF4 has been extensively characterized; it con-
trols a transcriptional program of genes involved in multiple processes, such as amino acid and lipid homeostases,
and redox balance'”.

Here, we report that GFAT1 is a direct target of ATF4. We demonstrate that amino acid or glucose shortage
increase GFAT1 production through the GCN2-eIF2a- ATF4 pathway, which results in the stimulation of pro-
tein O-GlcNAcylation. Our investigation deciphers novel mechanisms underlying the regulation of GFAT1, and
reveals that an increase in O-GlcNAcylated proteins occurs during not only glucose shortage but also amino acid
deprivation.

Results

GFAT1 is a direct transcriptional target for ATF4. The HBP processes 2-5% of the glucose (Glc)
metabolism in cells. When Glc becomes scarce, a paradoxical increase in HBP flux occurs. Previous experiments
demonstrated the role of UPR in increasing GFTA1 and HBP flux during starvation, i.e. medium free of glu-
cose, serum, pyruvate and glutamine'®. Here, we found that limiting the amount of Glc (0.1 mM) in the growth
medium was sufficient to increase GFAT1 protein levels in transformed human bronchial epithelial cells (HBEC
3KT-RL)'®. Glucose starvation led to the activation of the three branches of the UPR after 8 hours of incubation
(Fig. 1a). This activation was detected by monitoring (i) the splicing of XBP1 mRNA, a key marker of the IRE1a
branch®, (ii) the cleavage of ATF6 that releases its 50-kDa b-ZIP transcription factor?, (iii) the abundance in the
BiP protein, which is mainly controlled by the activation of the ATF6 branch?, (iv) the abundance in p58™X that
is regulated both by the ATF6 and IRE1« branches?, and (v) the level of phosphorylated PERK and elF2c, which
in turn controls the expression of ATF4?. Furthermore, the production of GFAT1, but not that of UAP1 another
enzyme of the HBP, increased at 16 and 24 hours following Glc shortage (Fig. 1a). Pharmacological activation of
the UPR using tunicamycin also increased GFAT1 production (Supplementary Fig. S1). Corroborating a role for
XBP1s in the regulation of GFAT1, its silencing reduced GFAT1 production (Fig. 1b)!*. However, we show that
GFAT1 production is not solely linked with the XBP1 branch of the UPR, since the extinction of ATF4 by siRNA
also prevented GFAT1 production. This latter result was not due to the nonspecific silencing of the IRE1 pathway
following the transfection with ATF4 siRNA, since both the splicing of XBP1 mRNA and the increased in p58'PX
abundance were barely affected by this transfection (Fig. 1b). Of note, the production of UAP1 was not altered
following transfection with either XBP1 or ATF4 siRNAs, whereas the basal protein level of GFAT1 in HBEC
3KT-RL cells decreased under the same conditions.

To further investigate the specific effect of ATF4 on GFAT1 abundance, we turned to a cellular model of Rat1
embryonic fibroblasts stably expressing Fv2E-PERK. Indeed, this construct produces a chimeric PERK kinase
lacking the ER luminal domain and fused with two modified FK506 binding domains (FKBP). This system ena-
bles, through the inducible activation of the Fv2E-PERK fusion protein by the dimerizing drug AP20187%3, the
monitoring of PERK signalling in an ER stress-independent manner, i.e. in the absence of IRE1 and ATF6 activa-
tion. Treatment of Rat1 cells with AP20187 induced a strong activation of Fv2E-PERK (Fig. 1¢), as attested by the
phosphorylation-induced shift in the migration of FKBP?, which resulted in an increase in e[F2a phosphoryla-
tion and ATF4 production, as well as in GFAT1 abundance. As expected, protein abundance of two main XBP1s
and ATF6 targets, respectively p58'™ and BiP, was not affected upon AP20187 treatment. These results, thus,
show that the sole activation of the PERK-ATF4 axis is sufficient to increased GFAT1 abundance.

Next, we examined whether GFAT1 is a direct target of ATF4 following nutrient depletion. GFAT1 mRNA
production following glucose shortage was strongly reduced in HBEC 3KT-RL cells upon silencing of ATF4,
indicating that the effect of ATF4 likely occurs at the transcriptional level (Fig. 1d). Furthermore, no differences
in the basal transcription level of GFAT1 (i.e. Glc+) were observed in the ATF4-silenced cells, in contrast to the
marked reduction in GFAT1 protein levels observed in the Western blot analysis (Fig. 1b). This suggests that
ATF4-dependent regulation of GFAT1 at steady state may occur post-transcriptionally. We then studied the bind-
ing of ATF4 to the Gfatl DNA sequence upon glucose shortage, using chromatin immunoprecipitation (ChIP)
assays on a cross-species conserved ATF4-binding site, identified by previous ATF4 ChIP-sequencing experi-
ments'® and located close to the Gfat1 gene (Fig. 1e). ChIP experiments confirmed that ATF4 recruitment to this
DNA sequence was increased during glucose deprivation, indicating that GFAT1 is a direct transcriptional target
of ATF4 (Fig. 1f). Hence, together with high throughput data'>'6, these results indicate that GFAT1 is regulated
at the transcriptional level by ATF4.

Activation of the elF2c.-ATF4 pathway stimulates protein O-GIcNAcylation. GFAT1 is
the first and rate-limiting enzyme of the HBP, which produces UDP-GIcNAc and consequently drives cel-
lular O-GlcNAcylation. To determine whether the ATF4-GFAT1 pathway we identified here affects the HBP
flux, we monitored the level of cellular O-GlcNAcylation by Western blotting. Glucose shortage increased
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Figure 1. ATF4 positively controls the expression of GFAT1. (a) Top: Western blot analysis of UPR markers
and HBP enzymes upon Glc shortage (0.1 mM) for the indicated times (h =hours). O, inactivated and P,
activated PERK. Quantification of proteins bands of independent experiments, compared to 0 h condition and
normalized to the loading control tubulin is shown. Bottom: XBPI mRNA splicing was analysed by RT-PCR
followed by Pst1 digestion: ul and u2, unspliced and s, spliced variant of XBPI; h, hybrid between unspliced
and spliced ssDNA. (b) Top: Cells transfected either with control siRNA (Ctrl) or siRNA against ATF4 or XBP1
were incubated with 25mM Glc (+) or 0.1 mM Glc (—) for 24 hours and analyzed by Western blotting with

the indicated antibodies. Quantification of proteins bands of independent experiments and normalized to the
loading control tubulin is shown. Bottom: XBP1 mRNA splicing was analysed by RT-PCR as described in a.

(c) Rat1 cells stably expressing the Fv2E-PERK construct and treated with 2nM AP20187 over a time course
were analyzed by Western blotting with the indicated antibodies. O, inactivated and P, activated Fv2E-PERK.
Quantification of proteins bands was performed as in a. (d) RT-qPCR analysis of Gfat] mRNA isolated from
cells transfected with a control siRNA (Ctrl) or an ATF4 siRNA and incubated for 16 hours with 25mM Glc (+)
or 0.1 mM Glc (—). Data were normalized against endogenous Hprt mRNA levels. (e) Distance of a conserved
putative- ATF4 binding site from the Gfat1 gene found in several species. (f) ChIP analysis of ATF4 binding

to ATF4 binding site shown in e. Cells were incubated for 16 hours with 25 mM Glc (+) or 0.1 mM Glc (—).

An irrelevant IgG antibody serves as a control. For blots shown in a, b and ¢, samples derive from the same
experiment and gels/blots were processed in parallel. Full-length blots/gels are presented in Supplementary
Figure S7. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Activation of the eIF2o-ATF4 signalling pathway enhances the flux of the HBP upon glucose
deprivation. (a) HBEC 3KT-RL cells incubated with 0.1 mM Glc over a time course of 24 hours were analyzed
by Western blot developed with antibody against O-GlcNAc-modified proteins. Quantification of the intensity
of O-GlcNAcylated protein bands of independent experiments, compared to 0h condition and normalized to
the loading control tubulin is shown. (b) Western blot analysis of O-GlcNAcylated proteins and ATF4 protein
abundance in cells transfected with a control siRNA (siCtrl) or an ATF4 siRNA and incubated with 25mM Glc
(+) or 0.1 mM Glc (—) for 24 hours. Samples derive from the same experiment and gels/blots were processed
in parallel. Quantification of the intensity of O-GlcNAcylated protein bands of of independent experiments
and normalized to the loading control tubulin is shown. (c) Rat1 cells stably expressing the Fv2E-PERK
construct and treated with 2nM AP20187 over a time course were analyzed by Western blot developed with
antibody against O-GlcNAc-modified proteins. Arrowheads exemplify bands with the substantial changes in
O-GlcNAcylation levels. Quantification of the intensity of O-GlcNAcylated protein bands of of independent
experiments, compared to 0 h condition and normalized to the loading control tubulin is shown. Full-length
blots/gels are presented in Supplementary Figure S7. **p < 0.01, ***p < 0.001.

O-GlcNAcylation in HBEC 3KT-RL (Fig. 2a), consistently with a previous report®*. This increase was strongly
correlated with the augmentation in GFAT1 abundance observed in Fig. 1a and a siRNA approach confirmed
the key role for this enzyme in driving O-GlcNAcylation during glucose deprivation (Supplementary Fig. S2). In
addition, the silencing of ATF4 prevented Glc deprivation-induced O-GlcNAcylation (Fig. 2b), indicating that
ATF4-mediated GFAT1 control is biologically relevant. It is of note that O-GlcNAcase (OGA) and O-GlcNAc
transferase (OGT) protein abundance was not affected by ATF4 silencing (Supplementary Fig. S3). Conversely,
the pharmacological activation of the PERK-ATF4 pathway in Rat1 cells using AP20187, resulted in an increase in
O-GlcNAcylation of various protein bands over the time course of the experiment (Fig. 2¢). Thus, ATF4-mediated
control of GFAT1 abundance stimulates protein O-GlcNAcylation.
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Figure 3. GCN2 participates in the ATF4-dependent regulation of protein O-GlcNAcylation. (a) Cells
transfected with a control (siCtrl) or GCN2 siRNA, and incubated with 25 mM Glc (+) or 0.1 mM Glc (—) for
24hours, were analyzed by Western blotting with the indicated antibodies. Quantification of proteins bands of
independent experiments, compared to 0 h condition and normalized to the loading control tubulin is shown.
Bottom: XBPI mRNA splicing was analysed by RT-PCR followed by Pst1 digestion: ul and u2, unspliced

and s, spliced variant of XBP1I; h, hybrid between unspliced and spliced ssDNA. (b) RT-qPCR analysis of
Gfat1 mRNA isolated from cells transfected with a control siRNA (Ctrl) or a GCN2 siRNA and incubated for
16 hours with 25mM Glc (+) or 0.1 mM Glc (—). Data were normalized against endogenous Hprt mRNA
levels. (c) Western blot analysis of O-GlcNAcylated proteins and GCN2 protein abundance in cells transfected
with a control siRNA (siCtrl) or a GCN2 siRNA and incubated with 25 mM Glc (+) or 0.1 mM Glc (—) for

24 hours. Quantification of the intensity of O-GlcNAcylated protein bands of of independent experiments

and normalized to the loading control tubulin is shown. (d) Cells deprived of leucine (-Leu) or treated with
100nM of halofuginone (HF) for 16 hours were analyzed by Western blotting with the indicated antibodies.
Quantification of the intensity of O-GlcNAcylated protein bands of independent experiments, compared to
normal medium containing leucine condition (control, Ctrl) and normalized to the loading control tubulin is
shown. For blots shown in a, ¢ and d, samples derive from the same experiment and gels/blots were processed in
parallel. Full-length blots/gels are presented in Supplementary Figure S7. *p < 0.05, **p < 0.01, ***p < 0.001.

GCN2 stimulates the hexosamine biosynthesis pathway upon either glucose or amino acid
shortage. Having explored the activation of the HBP via the PERK-dependent activation of the ISR, we
reasoned that another eIF2a kinase, namely GCN2, could also modulate O-GlcNAcylation. Indeed, GCN2 is
a well-described sensor for amino acid availability and recent reports have also described that it can be acti-
vated in response to glucose starvation??". We found that GCN2 silencing in HBEC 3KT-RL cells moderated
Glc shortage-induced ATF4 upregulation (Fig. 3a), and that similar results were obtained in GCN2-deficient
MEFs (Supplementary Fig. S4a). We then focused our investigations on a stable cell line expressing the luciferase
reporter gene under the control of CARE sequences of the Trib3 promoter, which was previously described to
reflect the transcriptional activity of ATF42%. Using this system, we observed that silencing of GCN2 reduced
the luciferase activity by half in response to glucose starvation that correlated with a reduced induction of ATF4
target genes (Supplementary Fig. S4b,c). Thus, these results are consistent with the fact that GCN2 activation
contributes to the increase in ATF4 abundance when cells are facing glucose limitation. In line with these results,
GCN2 silencing prevented the Glc shortage-induced GFAT1 upregulation both at the mRNA and protein levels
(Fig. 3b,a, respectively), and also lowered the level of cellular O-GlcNAcylation (Fig. 3c). Interestingly, Glc short-
age induced an increase in OGT protein expression that could be prevented by GCN2 silencing (Supplementary
Fig. S5), but not by ATF4 silencing as mentioned above. Hence, GCN2 activation may further increase pro-
tein O-GlcNAcylation in an ATF4-independent manner, by stimulating OGT production through yet unclear
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Figure 4. Schematic representation highlighting the molecular link between the GCN2 pathway and
protein O-GlcNAcylation in nutrients-deprived cells. Following glucose or essential amino acid shortage,

activation of the GCN2-eIF2i-ATF4 stress pathway increases GFAT1 production. Consequently, the
stimulation of the flux of the HBP contributes to increased protein O-GlcNAcylation.

mechanisms. Finally, we tested whether GCN2 activation following leucine deprivation? or treatment with halo-
fuginone, a pharmacological inducer of GCN2%, also stimulates O-GlcNAcylation (Fig. 3d). As expected, both
treatments conducted for 16 hours resulted in an increase in ATF4 and GFAT1 abundance, and correspondingly
promoted O-GlcNAcylation in HBEC 3KT-RL cells. Hence, our findings demonstrate a molecular connection
between the kinase GCN2 and the hexosamine biosynthetic pathway, and that augmentation of O-GlcNAcylated
proteins occurs in the context of glucose deprivation and during amino acid shortage as well (Fig. 4).

Discussion

The hexosamine biosynthetic pathway is involved in the post-translational addition of O-GlcNAc onto proteins
that regulates gene transcription and cell signalling®. Remarkably, the HBP flux increases during glucose short-
age. Here we show that this up-regulation occurs not only during glucose shortage but also during amino acid
deprivation. In both situations, the GCN2-mediated phosphorylation of elF2c and the subsequent ATF4-driven
expression of GFAT1 drive proteins O-GlcNAcylation. Also, we reveal that GFAT1 production controlling protein
O-GlcNAcylation can occur independently of the previously described role of XBP1s during UPR'.

SCIENTIFICREPORTS | 6:27278 | DOI: 10.1038/srep27278 6
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We unveil a novel role for ATF4, beyond its function during cellular stress responses. Indeed, when grown
under glucose-rich medium (25 mM Glc), basal levels of ATF4 and XBP1s were detected in HBEC 3KT-RL cells.
Following ATF4 and XBP1 silencing, the GFAT1 protein was no longer detected, while Gfat1 transcripts were
not affected. In support of a specific ATF4 and XBP1s-mediated maintenance of GFAT1 abundance at steady
state, the basal level of the HBP enzyme PGM3 was not affected, whereas XBP1s silencing prevented glucose
shortage-induced PGM3 up-regulation as previously reported' (Supplementary Fig. S6). These findings are
consistent with an emerging role for the UPR in buffering normal cellular fluctuations, in order to maintain
the physiological functions of the cell’!. Further studies are required to clarify whether an UPR-dependent
post-translational mechanism is responsible for this basal regulation.

Our investigations also uncovered that amino acid deprivation and glucose shortage modulated GFAT1 pro-
duction, via a GCN2-dependent signalling pathway. As noted previously, we initially confirmed that the GCN2
pathway responded to glucose starvation?%, as well as to conventional amino acid depletion. We then demon-
strated that this pathway contributed to ATF4 protein production and to the transcription of ATF4-dependent
genes (Supplementary Fig. S4a-c). A recent functional study conducted by Shin et al. reported the sequential
activation of PERK and GCN2 during glucose limitation?’. Indeed, they revealed that PERK activation was an
early event (within 18 hours), whereas GCN2 activation occurred at a later stage (54 hours), and triggered cell
death?. In our study, PERK and GCN2 activation occurred almost concomitantly. This simultaneous activation
may be linked to the glucose concentration in the growth medium, rather than being a time-dependent event,
since Shin et al. noted GCN2 activation once glucose concentration had dropped below ~0.2 mM, whereas in our
study, cells are grown in 0.1 mM glucose from the start. Thus, GCN2 activation likely occurred earlier under our
experimental setting and contributed to ATF4-dependent transcription in parallel to the reported role of PERK?.

Owing to the fact that the GCN2 activation is associated with amino acid depletion, how GCN2 responds to
glucose deprivation remains largely unknown. This kinase senses the accumulation of uncharged tRNAs upon
amino acid starvation, which in turn stimulates its catalytic domain, and leads to the subsequent phosphorylation
of eIF2a.. Wellen et al. showed that the uptake in glutamine and leucine diminishes upon glucose shortage, since
the level of amino acid transporter mRNA is reduced??. However, this hypothesis seems not to be compatible with
the relatively rapid mobilization of the GCN2 pathway observed in the present study (<8 hours, Supplementary
Fig. S4a,c). Notably, it is becoming evident that the GCN2 pathway is implicated in other biological processes that
are apparently unrelated to amino acid starvation. However, mechanisms underlying the integration of these acti-
vating signals are far from being understood?®. In the case of glucose withdrawal, previous studies have described
a rapid (<3 hours) induction of reactive oxygen species (ROS)*. Given that GCN2 is activated by ROS**%, it is
tempting to speculate that there is a connection between glucose deprivation, ROS generation and GCN2 activa-
tion. Further studies are required to verify this hypothesis.

Although GCN2 activation may induce cell death upon severe glucose shortage?, it is also conceivable that
GCN2-mediated HBP stimulation might have pro-survival functions in the case of moderate glucose shortage.
Indeed, it appears that O-GlcNAcylation has most often a pro-survival function, particularly in cardiomyocytes
subjected to ischemia/reperfusion’? or in cancer cells*”*®. The HBP flux regulates the expression of growth factor
receptors at the surface of cells, which controls glutamine and leucine uptake®. Glutamine, like glucose, is used by
proliferating cells to fuel a variety of bioenergetic and biosynthetic pathways*. GCN2-mediated HBP stimulation
may favor the uptake of glutamine to enable cells to compensate at least partly and/or momentarily for the lack
of glucose.

In summary, we report that the GCN2-ATF4 pathway links amino acid and glucose starvation to protein
O-GlcNAcylation by stimulating the HBP flux. Given the recognition of the importance of O-GlcNAcylation in
cell signalling, our findings reveal novel biological functions for GCN2 that may eventually lead to the develop-
ment of therapeutic strategies against diseases related to HBP dysregulation.

Methods

Cell culture, treatments and nutrient deprivation experiments. The cell lines used in this study
were either generated in-house in the case of the Fv2E-PERK Rat-1 and CARE-Luc HeLa cells, or donated by Drs.
D. Ron*’ and J.D. Minna*! in the case of the wild type Mouse Embryonic Fibroblasts (MEFs) or general control
nonderepressible 2 (GCN2) deficient MEFs, and Human Bronchial Epithelial Cells (HBEC 3KT-RL), respec-
tively. The cell lines were grown in Dulbecco’s High Glucose Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum, sodium pyruvate, L-glutamine and antibiotics, except for the HBEC 3KT-RL cells,
which were grown in Keratinocyte Serum-Free Medium (KSFM) supplemented with bovine pituitary extract and
recombinant human EGE. The cells were maintained at 37 °C with 5% CO, throughout the experiments.

For glucose deprivation experiments, cells were rinsed with Phosphate-Buffered Saline (PBS) and incubated in
DMEM containing either 25 mM glucose for the control cells, 0.1 mM glucose for HBEC 3KT-RL glucose-starved
cells, or no glucose for MEFs and HeLa glucose-deprived cells. Glucose deprivation assays were carried out over
a time course of 24 hours (0, 4, 8, 16 or 24 hours). Leucine starvation experiments were conducted over 16 hours
using a DMEM/Nutrient Mixture: F-12 (DMEM/F12) medium devoid of leucine, glutamine, lysine and methio-
nine (Sigma-Aldrich, ref: D9785), in which glutamine, lysine, methionine and 10% dialyzed serum were subse-
quently added. The control medium for these experiments was similar to that used previously but supplemented
with leucine. Activation of the Fv2E-PERK fusion protein was conducted by treating cells with 2nM AP20187
(Clonetech, ref: 635060). The pharmacological activation of the GCN2 pathway was achieved by treating cells with
100 nM of halofuginone (Sigma-Aldrich) for 16 hours. Experiments were repeated at least three times. The chem-
ical induction of the ER stress pathways was performed by adding 0.5 pg/mL of tunicamycin (Sigma-Aldrich, ref:
T7765) to the culture medium. An equivalent volume of DMSO was used for control experiments.
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Lipid-mediated siRNA delivery. HBEC 3KT-RL cells were transfected with either known human siRNAs
in the case of GCN2 (sc-45644), ATF4 (sc-35112), XBP1 (sc-38627) and scrambled siRNA (sc-37007) (Santa
Cruz Biotechnology), or with in-house designed human GFAT1 siRNA. Indeed, the forward and reverse primer
sequences (Supplementary Table 1) were obtained based on data from the RNAi consortium (TRC), the siRNA
duplex was then synthesized by Eurogentec. Briefly, cells were transfected in 6-well plates (typically 400,000 cells
per well) using a combination of 25pM of siRNA duplex and 12.5pL of HiPerFect reagent (Qiagen) according to
the manufacturer’s reverse transfection protocol. Cells were treated or lysed 72 hours post-transfection.

Gene expression profiling and XBP1 splicing assessment. Following total RNA extraction from
HBEC 3KT-RL cells using the Nucleospin RNA kit (Macherey-Nagel), 0.51g of RNA were reverse tran-
scribed using random primers according to the instructions supplied with the Superscript II RNase H Reverse
Transcriptase kit (Invitrogen). The cDNA was then amplified by qPCR using primers specific for the Chop,
Gadd34, Gfat] and Trib3 genes, Hprt serving as a control (see Supplementary Table S1), using the Kapa SYBR
Fast qPCR kit (KapaBiosystems) and an ABI prism instrument (AppliedBiosystems). QPCR experiments were
repeated at least three times with three replicates per group.

The active form of XBP1 is its spliced form. The unspliced form of XBP1 possesses a Pstl restriction site,
which is not present on the spliced form. The level of spliced XBP1 was assessed by amplifying its cDNA using the
primer pair provided in the Supplementary Table S1 and performing a subsequent enzymatic digestion targeting
the Pst1 site. The digest was then run on a 2.5% agarose gel. The inactive/unspliced form resulted in two small
fragments (ul and u2), following the restriction digest of Pst14>*?, while the active/spliced form (bold s) remained
undigested. A fourth band was also obtained and corresponded to a hybrid (h) between the unspliced and spliced
ssDNA formed during the PCR.

Western blotting. The primary antibodies used during the Western blot analyses were purchased either from
Santa Cruz Biotechnology: ATF4 (sc-200); from Cell Signaling Technology: GCN2 (3302), PERK (3192), P-eIF2c
(3398), CHOP (2895) and p58'X (2940); from Sigma-Aldrich: a-Tubulin (T6199), OGT (HPA030751), OGA
(SAB4200311) and O-GlcNAc (clone CTD110.6, 07764); from Abcam: ATF6 (ab122897), UAP1 (ab155287),
PGM3 (ab128094) and GFAT1 (ab125069); from BD Biosciences: BiP (610978), or from Enzo life sciences: FKBP
(ALX-210-142). The secondary anti-rabbit or anti-mouse antibodies were supplied by Jackson Laboratories.

Briefly, whole cell extracts were obtained from cultured cells using a RIPA protein buffer containing protease
and phosphatase inhibitors (Roche) and PUGNAc (Sigma-Aldrich) and then quantified using the DC protein
assay (Bio-Rad). Proteins (20 pg) were separated by SDS-PAGE, transferred onto nitrocellulose membranes and
blocked for 1 hour at room temperature in Tris-Buffered Saline and Tween 20 (TBST) containing either 5% milk
or Bovine Serum Albumin (BSA) for O-GlcNAc analyses. Membranes were incubated overnight with the rele-
vant primary antibodies, washed three times in TBST, and were incubated for 1 hour with the relevant secondary
antibodies diluted in TBST containing 5% milk. After washing three times with TBST, proteins were detected
using the Clarity western ECL substrate (Bio-Rad). Representative Western blot was shown and proteins bands
quantification of three independent experiments was performed using the ImageJ software.

Luciferase assays. For luciferase assays, the CARE-Luc cell line expressing the firefly luciferase reporter
gene under the control of CARE sequences was used*!>#. Cells (5 x 10°) were plated in 12-well plates and trans-
fected for 72 hours with scrambled or GCN2 siRNAs as described above. Cells were subsequently glucose-starved
for 16 hours and then collected in 100 uL of lysis buffer (Promega). After centrifugation at 13,000 RPM for 2 min,
2pL of the supernatant were assayed for luciferase activity using the Dual-luciferase reporter assay system
(Promega). Measured luciferase activities were normalized against protein content (relative light units per mil-
ligram of protein). Luciferase assays were repeated at least three times with three replicates per group.

Chromatin immunoprecipitation analysis (ChIP). The antibodies used during the ChIP assays, namely
the ATF4 rabbit polyclonal antibody (sc-200X) and normal rabbit IgG (sc-2027), were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). HBEC 3KT-RL cells (1.5 x 10°) were seeded onto 150 mm in diameter dishes, 3
dishes being used per treatment. ChIP analyses were performed according to a previously published protocol®.
DNA enrichment was analyzed by qPCR using the primer sequences listed alongside the genomic location of the
amplified region in the Supplementary Table S1. All experiments were performed in triplicate to ensure reproduc-
ibility. The results are presented as ratio of precipitated DNA to input DNA.

Bioinformatics alignments and statistical analyses. The ATF4-binding site, previously identified
using the high throughput method, was aligned with the human genome using the UCSC genome browser
(https://genome.ucsc.edu). The comparative alignment of DNA sequences across several species was performed
using the Multiz Alignment tool and was confirmed using ClustalX (www.clustal.org).

The Student’s t-test or the one-way ANOVA and Tuckey post-hoc test were applied to determine the statisti-
cal differences between two or four experimental groups, respectively. All data are expressed as means & SEM.
%p < 0.05, **p < 0.01, ***p < 0.001.

References

. Efeyan, A., Comb, W. C. & Sabatini, D. M. Nutrient-sensing mechanisms and pathways. Nature 517, 302-310 (2015).

. Locasale, J. W. & Cantley, L. C. Metabolic flux and the regulation of mammalian cell growth. Cell Metab 14, 443-451 (2011).

. Denzel, M. S. & Antebi, A. Hexosamine pathway and (ER) protein quality control. Curr Opin Cell Biol 33, 14-18 (2015).

. Hart, G. W,, Housley, M. P. & Slawson, C. Cycling of O-linked beta-N-acetylglucosamine on nucleocytoplasmic proteins. Nature
446, 1017-1022 (2007).

5. Bond, M. R. & Hanover, J. A. A little sugar goes a long way: the cell biology of O-GlcNAc. J Cell Biol 208, 869-880 (2015).

W N

SCIENTIFICREPORTS | 6:27278 | DOI: 10.1038/srep27278 8


https://genome.ucsc.edu
http://www.clustal.org

www.nature.com/scientificreports/

10.
11.
12.
13.

14.
. Ait Ghezala, H. et al. Translation termination efficiency modulates ATF4 response by regulating ATF4 mRNA translation at 5’ short

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
. Lu, P. D., Harding, H. P. & Ron, D. Translation reinitiation at alternative open reading frames regulates gene expression in an

29.
30.
31.
32.

33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

46.

. Fulop, N. et al. Aging leads to increased levels of protein O-linked N-acetylglucosamine in heart, aorta, brain and skeletal muscle in

Brown-Norway rats. Biogerontology 9, 139-151 (2008).

. Nerlich, A. G. et al. Expression of glutamine: fructose-6-phosphate amidotransferase in human tissues: evidence for high variability

and distinct regulation in diabetes. Diabetes 47, 170-178 (1998).

. Veerababu, G. et al. Overexpression of glutamine: fructose-6-phosphate amidotransferase in the liver of transgenic mice results in

enhanced glycogen storage, hyperlipidemia, obesity, and impaired glucose tolerance. Diabetes 49, 2070-2078 (2000).

. Liu, J., Marchase, R. B. & Chatham, J. C. Glutamine-induced protection of isolated rat heart from ischemia/reperfusion injury is

mediated via the hexosamine biosynthesis pathway and increased protein O-GlcNAc levels. Journal of molecular and cellular
cardiology 42, 177-185 (2007).

Assrir, N. et al. Mapping the UDP-N-acetylglucosamine regulatory site of human glucosamine-6P synthase by saturation-transfer
difference NMR and site-directed mutagenesis. Biochimie 97, 39-48 (2014).

Eguchi, S. et al. AMP-activated protein kinase phosphorylates glutamine: fructose-6-phosphate amidotransferase 1 at Ser243 to
modulate its enzymatic activity. Genes Cells 14, 179-189 (2009).

Li, Y. et al. Identification of a novel serine phosphorylation site in human glutamine:fructose-6-phosphate amidotransferase isoform 1.
Biochemistry 46, 13163-13169 (2007).

Wang Zhao, V. et al. Spliced X-Box Binding Protein 1 Couples the Unfolded Protein Response to Hexosamine Biosynthetic Pathway.
Cell 156, 1179-1192 (2014).

Walter, P. & Ron, D. The unfolded protein response: from stress pathway to homeostatic regulation. Science 334, 1081-1086 (2011).

OREFs. Nucleic Acids Res 40, 9557-9570 (2012).

Wang, S. et al. ATF4 Gene Network Mediates Cellular Response to the Anticancer PAD Inhibitor YW3-56 in Triple-Negative Breast
Cancer Cells. Mol Cancer Ther 14, 877-888 (2015).

Donnelly, N., Gorman, A. M., Gupta, S. & Samali, A. The eIF2alpha kinases: their structures and functions. Cell Mol Life Sci 70,
3493-3511(2013).

Sato, M. et al. Human lung epithelial cells progressed to malignancy through specific oncogenic manipulations. Molecular cancer
research 11, 638-650 (2013).

Cawley, K., Deegan, S., Samali, A. & Gupta, S. Assays for detecting the unfolded protein response. Methods in enzymology 490,
31-51 (2011).

Ye, J. et al. ER stress induces cleavage of membrane-bound ATF6 by the same proteases that process SREBPs. Molecular cell 6,
1355-1364 (2000).

Shoulders, M. D. et al. Stress-independent activation of XBP1s and/or ATF6 reveals three functionally diverse ER proteostasis
environments. Cell reports 3, 1279-1292 (2013).

Palam, L. R, Baird, T. D. & Wek, R. C. Phosphorylation of eIF2 facilitates ribosomal bypass of an inhibitory upstream ORF to
enhance CHOP translation. ] Biol Chem 286, 10939-10949 (2011).

Lu, P. D. et al. Cytoprotection by pre-emptive conditional phosphorylation of translation initiation factor 2. The EMBO journal 23,
169-179 (2004).

Kang, J. G. et al. O-GlcNAc protein modification in cancer cells increases in response to glucose deprivation through glycogen
degradation. J Biol Chem 284, 34777-34784 (2009).

Chaveroux, C. et al. Molecular mechanisms involved in the adaptation to amino acid limitation in mammals. Biochimie 92, 736-745
(2010).

Ye, J. et al. The GCN2-ATF4 pathway is critical for tumour cell survival and proliferation in response to nutrient deprivation. The
EMBO journal 29, 2082-2096 (2010).

Shin, S. et al. ERK2 Mediates Metabolic Stress Response to Regulate Cell Fate. Molecular cell 59, 382-398 (2015).

integrated stress response. J Cell Biol 167, 27-33 (2004).

Wek, S. A., Zhu, S. & Wek, R. C. The histidyl-tRNA synthetase-related sequence in the eIF-2 alpha protein kinase GCN2 interacts
with tRNA and is required for activation in response to starvation for different amino acids. Mol Cell Biol 15, 4497-4506 (1995).
Sundrud, M. S. et al. Halofuginone inhibits TH17 cell differentiation by activating the amino acid starvation response. Science 324,
1334-1338 (2009).

Rutkowski, D. T. & Hegde, R. S. Regulation of basal cellular physiology by the homeostatic unfolded protein response. J Cell Biol 189,
783-794 (2010).

Wellen, K. E. et al. The hexosamine biosynthetic pathway couples growth factor-induced glutamine uptake to glucose metabolism.
Genes Dev 24, 2784-2799 (2010).

Castilho, B. A. et al. Keeping the eIF2 alpha kinase Gen2 in check. Biochim Biophys Acta 1843, 1948-1968 (2014).

Graham, N. A. et al. Glucose deprivation activates a metabolic and signaling amplification loop leading to cell death. Mol Syst Biol
8,589 (2012).

Baker, B. M., Nargund, A. M., Sun, T. & Haynes, C. M. Protective coupling of mitochondrial function and protein synthesis via the
elF2alpha kinase GCN-2. PLoS Genet 8, €1002760 (2012).

Mascarenhas, C. et al. Gen4 is required for the response to peroxide stress in the yeast Saccharomyces cerevisiae. Mol Biol Cell 19,
2995-3007 (2008).

Ferrer, C. M. et al. O-GlcNAcylation regulates cancer metabolism and survival stress signaling via regulation of the HIF-1 pathway.
Molecular cell 54, 820-831 (2014).

Ma, Z., Vocadlo, D. J. & Vosseller, K. Hyper-O-GlcNAcylation is anti-apoptotic and maintains constitutive NF-kappaB activity in
pancreatic cancer cells. ] Biol Chem 288, 15121-15130 (2013).

DeBerardinis, R. J. et al. Beyond aerobic glycolysis: transformed cells can engage in glutamine metabolism that exceeds the
requirement for protein and nucleotide synthesis. Proc Natl Acad Sci USA 104, 19345-19350 (2007).

Harding, H. P. et al. An integrated stress response regulates amino acid metabolism and resistance to oxidative stress. Molecular cell
11, 619-633 (2003).

Sato, M. et al. Multiple oncogenic changes (K-RAS(V12), p53 knockdown, mutant EGFRs, p16 bypass, telomerase) are not sufficient
to confer a full malignant phenotype on human bronchial epithelial cells. Cancer research 66, 2116-2128 (2006).

Shang, J. & Lehrman, M. A. Discordance of UPR signaling by ATF6 and Irelp-XBP1 with levels of target transcripts. Biochem
Biophys Res Commun 317, 390-396 (2004).

Weichert, N. et al. Some ABCA3 mutations elevate ER stress and initiate apoptosis of lung epithelial cells. Respiratory research 12, 4
(2011).

Chaveroux, C. et al. In vivo imaging of the spatiotemporal activity of the e[F2alpha- ATF4 signaling pathway: Insights into stress and
related disorders. Science signaling 8, rs5 (2015).

Carraro, V. et al. Amino acid availability controls TRB3 transcription in liver through the GCN2/elF2alpha/ATF4 pathway. PLoS
One 5, €15716 (2010).

B'Chir, W. et al. The elF2alpha/ATF4 pathway is essential for stress-induced autophagy gene expression. Nucleic Acids Res 41, 7683-
7699 (2013).

SCIENTIFICREPORTS | 6:27278 | DOI: 10.1038/srep27278 9



www.nature.com/scientificreports/

Acknowledgements

We thank the Dr. ].D. Minna (University of Texas Southwestern Medical Center, Dallas, USA) for the HBEC 3KT-
RL cell line. We are grateful to Dr. D. Ron (Institute of Metabolic Science, Cambridge, UK) for GCN2 deficient
Mouse Embryonic Fibroblasts and for the F2vE-PERK construct. The authors thank the Dr. B. Manship for
language editing and manuscript corrections. C. Chaveroux. is the recipient of the program for fundamental and
clinical research on cancer from the “Fondation de France” S. Manié is supported by the foundation “Association
pour la Recherche sur le Cancer” (PJA20131200334), and by the “Programme INCA” (INCA_7981).

Author Contributions

C.C. and S.N.M. designed the experiment; C.C., C.S., V.B., S.B. and A.B. performed the experiments; A.Br. and
PF. provided reagents, materials, or analysis tools; C.C., C.S., V.B., A.B. and S.N.M. analyzed the data; S.L., T.R,,
C.F-.P, A.Br. and PF. provided scientific expertise; C.C. and S.N.M. wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Chaveroux, C. et al. Nutrient shortage triggers the hexosamine biosynthetic pathway
via the GCN2-ATF4 signalling pathway. Sci. Rep. 6, 27278; doi: 10.1038/srep27278 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

EE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:27278 | DOI: 10.1038/srep27278 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Nutrient shortage triggers the hexosamine biosynthetic pathway via the GCN2-ATF4 signalling pathway

	Results

	GFAT1 is a direct transcriptional target for ATF4. 
	Activation of the eIF2α-ATF4 pathway stimulates protein O-GlcNAcylation. 
	GCN2 stimulates the hexosamine biosynthesis pathway upon either glucose or amino acid shortage. 

	Discussion

	Methods

	Cell culture, treatments and nutrient deprivation experiments. 
	Lipid-mediated siRNA delivery. 
	Gene expression profiling and XBP1 splicing assessment. 
	Western blotting. 
	Luciferase assays. 
	Chromatin immunoprecipitation analysis (ChIP). 
	Bioinformatics alignments and statistical analyses. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ ATF4 positively controls the expression of GFAT1.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Activation of the eIF2α-ATF4 signalling pathway enhances the flux of the HBP upon glucose deprivation.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ GCN2 participates in the ATF4-dependent regulation of protein O-GlcNAcylation.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Schematic representation highlighting the molecular link between the GCN2 pathway and protein O-GlcNAcylation in nutrients-deprived cells.



 
    
       
          application/pdf
          
             
                Nutrient shortage triggers the hexosamine biosynthetic pathway via the GCN2-ATF4 signalling pathway
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27278
            
         
          
             
                Cédric Chaveroux
                Carmen Sarcinelli
                Virginie Barbet
                Sofiane Belfeki
                Audrey Barthelaix
                Carole Ferraro-Peyret
                Serge Lebecque
                Toufic Renno
                Alain Bruhat
                Pierre Fafournoux
                Serge N Manié
            
         
          doi:10.1038/srep27278
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27278
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27278
            
         
      
       
          
          
          
             
                doi:10.1038/srep27278
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27278
            
         
          
          
      
       
       
          True
      
   




