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Abstract The integrated stress response (ISR), a defense
mechanism cells employ when under stress (e.g., amino
acid deprivation), causes suppression of global protein
synthesis along with the paradoxical increased expression
of a host of proteins that are useful in combating various
stresses. Genes that were similarly differentially expressed
under conditions of either leucine- or cysteine-depletion
were identified. Many of the genes known to contain an
amino acid response element and to be induced in response
to elF2o phosphorylation and ATF4 heterodimer binding
(ATF3, C/EBPB, SLC7A1, SLC7A11, and TRIB3), as well
as others shown to be induced downstream of elF2o
phosphorylation (C/EBPy, CARS, SARS, CLCN3, CBX4,
and PPPIRI5A) were among the upregulated genes. Evi-
dence for the induction of the ISR in these cells also
included the increased phosphorylation of elF2« and
increased protein abundance of ATF4, ATF3, and ASNS in
cysteine- and leucine-depleted cells. Based on genes highly
differentially expressed in both leucine- and cysteine-
deficient cells, a list of 67 downregulated and 53 upregu-
lated genes is suggested as likely targets of essential amino
acid deprivation in mammalian cells.
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Abbreviations

ISR Integrated stress response

AARE Amino acid response element

ATF4  Activating transcription factor 4

GCN2 General control nonderepressible 2, or elF2ua
kinase 4

ORF Open reading frame

Introduction

A fundamental question in biology is how cells sense and
respond to changes in their nutrient supply. How mam-
malian cells respond to changes in the availability of
essential amino acids has been a major research focus in
recent years due to evidence for various roles of essential
amino acids in the regulation of protein translation and
growth as well as regulation of stress response pathways.

In our studies of cysteine metabolism in mammalian
cells, we discovered that cysteine deprivation does not
necessarily induce an oxidative state in unstressed cells
(Lee et al. 2008) but, rather, the data suggested that
expression of genes for cyst(e)ine uptake and GSH syn-
thesis may be induced as part of the cell’s normal response
to amino acid deficiency. In particular, we observed highly
significant upregulation of expression of a group of genes
(ASNS, ATF3, C/EBPf, SLC7All, TRIB3, ATF4, and
SLC7AI) that are known to contain an amino acid response
element (AARE) and to respond to amino acid deprivation
via the binding of activating transcription factor 4 (ATF4).

ATF4 is translationally, as well as transcriptionally,
upregulated in response to activation of stress response
elF2a kinases which then phosphorylate Ser”' of the alpha
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subunit of eukaryotic initiation factor 2 (eIF2). One of the
four mammalian elF2a kinases is GCN2 (protein kinase
general control nonderepressible 2, or elF2a kinase 4)
which is activated specifically in response to amino acid
deprivation (Wek et al. 2006). The GCN2 kinase senses an
increase in the abundance of non-aminoacylated tRNAs via
its histidyl-tRNA synthetase homologous domain (Wek
et al. 1995; Padyana et al. 2005; Hao et al. 2005). Binding
of uncharged tRNAs to this domain activates the juxta-
posed protein kinase domain of GCN2, rendering the
kinase active and leading to phosphorylation of Ser’' of
elF20. As shown in Fig. la, the phosphorylation of elF2
subsequently leads to inhibition of the GTP-GDP exchange
activity of elF2B, and this in turn leads to diminished
formation of the ternary complex (Met-tRNAM eIF2
—GTP) that is needed for all cytoplasmic translation initi-
ation events (Gabauer and Hentze 2004; Hinnebusch 2000;
Kubica et al. 2006; Kimball et al. 1991). In addition to
globally reducing translation initiation events and hence
the overall rate of protein synthesis, reduced ternary
complex formation paradoxically results in increases in the
translation of some specific mRNAs, most notably that for
ATF4 (Dang Do et al. 2009), as illustrated in Fig. 1b. The
presence of an inhibitory upstream open reading frame
(ORF) that overlaps the ATF4 ORF promotes read-through
of the ATF4 translational start codon, preventing ATF4
translation under normal conditions in which ternary
complex is abundant (Lu et al. 2004a, b; Wek et al. 2006).
In amino acid deprivation, in which elF2B is inhibited and
ternary complex formation is reduced, ribosomal scanning
through the inhibitory upstream OREF start codon is favored
so that initiation occurs at the downstream ATF4 ORF start
codon, allowing an increase in ATF4 mRNA translation.
This translationally mediated increase in ATF4 leads to a
transcriptional response that involves the upregulation of a
number of genes including that for ATF4 itself (Lu et al.
2004a, b; Harding et al. 2000, 2003). GCN2 is the only elF2«
kinase in yeast, and activation of GCN2 in yeast results in
increased translation of GCN4, the functional counterpart to
mammalian ATF4, and GCN4 acts to induce expression of
an array of genes that encode amino acid biosynthetic
enzymes (Hinnebusch 2005). Unlike yeast, mammalian
cells express several different elF2x kinases, which are
activated by various kinds of stress including accumulation
of unfolded proteins, heme deficiency, and viral infection, in
addition to amino acid deprivation (Wek et al. 2006).
Because mammalian cells, unlike yeast, are unable to syn-
thesize a subset of amino acids, the so-called essential or
indispensable amino acids, they must obtain them from the
environment. Not surprisingly, the phospho-elF2¢/ATF4
signaling cascade induces the expression of a somewhat
different array of genes in mammalian cells compared
with those induced by the GCN2/GCN4 pathway in yeast.
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Fig. 1 Mechanisms by which elF2« kinases downregulate formation
of ternary complex (eIF2-GDP-Met-tRNAM®) formation (a) and by
which the reduced availability of ternary complex suppresses global
protein translation while selectively increasing ATF4 mRNA trans-
lation (b). The increase in ATF4 translation leads to induction of
genes containing amino acid response elements (AARE). The
collective consequences of elF2a phosphorylation are termed the
integrated stress response (ISR)

The genes induced in mammalian cells include those
encoding transcriptional regulators, solute carrier family
transporters, aminoacyl-tRNA synthetases, and proteins
involved in cell cycle and DNA repair (Harding et al. 2000,
2003; Lee et al. 2008; Lu et al. 2004b; Sato et al. 2004).
Because the mammalian response to eIF2« phosphorylation
is induced by kinases that respond to a variety of stressors,
the downstream translational/transcriptional response is
often termed the integrated stress response (ISR).
Although amino acid deprivation and other stresses that
activate mammalian elF2¢ kinases commonly trigger
increased ATF4 synthesis, a somewhat distinct subset of
genes is activated in response to different types of cellular
stress, perhaps due to elF2o kinase-independent signaling,
which, among other things, may lead to induction of
different C/EBP family members (Wek et al. 1995; Dang
Do et al. 2009; Shan et al. 2009). Gene expression surveys
have been conducted with cells lacking ATF4 (Harding
et al. 2003), in cells with ER-stress induced by tunicamycin
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(Harding et al. 2003; Lu et al. 2004b), with drug-induced
activity of an artificial elF2« kinase, Fv2E-PERK (Lu et al.
2004Db), and in cells lacking GCN2 (Deval et al. 2009). All
of these studies have been done using immortalized murine
fibroblasts. To our knowledge, no large gene expression
surveys have been reported for mammalian cells exposed to
amino acid deprivation other than our studies in cysteine-
deficient HepG2/C3A cells (Lee et al. 2008). Results could
vary with both the type of stress and with the type of cell
that is used for the gene expression studies.

Thus, to further assess the role of amino acid deprivation
on elF2o phosphorylation and downstream transcriptional
responses, we conducted additional microarray studies for
leucine-depleted HepG2/C3A cells and compared these
with results for cysteine-depleted cells. The comparison of
cells exposed to deficiencies of two different amino acids
was done to facilitate selection of genes whose expression
is more likely to be altered specifically in response to
GCN2-induced elF2o phosphorylation. In addition, we
assessed the effects of both cysteine and leucine depriva-
tion on the phosphorylation of elF2« and on the protein
expression patterns of ATF4 and other ISR-related pro-
teins. The results of this study add to our understanding of
how gene expression changes in response to amino acid
deprivation in a human-derived cell line. Amino acid
deprivation frequently induces a milder degree of stress
than the agents used to induce ER stress (e.g., tunicamycin,
thapsigargin), and the human HepG2/C3A cell line repre-
sents a more-differentiated cell line than the immortalized
murine embryonic fibroblasts used in the studies mentioned
above. The HepG2/C3A cell line is a derivative of the
human hepatocarcinoma HepG2 cell line, with the C3A
derivative being selected for its more liver-specific phe-
notype. HepG2 cells have been used in other studies of the
amino acid deprivation response (Jousse et al. 2000;
Thiaville et al. 2008; Palii et al. 2009).

Materials and methods
Experimental treatment of HepG2/C3A cells

HepG2/C3A cells (ATCC CRL-10741) were cultured in a
humidified incubator at 37°C and 5% CO, in complete
medium prepared using sulfur amino acid (SAA)- and
leucine-free Dulbecco’s modified Eagle’s medium
(DMEM; from Gibco/Invitrogen) supplemented with
0.8 mM L-leucine, 0.2 mM L-methionine, 0.2 mM L-cys-
teine, 10% fetal bovine serum, 2 mM L-glutamine, 1 mM
sodium pyruvate, 1 x MEM nonessential amino acid solu-
tion and 0.05 mM bathocuproine disulfonate. All cells
were plated in complete medium at a density of 1 x 10°
cells per 100 mm diameter culture dish. After 24 h of

culture in complete medium to allow the cells to reach 50—
60% confluence, the medium was replaced with experi-
mental medium, which was the same complete medium
(+Leu, +Cys) or medium prepared without leucine (—Leu)
or without cysteine (—Cys). Cells were cultured with a
medium change at 18 h and harvested at the indicated time-
points.

RNA extraction, microarray analysis, and selection
of differentially expressed genes

HepG2/C3A cells cultured in complete or Leu-free treat-
ment medium for 36 h as described above were washed
twice with ice-cold PBS and then directly lysed into
denaturation solution. Total RNA was extracted from three
separate plates of cells grown under each treatment with an
RNeasy Micro kit (Qiagen). Microarray analysis was per-
formed on each of the three samples for each treatment
using Affymetrix GeneChip Human plus 2.0 Arrays, a
GeneChip Scanner 3000, and Affymetrix GCOS software,
as described previously (Lee et al. 2008). To look for
differential gene expression between the two treatment
conditions, the Student’s ¢ test was applied on the nor-
malized signals for each probe set. To select the differential
gene set, a significance level cutoff was empirically
established at P < 0.0001, based on the number of genes
passing the cutoff, the magnitude of fold changes, and the
relationship between fold changes and P values. The
complete set of microarray data has been deposited in the
NCBI Gene Expression Omnibus (accession no.
GSE13142, http://www.ncbi.nlm.nih.gov/geo/).

Comparison of gene expression array results

for HepG2/C3A cells cultured in leucine-free medium
versus complete medium with those for HepG2/C3A
cells cultured in cysteine-free medium versus complete
medium

Using a dataset generated earlier for HepG2/C3A cells
cultured in cysteine-free (—Cys) medium (SAA-free
DMEM supplemented with 0.1 mM L-methionine) versus
cells cultured in cysteine-supplemented (4+Cys) medium
(SAA-free DMEM supplemented with 0.1 mM L-methio-
nine plus 0.1 mM L-cysteine) (GEO, accession no.
GSE9517), we similarly selected differentially expressed
genes (P < 0.0001). The two sets of selected genes were
then compared to each other to select those that were dif-
ferentially expressed (P < 0.0001) in both Cys-deficient
and Leu-deficient HepG2/C3A cells. It should be noted that
HepG2/C3A cells are readily depleted of cysteine, even
when cultured in methionine-containing medium, due to
the lack of the high K, isoform of methionine adenosyl-
transferase (Lee et al. 2008; Lu and Huang 1994).
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Western blot analysis of protein levels in HepG2/C3A
cells cultured in —Leu, —Cys, or complete medium

Dishes of HepG2/C3A cells were cultured in complete,
—Leu, or —Cys medium as described earlier. After 6, 12,
24, or 30 h of culture, treatment medium was aspirated and
cells were washed with ice-cold PBS containing 10 mM
NaF. Monolayers were then harvested into TNESV lysis
solution (50 mM Tris, pH 7.5, 1% (v/v) Nonidet P-40,
2 mM EDTA, 150 mM NaCl, and 10 mM sodium ortho-
vanadate) supplemented with 1x PhosSTOP phosphatase
inhibitor cocktail (Roche Applied Science) and 1x Com-
plete Protease Inhibitor Cocktail (Roche). Cell lysates were
centrifuged at 17,000xg for 30 min, and the protein con-
centration of the supernatants was determined using the
bicinchonic acid assay (Pierce). For western blotting, 60 pg
of total supernatant protein from each sample were sepa-
rated by one-dimensional SDS-PAGE (12% w/v acrylam-
ide) and electroblotted overnight onto 0.45 pm (pore size)
Immobilon-P PVDF membranes (Millipore). Membranes
were immunoblotted for proteins of interest using the fol-
lowing antibodies: anti-pS51-elF2« and anti-eIF2a (total)
from Cell Signaling Technology; anti-ATF4 (gift from
M.S. Kilberg, University of Florida, Gainesville, FL); anti-
ATF3 (C-19), anti-ASNS (C-14), anti-CHOP, and anti-
HSP5SA from Santa Cruz Biotechnology; and anti-GCLC
from Neomarkers (Freemont, CA). Bands were visualized
using horseradish peroxidase-coupled secondary antibodies
and chemiluminescent substrates (West Dura, Pierce) and
autoradiography. The cell culture studies were repeated
three or more times for designated time-points to assure the
repeatability of the results.

Results

Effect of amino acid deficiency on gene expression
in HepG2/C3A cells

A total of 670 genes were identified as differentially
expressed with a P < 0.0001 in cells cultured in leucine
deficient (—Leu) versus complete (4+Leu) medium, with
301 being upregulated and 369 being downregulated
(Tables S1 and S2 in supplemental materials). Similarly,
807 genes were identified as differentially expressed with a
P < 0.0001 in cells cultured in cysteine deficient (—Cys)
versus complete (+Cys) medium (GSE13142 data set;
Tables S3 and S4 in supplemental materials); 407 genes
were upregulated and 400 were downregulated. To obtain a
list of genes that are potential targets of regulated expres-
sion in response to essential amino acid deprivation, genes
that met the following conditions were selected: (1) the
gene was differentially expressed at P < 0.0001 in both the
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—Leu and the —Cys conditions; (2) the differential
expression of the gene was at least twofold; and (3) the
differential expression of the gene was detected with the
same probe set in both series of studies. Application of
these criteria yielded the list of 120 genes that are listed in
Table 1. Of these genes that were differentially expressed
in response to both leucine and cysteine deprivation, 67
were downregulated. This downregulated group includes
many genes involved in cell cycle/cell division, fatty acid
and sterol metabolism/synthesis, and nucleotide metabo-
lism/synthesis, as shown in Table 1. The remaining 53
genes were upregulated, and this upregulated group of
genes includes a number of genes involved in amino acid
uptake, aminoacyl-tRNA synthesis, transcriptional regula-
tion, and growth inhibition. Most notably, many of the
genes known to contain AAREs and to be induced in
response to elF2o (Ser’') phosphorylation and ATF4 het-
erodimer binding (i.e., ATF3, C/EBPJ, SLC7AI, SLC7All,
and TRIB3), as well as others shown to be induced
downstream of eIF2o (Ser’') phosphorylation (C/EBPy,
CARS, SARS, CLCN3, CBX4, and PPPIRI5A, which is
also known as GADD34, were among these 53 genes (Lee
et al. 2008; Lu et al. 2004b) (see Table 1 for names of gene
products). Expression of ASNS, another AARE-dependent
gene, met all criteria except one in that the fold increase for
expression in the —Cys medium was only 1.6. Two other
well-characterized AARE-containing genes, ATF4 and
(also known as DDIT3 or GADD153) were also identified
as significantly differentially expressed in cells cultured in
both —Leu and —Cys medium using a lower statistical
significance cutoff of P <0.001.

Confirmation that the amino acid deprivation response
was actually initiated in HepG2/C3A cells cultured in
—Leu or —Cys medium was obtained by western blot
analysis of total and phosphorylated elF2a, ATF4, acti-
vating transcription factor 3 (ATF3), and asparagine
synthase (ASNS) proteins in the cells. Glutamate-cysteine
ligase catalytic subunit (GCLC) and heat shock 70-kDa
protein 5 (HSPAS5) were also assayed to confirm that
proteins that are not part of the amino acid deprivation
response were not upregulated. As shown in Fig. 2, the
amount of phosphorylated elF2o increased between 6 and
24 h of culture in cells cultured in —Leu or —Cys, as
well as in control medium. However, the increases were
greater in cells cultured in —Leu or —Cys medium than
in cells cultured in control medium, such that the amount
of phosphorylated elF2« in cells cultured for 24 to 30 h
in amino-acid-deficient medium was double that in cells
cultured in control medium (2.0-times for —Leu and 2.2-
times for —Cys). The amount of total elF2o did not
change significantly across time or culture conditions. A
significant increase in total ATF4 levels in the cells was
noted only at the 24 h time-point at which time ATF4 in
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Table 1 Genes differentially upregulated and downregulated in amino acid-deficient HepG2/C3A cells
Genes upregulated in amino acid deficient cells
Probe ID Gene symbol Gene title Fold difference®
—Cys/+Cys —Leu/+Leu
Genes with known functional AAREs
202672_s_at ATF3 Activating transcription factor 3 10.3 4.0
212501_at C/EBPf CCAAT/enhancer binding protein (C/EBP), beta 4.6 33
209921 _at SLC7A11 Solute carrier family 7, (cationic amino acid 13.8 4.2
217678_at transporter, y + system) member 11 9.9 32
1555788 _a_at TRIB3 Tribbles homolog 3 (Drosophila) 5.8 4.0
218145_at 4.0 32
212295_s_at SLC7AIl Solute carrier family 7 (cationic amino acid transporter, 3.3 2.6
y + system), member 1
Amino acid metabolism
212971 _at CARS Cysteinyl-tRNA synthetase 2.7 2.3
206085_s_at CTH Cystathionase (cystathionine gamma-lyase) 2.9 3.1
202014 _at PPPIRISA Protein phosphatase 1, regulatory (inhibitor) subunit 15A 8.6 2.2
37028_at (GADD34) 6.2 29
231894 _at SARS Seryl-tRNA synthetase 4.4 3.5
200629_at WARS Tryptophanyl-tRNA synthetase 2.6 4.5
Endosomal/lysosomal system
201734 _at CLCN3 Chloride channel 3 2.1 2.4
201735_s_at 2.0 2.4
205569 _at LAMP3 Lysosomal-associated membrane protein 3 3.0 5.9
208786_s_at MAPILC3B Microtubule-associated protein 1 light chain 3 beta 3.7 2.9
209822_s_at VLDLR Very low density lipoprotein receptor 35 3.0
GAPs and GEFs
209435_s_at ARHGEF2 rho/rac guanine nucleotide exchange factor (GEF) 2 5.5 4.4
224822 at DLC1 Deleted in liver cancer 1 2.6 2.0
Growth regulation
209409 _at GRB10 Growth factor receptor-bound protein 10 3.1 2.8
210587 _at INHBE Inhibin, beta E 6.8 4.6
202393_s_at KLF10 Kruppel-like factor 10 3.5 3.1
226275_at MXD1 MAX dimerization protein 1 4.4 2.1
228846_at 4.2 33
203373_at SOCS2 Suppressor of cytokine signaling 2 3.5 24
Cytoskeleton
226084 _at MAPIB Microtubule-associated protein 1B 3.5 29
226342_at SPTBNI1 Spectrin, beta, non-erythrocytic 1 3.5 4.6
Other
209993 _at ABCB1 ATP-binding cassette, sub-family B (MDR/TAP), member 1 2.3 2.0
210517_s_at AKAP12 A kinase (PRKA) anchor protein (gravin) 12 6.1 3.0
220088_at C5R1 Complement component 5 receptor 1 (C5a ligand) 9.4 2.1
201925_s_at DAF Decay accelerating factor for complement 4.2 55
(CDS55, Cromer blood group system)
235296_at EIF5A2 Eukaryotic translation initiation factor SA2 3.5 2.3
209098_s_at JAGI1 Jagged 1 (Alagille syndrome) 59 2.1
201010_s_at TXNIP Thioredoxin interacting protein 3.1 3.2
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Table 1 continued

Genes upregulated in amino acid deficient cells

Probe ID

Gene symbol

Gene title

Fold difference®

—Cys/+Cys —Leu/+Leu

Transcriptional regulators

227558_at  CBX4 Chromobox homolog 4 (Pc class homolog, Drosophila) 2.5 2.8
204203_at  C/EBPy CCAAT/enhancer binding protein (C/EBP), gamma 2.6 2.2
225527 _at 33 24
223287_s_at FOXP1 Forkhead box P1 3.5 22
Unknown functions
225283 at ARRDC4 Arrestin domain containing 4 3.8 5.3
226398_s_at Cl0orf4 Chromosome 10 open reading frame 4 2.4 2.2
227443_at  CYorf150 Chromosome 9 open reading frame 150 5.0 2.3
201919_at  FLJ10618 Hypothetical protein FLJ10618 2.7 2.2
222953_at  GPRS83 G protein-coupled receptor 83 10.0 6.4
202147_s_at IFRDI1 Interferon-related developmental regulator 1 55 2.7
236565_s_at LARP6 La ribonucleoprotein domain family, member 6 3.5 3.4
209205_s_at LMO4 LIM domain only 4 35 2.1
221501_x_at LOC339047 Hypothetical protein LOC339047 3.0 227
220437_at  LOC55908 Hepatocellular carcinoma-associated gene TD26 24 5.26
236285_at  MGC16635 Hypothetical protein BC009980 11.3 7.04
204538_x_at NPIP///LOC339047/// Nuclear pore complex interacting protein///hypothetical protein 2.8 2.38
LOC440341 LOC339047///similar to hypothetical protein LOC339047
215707_s_at PRNP Prion protein (p27-30) (Creutzfeld-Jakob disease, Gerstmann-Strausler- 2.1 2.04
Scheinker syndrome, fatal familial insomnia)
209568_s_at RGLI1 Ral guanine nucleotide dissociation stimulator-like 1 22 2.52
202130_at  RIOK3 RIO kinase 3 (yeast)///RIO kinase 3 (yeast) 2.8 2.04
202241_at  TRIBI1 Tribbles homolog 1 (Drosophila) 24 2.08
222408_s_at YPELS Yippee-like 5 (Drosophila) 29 2.13
223506_at  ZC3HS8 Zinc finger CCCH-type containing 8 22 3.23
225522 _at Similar to BMP2 inducible kinase 2.6 3.13
227755_at cDNA clone IMAGE:4077090, partial cds 59 5.26
Genes downregulated in amino acid deficient cells
Probe ID Gene symbol Gene title Fold difference
—Cys/+Cys —Leu/+Leu
Cell cycle/cell division
222608_s_at ANLN Anillin, actin binding protein (scraps homolog, Drosophila) 0.33 0.32
209642 _at BUBI BUBI budding uninhibited by benzimidazoles 1 homolog (yeast) 0.36 0.33
203418_at CCNA2 Cyclin A2 0.27 0.27
213226_at 0.31 0.34
214710_s_at CCNB1 Cyclin B1 0.35 0.35
228729_at 0.33 0.35
203214_x_at CDC2 Cell division cycle 2, G1 to S and G2 to M 0.32 0.30
210559_s_at 0.27 0.29
203967_at CDC6 CDC6 cell division cycle 6 homolog (S. cerevisiae) 0.19 0.27
203968_s_at 0.27 0.30
204159_at CDKN2C Cyclin-dependent kinase inhibitor 2C (p18, inhibits CDK4) 0.20 0.27
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Table 1 continued
Genes downregulated in amino acid deficient cells
Probe ID Gene symbol Gene title Fold difference
—Cys/+Cys —Leu/+Leu
209714_s_at CDKN3 Cyclin-dependent kinase inhibitor 3 (CDK2-associated 0.28 0.34
dual specificity phosphatase)
204962_s_at CENPA Centromere protein A, 17 kDa 0.36 0.38
209194 _at CETN2 Centrin, EF-hand protein, 2 0.41 0.38
205394 _at CHEKI1 CHKI1 checkpoint homolog (S. pombe) 0.23 0.42
210416_s_at CHEK?2 CHK?2 checkpoint homolog (S. pombe) 0.45 0.38
203764 _at DLG7 Discs, large homolog 7 (Drosophila) 0.31 0.37
223556_at HELLS Helicase, lymphoid-specific 0.29 0.35
201555_at MCM3 MCM3 minichromosome maintenance deficient 3 (S. cerevisiae) 0.19 0.39
201930_at MCM6 MCM6 minichromosome maintenance deficient 6 0.31 0.33
(MIS5 homolog, S. pombe) (S. cerevisiae)
219978 _s_at NUSAPI1 Nucleolar and spindle associated protein 1 0.34 0.37
219148_at PBK PDZ binding kinase 0.21 0.26
221521_s_at Pfs2 DNA replication complex GINS protein PSF2 0.14 0.23
205909_at POLE2 Polymerase (DNA directed), epsilon 2 (p59 subunit) 0.29 0.34
203554_x_at PTTG1 Pituitary tumor-transforming 1 0.26 0.40
203696_s_at RFC2 Replication factor C (activator 1) 2, 40 kDa 0.34 0.45
204127 _at RFC3 Replication factor C (activator 1) 3, 38 kDa 0.21 0.33
204128_s_at 0.19 0.26
204023 _at RFC4 Replication factor C (activator 1) 4, 37 kDa 0.25 0.37
209891_at SPBC25 Spindle pole body component 25 homolog (S. cerevisiae) 0.24 0.23
204026_s_at ZWINT ZW10 interactor 0.17 0.34
Calcium signaling
1554483 _at TMEM37 Transmembrane protein 37 0.22 0.34
1554485_s_at 0.20 0.36
203797_at VSNLI1 Visinin-like 1 0.17 0.33
Cytoskeleton
212320_at TUBB Tubulin, beta polypeptide 0.34 0.46
Fatty acid and sterol metabolism
209608 _s_at ACAT2 Acetyl-Coenzyme A acetyltransferase 2 0.23 0.27
(acetoacetyl Coenzyme A thiolase)
209389_x_at DBI Diazepam binding inhibitor (GABA receptor modulator, 0.21 0.25
acyl-Coenzyme A binding protein)
202735_at EBP Emopamil binding protein (sterol isomerase) 0.38 0.32
213787_s_at 0.31 0.29
208962_s_at FADS1 Fatty acid desaturase 1 0.39 0.29
208964 _s_at 0.42 0.33
210950_s_at FDFT1 Farnesyl-diphosphate farnesyltransferase 1 0.24 0.30
201036_s_at HADHSC L-3-hydroxyacyl-Coenzyme A dehydrogenase, short chain 0.22 0.43
204615_x_at IDI1 Isopentenyl-diphosphate delta isomerase 1 0.32 0.24
202245_at LSS Lanosterol synthase (2,3-oxidosqualene-lanosterol cyclase) 0.36 0.25
209146_at SC4MOL Sterol-C4-methyl oxidase-like 0.31 0.28
200832_s_at SCD Stearoyl-CoA desaturase (delta-9-desaturase) 0.38 0.47
213562_s_at SQLE Squalene epoxidase 0.32 0.31
Nucleotide synthesis/metabolism
202534 _x_at DHFR Dihydrofolate reductase 0.30 0.43
48808_at 0.29 0.36
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Table 1 continued

Genes downregulated in amino acid deficient cells

Probe ID Gene symbol Gene title Fold difference
—Cys/+Cys —Leu/+Leu

1553984 _s_at DTYMK Deoxythymidylate kinase (thymidylate kinase) 0.24 0.43
203270_at 0.30 0.39
209932 _s_at DUT dUTP pyrophosphatase 0.35 0.40
201476_s_at RRM1 Ribonucleotide reductase M1 polypeptide 0.33 0.49
209773_s_at RRM2 Ribonucleotide reductase M2 polypeptide 0.10 0.28
209980_s_at SHMT1 Serine hydroxymethyltransferase 1 (soluble) 0.26 0.38
1554408_a_at TK1 Thymidine kinase 1, soluble 0.27 0.21
202338_at 0.23 0.24
202330_s_at UNG Uracil-DNA glycosylase 0.19 0.42

Other
208951 _at ALDH7A1 Aldehyde dehydrogenase 7 family, member Al 0.18 0.47
206651 _s_at CPB2 Carboxypeptidase B2 (plasma, carboxypeptidase U) 0.07 0.30
226980_at DEPDCIB DEP domain containing 1B 0.28 0.36
228033_at E2F7 E2F transcription factor 7 0.41 0.45
219990_at E2F8 E2F transcription factor 8 0.26 0.36
201341_at ENCI1 Ectodermal-neural cortex (with BTB-like domain) 0.41 0.49
203564 _at FANCG Fanconi anemia, complementation group G 0.35 0.45
202503_s_at KIAA0101 KIAA0101 0.14 0.39
221952_x_at KIAA1393 KIAA1393 0.38 0.48
218755 _at KIF20A Kinesin family member 20A 0.35 0.29
207256_at MBL2 Mannose-binding lectin (protein C) 2, soluble (opsonic defect) 0.43 0.46
213599_at OIP5 Opa interacting protein 5 0.26 0.31
235113_at PPILS Peptidylprolyl isomerase (cyclophilin)-like 5 0.34 0.37
202499 _s_at SLC2A3 Solute carrier family 2 (facilitated glucose transporter), member 3 0.36 0.20
203824 _at TSPANS Tetraspanin 8 0.17 0.34
223229 _at UBE2T Ubiquitin-conjugating enzyme E2T (putative) 0.33 0.27

Unknown
225687 _at C200rf129 Chromosome 20 open reading frame 129 0.33 0.37
212279_at MAC30 Hypothetical protein MAC30 0.17 0.31
212282 _at 0.13 0.40
226456_at MGC24665 Hypothetical protein MGC24665 0.21 0.27

To be included in this list, at least one unique probe set for the gene had to be differentially expressed by >2-fold with a P value <0.0001 in
HepG2/C3A cells cultured in —Leu medium and also in cells cultured in —Cys medium

 Fold difference was calculated by dividing the expression level for cells cultured in amino acid deficient medium by that for cells cultured in

complete medium

cells cultured in —Leu medium was 1.3-times and that in
cells cultured in —Cys medium was 1.2-times that in
control cells. Expression of ATF3 and ASNS, whose
genes are well-established targets for upregulation in
response to amino acid deprivation or elF2« phosphory-
lation, paralleled the increases in elF2« phosphorylation.
ATF3 levels in cells cultured in amino acid-deficient
medium for 24 h/30 h were 8.0- and 9.8-times for —Leu
and —Cys cells, respectively, and ASNS levels were 2.7
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and 1.9-times, respectively, those in cells cultured in
complete medium. CHOP was strongly induced in cells
cultured in —Leu medium but only weakly detected in
cells cultured in —Cys medium at the longest time-point
(30 h). The amount of GCLC, which served as a loading
control, did not change with time or treatment. As a
control on the specificity of the amino acid deprivation/
GCN2-mediated response, a chaperone protein that is
strongly induced in response to activation of a different
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6h

Fig. 2 Western blot of protein

12h 24h 30h

levels in cells cultured for 6, 12, C
24, or 30 h in complete control
medium (C), leucine-free
medium (—L), or cysteine-free
medium (—C). For each sample,
60 pg of total soluble protein
was loaded in each lane

-L -C

elF2a kinase (i.e., PERK, or elF2o kinase 3) by a dif-
ferent type of stress (endoplasmic reticulum stress, or ER
stress) was measured. The ER chaperone HSPAS was not
increased over time or with amino acid deprivation of the
medium and, in fact, was consistently lower in cells
cultured in —Leu medium than in those cultured in
control medium. Similar results were obtained for
HepG2/C3A cells cultured in medium deficient in
L-methionine (but containing 0.2 mM L-cysteine) (data
not shown).

MEFs MEFs
tunicamycin elF2a
& ATF4 phosphorylation

& tunicamycin

oV

HepG2/C3A cells
—Cys & -Leu

Fig. 3 Comparison of genes proposed to be induced in response to
elF2o phosphorylation and/or ATF4 induction. Lists of upregulated
genes generated by Harding et al. (2003) by selecting genes whose
expression was at least twofold lower in tunicamycin-treated
ATF4™'~ murine fibroblasts compared with tunicamycin-treated
wild-type cells; Lu et al. (2004b) by selecting genes whose expression
was induced at least twofold in both drug-induced Fv2E-PERK
murine fibroblasts and 1.5-fold in tunicamycin-treated wild-type cells;
and in our work by selecting genes that were induced at least twofold
in HepG2/C3A cells when cultured in either cysteine-deficient
medium or leucine-deficient medium

Cc-L-C c-L -C

C -L-C

S S [ .

Comparison of results for genes induced in response
to amino acid deficiency with lists of upregulated genes
previously generated for elF2o phosphorylation/ATF4-
mediated changes in gene expression

To further explore the list of 53 upregulated genes that met
stringent criteria for designation as differentially expressed
(P < 0.0001) in HepG2/C3A cells cultured in amino acid
deficient medium, this list of genes was compared with lists
of upregulated genes previously generated for elF2ua
phosphorylation/ATF4-mediated changes in gene expres-
sion (Fig. 3). These comparison lists include (1) that for
murine fibroblasts that was generated by Harding et al.
(2003) by selecting genes whose expression was at least
twofold lower in tunicamycin-treated ATF4~'~ cells
compared with tunicamycin-treated wild-type cells (i.e.,
genes upregulated by tunicamycin in an ATF4-dependent
fashion) and (2) that for murine fibroblasts that was gen-
erated by Lu et al. (2004b) by selecting genes whose
expression was induced at least twofold in both drug-
induced Fv2E-PERK cells and 1.5-fold in tunicamycin-
treated wild-type cells (i.e., genes upregulated by both
drug-induced elF2o phosphorylation and by induction of
ER stress). Interestingly, only two genes appear on all three
lists: C/EBPfj and C/EBPy (CCAAT/enhancer binding
protein, 5 and 7y, respectively). These two genes represent
the only overlap with the selected list of Harding et al.
(2003). Comparison of our list with that of Lu et al.
(2004b) yields seven additional overlapping genes: ATF3,
SARS (seryl-tRNA synthetase), CARS (cysteinyl-tRNA
synthetase), CBX4 (chromobox homolog 4), CLCN3
(chloride channel 3), LMO4 (LIM domain only 4), and
TXNIP (thioredoxin interacting protein). ASNS (asparagine
synthetase), SLCIA7 (glutamate/neutral amino acid
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transporter), NARS (asparaginyl-tRNA synthetase), and
EROIL (endoplasmic reticulum 1-like oxidoreductase)
made the lists of both Harding et al. (2003) and Lu et al.
(20044, b) but not our list of genes induced by amino acid
deprivation in HepG2/C3A cells.

Discussion

Amino acid deprivation leads to downregulation

of genes involved in amino acid uptake,
aminoacyl-tRNA synthesis, transcriptional regulation,
and growth inhibition

The 120 genes that met stringent criteria for designation as
differentially expressed (P < 0.0001) in HepG2/C3A cells
cultured in amino acid deficient medium should all be
considered potential targets for regulation by amino acids
in HepG2/C3A cells.

The upregulated group of 53 genes includes a number of
genes involved in amino acid uptake, aminoacyl-tRNA
synthesis, transcriptional regulation, and growth inhibition;
comparison of this group of upregulated genes with the
groups of upregulated genes identified by other investiga-
tors as potential downstream targets of elF2« phosphory-
lation and ATF4 induction, amino acyl-tRNA synthetases
and amino acid transporters stand out as consistently
upregulated although the specific ones varied among
studies. The cystine-glutamate exchanger, SLC7A11, was
the most highly induced amino acid transporter gene in
HepG2/C3A cells in both —Cys and —Leu medium. Sev-
eral amino acyl-tRNA synthetases, CARS, SARS, and
WARS, were induced under conditions of both Cys and Leu
deficiency.

Another striking observation from our comparison of
various studies to identify common genes induced by
various stresses that induce elF2o phosphorylation and
ATF4 expression is that a number of genes that are known
to contain AAREs and to be induced by ATF4 binding
were identified, as would be anticipated. These include
C/EBPf, ATF3, and ASNS. Other genes induced in the
amino acid deficient HepG2/C3A cells that are known to
contain AAREs and to be induced by ATF4 binding
include SLC7A1, SLC7A11, and TRIB3. The identification
of these AARE-containing genes is consistent with tran-
scriptional responses to amino acid deprivation being
mediated by ATF4 binding to AARE and with phospho-
elF20/ATF4-dependent gene expression being a key com-
ponent of the ISR.

Further support for the induction of the ISR in HepG2/
C3A cells cultured in amino acid deficient medium was
obtained from the eIF2a phosphorylation and protein
expression patterns in the HepG2/C3A cells. Increases in
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elF2o. phosphorylation were apparent by 12 h after the
removal of leucine or cysteine from the medium as were
increases in ATF3 protein levels, and increases in ATF4
and ASNS protein levels were apparent in both cysteine-
and leucine-depleted cells by 24 h. Whereas ATF3 protein
was strongly induced by either leucine deprivation or
cysteine deprivation, ASNS protein was consistently more
strongly induced in the cysteine-depleted cells. On the
other hand, CHOP protein was strongly induced in the
leucine-depleted cells whereas induction was not evident in
the cysteine-depleted cells until the 30-h time-point. The
stronger induction of CHOP by leucine depletion is con-
sistent with our microarray results that showed a 6.7-fold
induction (significant at P < 0.0001) of CHOP mRNA in
—Leu-treated cells but only a 4.1-fold, less significant
(P < 0.001) induction in —Cys-treated cells. Jousse et al.
(2000) previously reported a similar finding for both HeLa
and HepG?2 cells, finding that CHOP protein induction was
greater in cells incubated for 16 h in —Leu medium than in
cells incubated in —Cys medium. Thus, a robust upregu-
lation of components of the amino acid deprivation path-
way or ISR was observed, although not all downstream
responses were highly correlated with the degree of elF2«
phosphorylation or with cellular ATF4 levels.

There are several possible reasons for the lack of
apparent correlation of all upstream responses with acti-
vation or expression of early components of the ISR
pathway or of mRNA and protein expression levels for
individual genes. First of all, the time-course for changes in
levels of various mRNAs and proteins is highly dependent
upon the turnover rate of the individual mRNAs and pro-
teins. Second, the levels of ATF4 in the nucleus may not
parallel the amount of total ATF4 in the cell. Third, other
transcriptional regulators including ATF4’s heterodimer-
ization partners may also play an important role in gene
activation. ATF4 forms heterodimers with members of
another bZIP family, which consists of C/EBP ¢, f3, y, 0, ¢,
and CHOP. ATF4-C/EBP complexes have been detected at
the C/EBP-ATF composite sites (functional AAREs) on
promoters of genes induced by amino acid deprivation.
ATF4 activity is subject to regulation (activation or
repression) by its various binding partners, with some of
these dimerization partners (e.g., ATF3, TRIB3, C/EBP,
and CHOP), as well as the ATF4 gene itself, being trans-
criptionally induced by ATF4 heterodimers (Shan et al.
2009; Mungrue et al. 2009; Pan et al. 2007). Fourth, some
of the effects of amino acid deprivation are undoubtedly
mediated by GCN2-independent pathways and these may
vary for different amino acids (Jousse et al. 2000; Su et al.
2009; Deval et al. 2009; Thiaville et al. 2008; Palii et al.
2009). Finally, regulation of gene expression and/or protein
level may involve the integration of a number of regulators
and points of regulation, with these additional signaling
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pathways either enhancing or suppressing the GCN2/
phospho-elF20/ATF4 signaling pathway (Shan et al. 2009;
Ishikawa et al. 2009; Vesely et al. 2009).

Amino acid deprivation leads to downregulation
of genes involved in the cell cycle, fatty acid
desaturation, sterol synthesis, and nucleotide synthesis

The group of genes that were downregulated in cells cul-
tured in either —Leu or —Cys medium included a number
of genes involved in cell cycle/cell division, fatty acid and
sterol metabolism/synthesis, and nucleotide metabolism/
synthesis (Table 1). Genes that are downregulated in
response to elF2o phosphorylation/ATF4 induction have
generally received much less attention, although one would
expect that DNA synthesis and cell proliferation and
growth would be restricted under conditions of cell stress
so that resources can be diverted to deal with the imposed
stress. Downregulation of the expression of genes involved
in cell division and nucleotide synthesis, along with the
elF20. phospho-mediated reduction in protein synthesis,
would seem to be synergistic in facilitating the cell’s sur-
vival during times of nutrient deprivation or other stress.
We observed downregulation of expression of a cluster of
genes in the folate/deoxythymidine nucleotide synthetic
pathway as well as downregulation of genes involved in all
phases of the cell cycle.

Guo and Cavener (2007) speculated that GCN2 may act
as a master regulator of metabolic adaptation to nutrient
deprivation, because an essential amino acid limitation in
nature would almost always be correlated with the depri-
vation of other nutrients as well. Using GCN2~~ and wild-
type mice, they found that triglyceride synthesis was
repressed in the livers of wild-type mice that were fed a
leucine-devoid diet for 7 or 17 days but continued una-
bated in the livers of GCN2™/~ mice. In the GCN27/~
mice, consumption of a leucine-deficient diet was accom-
panied by accumulation of hepatic triglyceride as well as
impaired lipolysis of adipose stores. Guo and Cavener
(2007), using quantitative RT-PCR and western blotting,
showed that the —Leu diet resulted in diminished fatty acid
synthase (FAS) expression in wild-type but not GCN2 ™/~
mice. Similarly, hepatic mRNA levels for stearoyl-CoA
desaturase (SCD) and other enzymes involved in fatty acid
synthesis were diminished in GCN2 ™"~ mice fed the —Leu
diet but remained the same or even increased in wild-type
mice. Furthermore, they showed that the mRNA levels for
enzymes involved in f-oxidation (e.g., fatty acyl-CoA
oxidase, long- and medium-chain acyl-CoA dehydrogen-
ases) were not affected by leucine deprivation in wild-type
mice, whereas the expression of these genes was markedly
increased in GCN2 ™'~ mice fed a leucine-devoid diet. Our
gene expression studies in HepG2/C3A cells cultured in

medium deficient in either Cys or Leu also showed the
consistent downregulation of a group of genes involved in
fatty acid and sterol metabolism, although the particular
genes showing high fold induction in our microarray study
were somewhat different than those observed by Guo and
Cavener. The genes whose mRNA levels were significantly
reduced (P < 0.0001, <0.5-fold) in our analysis included
genes involved in fatty acid desaturation (FADSI and
SCD), in isoprenoid and sterol synthesis (FDFTI, IDII,
LSS, EBP, SQLE, and SC4MOL), and in cholesterol ester
synthesis (ACAT2). The only gene in this repressed group
that was also included in the more-limited screen done by
Guo and Cavener (2007) is SCD, and they found that SCD
mRNA level was reduced to <20% of control in liver of
wild-type mice fed the leucine-devoid diet. Furthermore,
Guo and Cavener (2007) showed that this reduction was
strictly dependent on GCN2 because SCD mRNA levels
were not different in GCN2 ™'~ mice fed the leucine-devoid
versus control diet. Guo and Cavener (2007) found that
expression of SREBP-1c mRNA and protein was repressed
by leucine deprivation in liver of wild-type mice but not in
GCN2™"~ mice, suggesting that regulation of SREBP-1c
may underlie some of the other transcriptional changes in
genes involved in fatty acid synthesis. They did not,
however, pursue the role of SREBP-2 in the regulation of
sterol synthesis in their study which focused of regulation
of triglyceride synthesis. Nevertheless, our findings support
their hypothesis that amino acid deficiency has effects on
overall macronutrient metabolism and, in particular, leads
to a restriction of lipid synthesis.

Deprivation of a single amino acid likely results
in amino acid-specific changes in gene expression
in addition to those mediated by the ISR

In the previously reported analysis of —Cys/+Cys micro-
array results, we selected genes that were differentially
expressed under conditions of both 6- and 42-h culture in
treatment medium. Of the 24 genes significantly differen-
tially expressed (P < 0.0001) after both 6- and 42-h cul-
ture in —Cys/+Cys medium (Table 2 of Lee et al. 2008),
16 remained on the list of genes differentially expressed in
both the —Leu/+Leu and —Cys/4-Cys conditions reported
here. All of the genes known to contain functional AAREs
that were differentially expressed in response to both short-
and long-term culture in —Cys medium (ATF3, C/EBPp,
SLC7A11, SLC7Al, and TRIB3), along with CARS,
MAPILC3B, VLDLR, ARHGEF2, INHBE, DAF, CBX4.
C/EBPy, FLJ10618, MGC16635, and NPIP///LOC339047//
LOC440341, were also significantly upregulated in
response to leucine deprivation in this study. ASNS,
FOX03A, GADD45A, GCLM, LNK, STC2, TUBEI,
TXNRDI, and ZFANDI, which were significantly

@ Springer



170

A. K. Sikalidis et al.

upregulated in response to both 6- and 42-h culture in —
Cys medium were not detected as significantly upregulated
in response to —Leu. These genes might be more respon-
sive to cysteine depletion than to depletion of leucine or
possibly other amino acids. GLCM and TXNRDI contain
known EpREs and may have been responding to glutathi-
one depletion caused by cysteine deprivation.

Identification of transcriptionally regulated targets
of the phospho-elF20/ATF4 pathway

Comparison of the genes identified in this study with those
previously identified in different studies also aimed at
identification of genes that respond to eIlF2a phosphoryla-
tion and ATF4 induction yielded a limited number of genes
that were identified in more than one study (see Fig. 3).
These include C/EBPf, C/EBPy, ATF3, SARS, CARS,
CBX4, CLCN3, LM0O4, and TXNIP, which were identified
in this study, as well as ASNS, SLCIA7, NARS, and
EROIL, which were identified in two studies of murine
fibroblasts but not in our study with HepG2/C3A cells. It is
quite interesting that only three of these 13 genes (C/EBPJ,
ATF3, and ASNS) have been extensively studied as ISR
target genes. C/EBPy, CBX4, and LMO4 may also be
important transcriptional regulators of the ISR. Amino
acyl-tRNA synthetases, including CARS and SARS, are
likely targets and would serve to preserve synthesis of
critical stress-response proteins in the face of amino acid
deprivation. The roles of induction of CLCN3 and TXNIP
expression are less clear, and confirmation that levels of
these proteins increase is still needed. TXNIP binds
reduced thioredoxin and inhibits the ability of thioredoxin
to reduce other proteins, thus increasing redox stress,
inhibiting growth and hypertrophy, and causing increased
apoptosis (Patwari et al. 2006). CLCN3 has been localized
to late endosomes/lysosomes where it apparently is
involved in organelle acidification (Li et al. 2002; Okamoto
et al. 2008), and this would be consistent with the increase
in macroautophagy observed in nutrient-depleted cells
(Talloczy et al. 2002; Kuma et al. 2004; Komatsu et al.
2005).

Summary

The ISR is generally viewed to be adaptive and to promote
cell survival in the face of stress. The downregulation of
expression of genes involved in cell growth and division, as
well as the global reduction in protein synthesis that is a
consequence of elF2« phosphorylation, is consistent with
cell survival under conditions of nutrient limitation. At the
same time, the induction of expression of genes involved in
amino acid uptake and aminoacyl-tRNA synthesis and
reduced expression of lipogenic genes suggest that
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eukaryotic cells may attempt to adapt to an amino acid- or
nutrient-limited environment by facilitating more efficient
utilization of the limited resources (i.e., amino acids, other
nutrients) and upregulating stress response genes, while at
the same time suppressing overall protein synthesis, cell
proliferation, and growth. All of these responses can be
seen as consistent with cell survival under conditions of
nutrient limitation.

We have compiled a list of 120 genes whose expression
was differentially expressed in HepG2/C3A cells cultured
in either cysteine- or leucine-deficient medium, and this list
contains many of the genes known to respond to elF2ux
kinase activation and to be components of the ISR. Clearly,
amino acid deficiency, including cysteine deficiency in the
absence of oxidative stress, induces elF2a phosphorylation,
presumably by activation of GCN2, leading to changes in
expression of ATF4 and stress-related target genes. This
list of target genes should be useful, as an initial step, in
identifying potential components of the ISR as well as
possibly identifying some genes that are differentially
expressed in response to amino acid deprivation but not
other stress conditions. Comparison of genes that were
highly upregulated in HepG2/C3A cells cultured in —Cys
and also in —Leu medium with lists generated by other
investigators for genes induced in murine fibroblasts in
response to elF2o phosphorylation yielded a small list of
only nine common genes (C/EBPf§, C/EBPy, ATF3, SARS,
CARS, CBX4, CLCN3, LMO4, and TXNIP). These nine
genes are likely to be robust targets of the phospho-elF2a/
ATF4-mediated pathway of transcriptional regulation,
although only two of them (C/EBPf and ATF3) have so far
been well characterized as target genes.
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