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(Background: Increased transcription by mammalian amino acid response (AAR) has been linked primarily to the GCN2/

Results: Some cells contain a GCN2- and ATF4-independent AAR pathway that is MEK-dependent.
Conclusion: A novel MEK pathway activates a specific subset of AA-responsive genes.
Significance: The mammalian AAR network is more complex than previously thought, extending beyond the GCN2/elF2/

N
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Amino acid (AA) limitation in mammalian cells triggers a col-
lection of signaling cascades jointly referred to as the AA
response (AAR). In human HepG2 hepatocellular carcinoma,
the early growth response 1 (EGRI) gene was induced by either
AA deprivation or endoplasmic reticulum stress. AAR-depen-
dent EGR1 activation was discovered to be independent of the
well characterized GCN2-ATF4 pathway and instead dependent
on MEK-ERK signaling, one of the MAPK pathways. ChIP
showed that constitutively bound ELK1 at the EGRI proximal
promoter region was phosphorylated after AAR activation.
Increased p-ELK1 binding was associated with increased de
novo recruitment of RNA polymerase II to the EGRI promoter.
EGRI transcription was not induced in HEK293T cells lacking
endogenous MEK activity, but overexpression of exogenous
constitutively active MEK in HEK293T cells resulted in
increased basal and AAR-induced EGR1 expression. ChIP anal-
ysis of the human vascular endothelial growth factor A
(VEGF-A) gene, a known EGR1-responsive gene, revealed mod-
erate increases in AAR-induced EGR1 binding within the prox-
imal promoter and highly inducible binding to a site within the
first intron. Collectively, these data document a novel AA-acti-
vated MEK-ERK-ELK1 signaling mechanism.

Mammals detect and respond to inadequacies in protein or
amino acid (AA)? content via a collection of signaling cascades
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jointly referred to as the AA response (AAR) (reviewed in Refs.
1and 2). The best characterized among these networks involves
activation of the general control nonderepressible 2 (GCN2)
kinase, which senses increased intracellular uncharged tRNA
levels. Once activated, GCN2 phosphorylates the eukaryotic
translation initiation factor (eIlF2«), triggering a global suppres-
sion of protein translation initiation, but an increase in the
translation of selected mRNAs including that for activating
transcription factor 4 (ATF4) (3). Endoplasmic reticulum (ER)
stress also triggers ATF4 synthesis through activation of a sep-
arate elF2 kinase called PKR-like endoplasmic reticulum kinase
(PERK) (4, 5). ATF4 mediates an increase in transcription from
a number of genes that contain an enhancer sequence com-
posed of a half-site for C/EBP and a half-site for the ATF family
of transcription factors (6, 7); consequently, these sequences
are referred to as a C/EBP-ATF response element (CARE).
Most, but not all (8), functional CARE sites respond to ATF4,
regardless of which eIF2 kinase was activated, so CARE sites
can exhibit ER stress element activity or AAR element activity
(reviewed in Ref. 1). The products of these CARE-containing
genes control a wide range of physiological processes and
microarray analyses of human HepG2-C3A (9) or HepG2 hep-
atocellular carcinoma cells (10), as well as mouse embryonic
fibroblasts (MEF) (11), has revealed that AA limitation activates
hundreds of genes, a majority of which have functions other
than within protein or AA homeostasis. Interestingly, the list of
genes induced during the AAR in HepG2 cells included several
immediate-early response genes such as selected members of
the FOS-JUN and the early growth response (EGR) transcrip-
tion factor families (10). Follow-up studies established that

tidinol; MEK", constitutively active MEK; gPCR, real time quantitative PCR;
SRE, serum response element; SRF, serum response factor; TSS, transcrip-
tion start site; MEF, mouse embryonic fibroblast; ER, endoplasmic reticu-
lum; Tet, tetracycline; Pol, polymerase.
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¢JUN is a novel AAR-inducible gene, for which the induction is
ATF4-independent, and instead involves autoactivation in
response to signaling from the JNK arm of MAPK signaling
(12). The elevated cJUN expression impacts the regulation of
other AAR targets, including ATF3 (13).

EGRI, which encodes a zinc finger transcription factor, is an
important immediate-early response gene activated by a broad
range of extracellular stimuli. EGR1 impacts cell growth, pro-
liferation, differentiation, and apoptosis (reviewed in Ref. 14).
The signaling pathways that control EGRI transcription vary
depending on the initial stimulus and target tissue, but many
studies have established that phosphorylation of constitutively
bound E twenty-six-like factor (ELK1) in response to MEK-
ERK signaling is an important mechanism (14, 15). ELK1
belongs to the ternary complex factor subfamily of the ETS (E
twenty-six) superfamily of transcription factors (16, 17). Once
increased in its expression, EGR1 regulates the transcription of
target genes by binding to GC-rich sequences (14, 18). Egrl
knock-out mice, though viable, exhibit impaired liver regener-
ation following partial hepatectomy, and Egrl has been pro-
posed as a central regulator of cell cycle progression during
hepatocellular regeneration following injury (19). Thus, control
of hepatic EGR1 expression by AA limitation or ER stress may
be a critical factor in liver physiology.

The present study documents that the AAR-initiated induc-
tion of EGRI transcription is not mediated by the well docu-
mented GCN2-elF2-ATF4 signaling pathway, but instead by
AA-responsive MEK-ERKsignaling. ERK-dependentphosphor-
ylation of ELK1, constitutively bound to the EGR1 gene is asso-
ciated with increased transcription and a marked elevation of
EGRI1 expression. Therefore, these results provide evidence for
the existence of an AA-controlled MEK signaling pathway that
terminates with phosphorylation of ELK1. The AA-dependent
transcription via p-ELK1 reveals a new family of transcription
factors, the ETS family, within the AAR. Correspondingly, tran-
scription is induced through ETS genomic enhancer sequences
previously unknown to have AAR element activity. Further-
more, the induction of immediate-early response genes in AA-
deprived tumor cells provides a possible link between pro-
tein/AA nutrition and cell growth in the transformed state.

EXPERIMENTAL PROCEDURES

Cell Culture—All of the cell lines used in these studies were
cultured in DMEM (pH 7.4; Mediatech, Herndon, VA), supple-
mented with 1X nonessential AA, 2 mm glutamine, 100 pg/ml
streptomycin sulfate, 100 units/ml penicillin G, 0.25 ug/ml
amphotericin B, and 10% (v/v) fetal bovine serum. The
HEK293T-ATF4 cell line was created by Ord et al. (20) after
virally transforming HEK293T cells with a tetracycline (Tet)-
inducible construct that contains the ATF4 coding region. The
HEK293T-ATF4 DMEM was the same as above but was also
supplemented with 10% (v/v) tetracycline-free fetal bovine
serum, 25 ug/ml Zeocin, and 2.5 ug/ml blasticidin. All cells
were maintained at 37 °C in an atmosphere of 5% CO, and 95%
air and maintained in growth phase at 60-70% confluence.
Approximately 12 h prior to treatments, cells were replenished
with fresh DMEM to ensure more complete nutrition when
experiments were initiated. For the HEK293T-ATF4 cells,
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overexpression of ATF4 in the absence of other possible AAR
signals was induced by adding tetracycline at the concentra-
tions and times indicated. For activation of the AAR, cells were
incubated in either DMEM lacking histidine (catalog number
D9801-02; United States Biological, Swampscott, MA) or com-
plete DMEM containing 2 mum histidinol (HisOH), an amino
alcohol that triggers the AAR. HisOH competitively inhibits
histidinyl tRNA synthetase, causing an increase in uncharged
tRNAM* and thereby inducing the AAR (21). Replicating exper-
iments with either DMEM-histidine or DMEM + HisOH
yielded no qualitative differences.

Inhibitor Assays—The MEK inhibitor PD98059 (Sigma-Al-
drich) was diluted in DMSO. The initial concentrations tested
were chosen based on previous studies (22) and then optimized
as described in the text. All cell lines were pretreated with an
equal volume of DMSO (control) or PD98059 for 1 h prior to
activation of the AAR for the indicated times in the continued
presence of inhibitor.

Transient Transfection—HEK293T cells (0.5 X 10° cells/
60-mm dish) were plated in DMEM 24 h before transfection
to achieve 30-40% confluence. The cells were transiently
transfected with plasmids expressing full-length ATF4
cDNA, a constitutively active MEK1 (MEK“%, kindly pro-
vided by Dr. Xingming Deng), or as a control, green fluorescent
protein (GFP-pcDNA3.1) at 5 ug/60-mm dish, using a calcium
phosphate protocol (23). The constitutively active MEK“* was
created by the mutations S218E and S222D, two phospho-ser-
ine residues in the activation loop of MEK1 (24). The cells to be
transfected were incubated with the plasmids overnight,
washed twice with PBS, replenished with complete DMEM, and
incubated for another 36 h prior to activation of the AAR.
HC-04 human hepatocytes (MRA-156, MR4; ATCC, Manassas,
VA) were transiently transfected using calcium phosphate.

Knockdown of Selected Proteins—The GIPZ-shRNA plasmid
constructs against GCN2 (catalog number RHS4430-101133792)
or a nonsilencing Control (catalog number RHS4346) were pur-
chased from Open Biosystems (Huntsville, AL). The shRNA
constructs were packaged in HEK293T cells with the Trans-
Lentiviral shRNA packaging kit (catalog number TLP5912) fol-
lowing the manufacturer’s protocol. HepG2 cells were incu-
bated at 37 °C for 6 h with lentiviral particles containing the
shRNA construct. The infected cells were cultured with fresh
culture medium for 48 h before puromycin selection (2.5
png/ml) for atleast 14 days. After the initial puromycin selection,
individual clones were isolated by serial dilution and screened
for the reduction in ATF4 induction following activation of the
AAR.

The siRNA si-ERK1 (L-003592-00-0005), siERK2 (L-003555-
00-0005), siJ]NK1 (L-03514-00-0005), and siJNK2 (L-003505-
00-0005) were purchased from Dharmacon/Thermoscientific
and are unmodified siGENOME SMARTpool constructs.
Transient siRNA transfections with 50 nMm for each member to
yield a total of 100 nm for siERK1+siERK2 or siJNK1+siJNK2
were performed in 12-well plates according to the manufac-
turer’s protocol using DharmaFECT4 transfection reagent
(T-2004-02) 72 h prior to activating the AAR. The same
amount of siRNA with a scrambled sequence (D-001810-02-
05) was used as the siControl.
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Primer sequences (human)”

TABLE 1
PCR primers
Primer specificity
ASNS, mRNA
GCN2, mRNA
GAPDH, mRNA

VEGF-A, mRNA

EGR1, mRNA

EGRI, transcription activity
EGR1 P1, ChIP assay

EGRI1 P2, ChIP assay

EGRI1 P3, ChIP assay

EGR1 P4, ChIP assay

EGRI1 P5, ChIP assay

EGRI1 P6, ChIP assay

EGR1 P7, ChIP assay

EGRI1 P8, ChIP assay

VEGE-A upstream, ChIP assay
VEGEF-A promoter, ChIP assay
VEGEF-A intron 1, ChIP assay
VEGF-A intron 4, ChIP assay
JNK1, mRNA

JNK2, mRNA

ERK1, mRNA

ERK2, mRNA

ATF3, mRNA

FP 5'-GCAGCTGAAAGAAGCCCAAGT-3’

RP 5'-TGTCTTCCATGCCAATTGCA-3'

FP 5'-GAAATGGTAAACATCGGGCAAACTC-3'
RP 5'-TTCACAAGAGCCAGGAGAATCTTCAC-3’
FP 5'-TTGGTATCGTGGAAGGACTC-3'

RP 5'-ACAGTCTTCTGGGTGGCAGT-3'

FP 5'-ACTGAGGAGTCCAACATCAC-3'

RP 5'-CTTGTCTTGCTCTATCTTTC-3'

FP 5'-AGAAGGACAAGAAAGCAGACAAAAGTGT-3'
RP 5'-GGGGACGGGTAGGAAGAGAG-3'

FP 5'-CTACGAGCACCTGACCGCAGG-3’

RP 5'-ACAGGACGCCAGGATGGTGG-3’

FP 5'-CCCCGTCTCAGAAAGAATAAAAACATTA-3'
RP 5'-CCTTGTGTCTGAATGTCCATTTTGC-3’
FP 5'-CCTCTTTCGGATTCCCGCAG-3'

RP 5'-GGTCCTTGTGGTGAGGGGTCA-3'

FP 5'-GAGGGAGCGAGGGAGCAACC-3’

RP 5'-CTCCAAATAAGGTGCTGCCCAAA-3'

FP 5'-CATATTAGGGCTTCCTGCTTCCCATA-3’
RP 5'-CCGCCTCTATTTGAAGGGTCTGG-3'

FP 5'-GTCACGACGGAGGCGGACC-3’

RP 5'-CGGCGGCTCCCCAAGTTC-3'

FP 5'-CGCAGAGGACCGAGCTTTTGT-3’

RP 5'-GCAGCCCCGCTCATCAAAA-3'

FP 5'-GGGGATTCTCCGTATTTGCGTC-3’

RP 5'-GGCTACCATTGACTCCCGAGGT-3’

FP 5'-GTCCCAGCTCATCAAACCCAGC-3’

RP 5'-AGAAGCGGCGATCACAGGACTC-3’

FP 5'-ACTTTCCTGCTCCCTCCTCGC-3’

RP 5'-CCACCAAGGTTCACAGCCTG-3’

FP 5'-CGCTCGGTGCTGGAATTTGATA-3’

RP 5'-TGGGGAATGGCAAGCAAAAA-3’

FP 5'-GCTGTCACTGCCACTCGGTCTC-3’

RP 5'-GCAGCAATCCACCCCAAAAC-3'

FP 5'-GTGAGGATGTAGTCACGGATTC-3’

RP 5'-CCAAAGGTCACATAGCGGGA-3'

FP 5'-CCATTTCAGAATCAGACTCATGCCA-3’
RP 5'-TGTGGTGTGAAAACATTCAAAAGGC-3’
FP 5'-GGGATTGTTGTGCTGCATTTGATAC-3’
RP 5'-TGGTTCTGAAAAGGACGGCTTAGTTT-3’
FP 5'-CGCTTCCGCCATGAGAATGTC-3’

RP 5'-CAGGTCAGTCTCCATCAGGTCCTG-3'
FP 5'-CGTGTTGCAGATCCAGACCATGAT-3’
RP 5'-TGGACTTGGTGTAGCCCTTGGAA-3’

FP 5'-GAGCGGAGCCTGGAGCAAAA-3'

RP 5'-GGGGACGATGGCAGAAGCACT-3’

“ FP, forward primer; RP, reverse primer.

RNA Isolation and Real Time Quantitative PCR (qPCR)—
Total RNA was isolated with the TRIzol reagent (Invitrogen)
following the manufacturer’s directions. Transcription activity
(hnRNA) and steady state mRNA levels were assayed by qPCR,
as described previously (25). A 1-ug aliquot of total RNA was
used to synthesize first strand cDNA with the qScript cDNA
synthesis kit (Quanta Biosciences, Gaithersburg, MD). For
qPCR, each cDNA sample was diluted 10X with TE buffer, 2 ul
of this diluted solution was mixed with 10 ul of SYBR Green
master mixture, and 5 pmol of forward and reverse primers
were added in a total volume of 20 ul. The mixture was sub-
jected to 40 cycles at 95 °C for 15 s and 60 °C for 60 s. The
primers used are listed in Table 1. After qPCR, melting curves
were acquired by stepwise increase from 55 to 95 °C to ensure
that only a single product was amplified in the reaction.
GAPDH was used as an internal control, and all calculations
were based on the difference of threshold cycle number of the
analyzed gene relative to the GAPDH mRNA content in the
same sample.

Microarray Analysis—Total RNA was isolated using the Qia-
gen RNeasy kit (Qiagen), including DNase I treatment before
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the final elution to eliminate any DNA contamination. The
integrity of total RNA was monitored with an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA). A 100-ng
aliquot of total RNA from four independent incubations for
each of four conditions (DMEM versus DMEM lacking histi-
dine, each with or without 2.5 um PD98059) was amplified
using the GeneChip® WT PLUS reagent kit (Affymetrix, Santa
Clara, CA) following the manufacturer’s instructions, and then
55 png of cDNA was fragmented and terminally labeled.
Labeled targets were hybridized to Affymetrix GeneChip®
Human Transcriptome Array 2.0 for 16 h at 45 °C and washed
according to Affymetrix standard protocols. For gene expres-
sion analysis, arrays were normalized using RMA as imple-
mented in Partek Genomics Suite 6.6 (Partek Incorporated, St.
Louis, MO). Analysis of variance was used to detect differen-
tially expressed genes. The microarray data have been depos-
ited in the NCBI Gene Expression Omnibus (accession number
GSE58869).

Protein Isolation and Immunoblotting—Whole cell protein
was extracted with a RIPA buffer (50 mm Tris-HCI, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 150 mm NaCl, 2
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mMm EDTA, containing Pierce protease and phosphatase inhib-
itor mini-tablets (Thermo Scientific, Waltham, MA). Immuno-
blotting was performed as described previously (26). The mem-
brane was then incubated with one of the following antibodies:
rabbit anti-ATF4 polyclonal antibody (27), mouse anti-phos-
pho ERK mouse monoclonal antibody (sc-7383), rabbit anti-
total ERK polyclonal antibody (sc-94), rabbit anti-EGR1 poly-
clonal antibody (sc-189), and mouse anti-GAPDH monoclonal
antibody (sc-32233) from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA). The rabbit anti-B-actin polyclonal antibody (A2066)
was from Sigma-Aldrich. The rabbit anti-JNK polyclonal anti-
body (9252s) was from Cell Signaling Technology (Danvers,
MA). The bound secondary antibody was detected using an
enhanced chemiluminescence kit (32106; Thermo Scientific)
and then exposing the blot to Classic Blue Autoradiography
Film BX (MIDSCI, St. Louis, MO).

Chromatin Immunoprecipitation—ChIP analysis was per-
formed according to a previously published protocol (26).
HepG?2 cells were seeded at a density of 1.5 X 107/150-mm dish
with DMEM and cultured for ~36 h, which includes a transfer
to fresh DMEM during the final 12 h prior to AAR induction.
Immunoprecipitation was performed with one of the following
antibodies: rabbit anti-ATF4 polyclonal antibody described
previously (27), rabbit anti-RNA polymerase II polyclonal anti-
body (sc-899), rabbit anti-EGR1 polyclonal antibody (sc-189),
rabbit anti-serum response factor (SRF, sc-335), and, as a non-
specific negative control, a normal rabbit IgG (sc-2027) pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). The
total ELK1 (9182) and S103 phospho-SRF (4261) antibodies
were purchased from Cell Signaling, whereas the $383 phos-
pho-ELK1 antibody was obtained from Abcam (32799; Boston,
MA). Immunoprecipitated DNA was analyzed with qPCR as
described above, using primers listed in Table 1. The ChIP
results are presented as the ratio to input DNA.

Statistical Analysis—Each experiment contained three or
more individual samples to detect experimental variation, and
each experiment was repeated one or more times with separate
batches of cells to ensure reproducibility between experiments.
The data are expressed as the averages = standard deviations
within an individual experiment containing three or four repli-
cates, and the results, analyzed using Student’s ¢ test, with p =
0.05 were considered statistically significant.

RESULTS

AAR-Induced EGRI Expression—A recent microarray
expression analysis performed by our laboratory revealed the
EGRI1 gene to be the most highly induced gene following acti-
vation of the AAR in HepG2 hepatoma cells (10). This observa-
tion is consistent with an earlier demonstration of EGR1 induc-
tion in MEF (11). To investigate the mechanism of the EGRI
induction in HepG2 cells, both transcription activity and steady
state mRNA content was assayed from 1 to 24 h (Fig. 14). The
results showed that transcription from the EGRI gene was
increased within 2 h of AAR activation and was enhanced by
more than 30-fold at 8 h. Steady state mRNA content paralleled
the transcription activity (Fig. 1A), and cellular EGR1 protein
content was also increased (Fig. 1B). The half-life of the EGR1
mRNA was modestly stabilized by AAR activation (Fig. 1C), but
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transcription appeared to account for most of the increased
mRNA. Although the EGR1 induction was also evident in non-
transformed, immortalized HC-04 human hepatocytes (Fig.
1D), compared with the HepG2 cells, it was considerably
smaller in magnitude (compare values in Fig. 14 “steady state
mRNA” to Fig. 1D). To determine whether this difference was
linked to cellular transformation, additional human hepatoma
cell lines were examined. The induction of EGR1 mRNA in
Hep3B cells was less than 2-fold, and in LH86 cells it was ~3.5-
fold (data not shown). Interestingly, among the human hepa-
toma cells that did not exhibit significant EGR1 induction was
the HepG2-derived subclone, C3A cells. The C3A subclone was
selected from a parental HepG2 culture based on more “hepato-
cyte-like” properties (American Type Cell Culture). Although
striking, this contrast between HepG2 and C3A cells is consis-
tent with the expression array data of Lee et al. (9), who did not
detect significant induction of EGR1 in the C3A line in response
to the AA limitation.

Given the common link of elF2 phosphorylation and ATF4
production by the GCN2 (AAR) and PKR-like endoplasmic
reticulum kinase (unfolded protein response, UPR) kinases,
there is considerable overlap between the subset of genes
induced by the AAR and by ER stress (28). The effect of ER
stress on EGR1 expression in HepG2 and HC-04 cells was ana-
lyzed after treatment with thapsigargin for 6 h to perturb ER
calcium levels. Notably, ER stress induced EGR1 expression in
both cell types, but the relative relationship between them was
similar to that observed for the AAR; the increase in HepG2
cells was much greater than that in HC-04 cells (Fig. 1E). The
relative induction of the ATF4-dependent ASNS gene was just
the opposite; the thapsigargin-dependent increase was ~3-fold
greater in the HC-04 cells.

EGRI Induction by the AAR Is Independent of GCN2-ATF4 —
It is becoming clear that the AAR is a collection of signal trans-
duction pathways (reviewed in Refs. 1, 2, and 29). The best
studied of these is the GCN2-ATF4 arm of the AAR, but several
AAR-induced genes have been shown to be GCN2-indepen-
dent (11) and/or ATF4-independent (12, 30). To test whether
or not EGRI induction was dependent on GCN2-ATF4 signal-
ing, GCN2 expression was suppressed by isolating clonal cell
lines of HepG2 that stably express an shRNA against GCN2 or
an unrelated shControl sequence. Averaging the data from five
shControl and seven shGCN2 clonal cell lines, the shControl
caused little or no difference in GCN2, ASNS, or EGR1 mRNA
expression, whereas the shGCN2 clones averaged ~80%
knockdown of GCN2 mRNA (not shown). A single represen-
tative clone for each was chosen to illustrate as examples (Fig.
2A). GCN2 mRNA content itself was independent of AAR
activity. ATF4 immunoblotting revealed strong suppression of
ATF4 protein induction within the shGCN2 clonal cell line.
The AAR induction of ASNS expression, known to be tightly
linked to the GCN2-dependent increase in ATF4 protein (31),
was largely blocked by a reduction in GCN2, whereas the induc-
tion of EGR1 mRNA was slightly, but reproducibly, enhanced
(Fig. 2A). These observations in HepG2 cells extend the obser-
vation of Deval et al. (11), who showed AAR induction of Egril
in Gen2-deficient MEF cells.
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FIGURE 1. Activation of the EGR1 gene by the AAR. A, HepG2 cells were incubated in DMEM (Ctr) or DMEM lacking histidine (AAR) to activate the AAR. RNA
was isolated at the times indicated, and EGR1 transcription activity (by assaying hnRNA) or steady state mRNA levels were measured using gPCR as described
under “Experimental Procedures.” The data were plotted as the ratio of the respective EGR1 RNA to the GAPDH control, and normalized relative to the DMEM
t = 0 value. The results are presented as the averages = standard deviations of three or more samples and are representative of multiple independent
experiments. B, after incubating HepG2 cells in DMEM (Control) or DMEM lacking histidine (AAR) for the times indicated, whole cell extracts were subjected to
immunoblot analysis for EGR1 or actin. A representative blot of multiple experiments is shown. C, to test for a possible effect of the AAR on EGRT mRNA
stabilization, HepG2 cells were incubated in DMEM + 2 mm HisOH (AAR) for 4 h to activate the AAR, and then the cells were transferred to fresh DMEM (Ctr) or
DMEM + 2 mm HisOH (AAR) with both media containing 5 um actinomycin D. After the transfer, RNA was isolated at the times indicated, and then EGR1 and
GAPDH mRNA were measured by qPCR. The data are presented as a semi-log plot and the half-life calculated using the equation t:, = —0.693/k. D, a subclone
of HepG2 cells, C3A cells, and nontransformed, immortalized HC-04 human hepatocytes were incubated for 6 h in DMEM (Ctr) or DMEM + 2 mm HisOH (AAR)
to activate the AAR. RNA was isolated, and the steady state ASNS and EGR1 mRNA levels were analyzed. The data are normalized relative to the DMEM values
toillustrate the relative fold induction. £, HepG2 hepatoma cells or HC-04 hepatocytes were incubated in DMEM (Ctr) or DMEM containing 100 nm thapsigargin
(ER stress) for 6 h to trigger ER stress and activate the unfolded protein response pathways. RNA was isolated, and EGR1, ASNS, and GAPDH mRNA levels were
measured. The data were plotted as the ratio of EGR1 or ASNS mRNA to the GAPDH control and normalized relative to the DMEM value. For all of the RNA data,
the results are shown as the averages * standard deviations of three or four assays per experiment and are representative of multiple independent experi-
ments. An a indicates that the AAR value is different from the DMEM control at p = 0.05.

To further test the relationship between ATF4 and EGRI a Tet-inducible ATF4 cDNA. These “HEK293T-ATF4” cells
induction, we used human embryonic kidney HEK293T cells were monitored for ASNS and EGR1 mRNA after treatment
that had been selected by Ord ez al. (20) for stable expression of ~ with Tet to induce ATF4 alone in the absence of other possible
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under “Experimental Procedures.” These cells, along with parental HepG2
cells, were incubated for 8 h in DMEM (Ctr) or DMEM lacking histidine (AAR) to
activate the AAR prior to isolation of RNA. The mRNA levels of GCN2, ASNS,
EGR1, and GAPDH were measured by qPCR, and the data are plotted as the
ratio of the indicated mRNA to the GAPDH control relative to the DMEM value
for the parental HepG2 cells. The results shown are the averages * standard
deviations of three or four assays within a representative experiment. An a
indicates that the AAR value is different from the DMEM control at p = 0.05,
and a b indicates that the shGCN2 value is statistically different from the
corresponding shControl value at p = 0.05. For the blots shown in the bottom
panel of A, corresponding whole cell extracts were probed for ATF4 protein
and actin as a loading control. B, HEK293T-ATF4 cells were incubated in
DMEM (Ctr) or DMEM + 0.01 wg/ml Tet for 8 h. RNA and a whole cell protein
extract were isolated. ASNS, EGR1, and GAPDH mRNA levels were measured
by qPCR, and the results are shown as the averages = standard deviations of
three or four assays and are representative of multiple independent experi-
ments. An a indicates that the AAR value is different from the DMEM value at
p = 0.05. The whole cell extracts were subjected to immunoblot analysis for
ATF4 and total ERK as a loading control.

AAR signaling events (Fig. 2B). As we have reported previously
(32), Tet-induced ATF4 caused a significant increase in ASNS
expression. However, despite immunoblot evidence for a large
increase in ATF4 protein in response to the Tet, no effect of
ATF4 overexpression alone was observed on the EGR1 mRNA
level. Collectively, these data indicate that the AAR-dependent
induction of EGRI is independent of the GCN2-ATF4 pathway.

Induction of EGRI Is a MEK-dependent Mechanism—Tran-
scriptional induction of the EGRI gene by stimuli other than
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the AAR is known to be downstream of the three principle
MAPK pathways, with the specific MAPK arm determined by
the cell type or the activating stress (reviewed in Ref. 14). To
determine whether one or more of the MAPK pathways was
involved in AAR-induced EGR1 expression, they were initially
screened by small molecule inhibition. Both basal and AAR-
induced expression of EGRI was completely blocked by inhibi-
tion of MEK with PD98059, whereas JNK inhibition caused a
partial suppression and inhibition of p38 signaling actually
enhanced EGRI expression (data not shown). Although the ini-
tial screening experiments used 10 —50 um PD98059 (Fig. 34), it
was determined subsequently that a PD98059 concentration as
low as 2.5 uMm was sufficient to block ~90% of the EGR1 mRNA
induction but caused only a 20% decrease for ASNS (Fig. 3B).
The sensitivity of the EGR1 induction to chemical inhibition of
MEK activity was confirmed by testing U0126 (data not shown).

To assess their relative contribution, ERK1/2 and JNK1/2
were subjected to knockdown by treatment of HepG2 cells with
siRNA oligonucleotides (Fig. 3, C and D). The results show that
knockdown of ERK1/2 caused a significant reduction in the
basal (DMEM) and AAR-induced level of EGR1 expression. As
a negative control, there was little or no decrease in the induc-
tion of the largely ATF4-dependent ASNS gene. Knockdown of
JNK1/2 did not significantly affect EGR1 mRNA content. As a
positive control for siJNK1/2 action, ATF3 was partially sup-
pressed in its induction (Fig. 3C), consistent with published
results (13, 30). These data provide additional documentation
for the specificity of AA signaling to the EGR1 gene through the
MEK-ERK pathway.

A comparison of p-ERK production in HEK293 cells that do
not express T antigen with the T antigen-expressing HEK293T
cells revealed that non-T-containing HEK293 cells exhibit a
low level of MEK activity, whereas little or no detectable MEK
activity occurs in the HEK293T cell line (Fig. 44, immunoblot
panel). The AAR associated p-ERK increase in HepG2 hepa-
toma cells is shown as a reference. Whereas ASNS mRNA
induction was similar in both HEK293 and HEK293T cells
(3—5-fold), EGR1 induction occurred only in the MEK-contain-
ing HEK293 cells (Fig. 4A), and even that was modest in mag-
nitude compared with HepG2 cells (Fig. 14). By making the
mutations S218E and S222D at two phosphorylated serine res-
idues in the activation loop of MEK1, a constitutively active
MEK1 construct (MEK“*) was created by Mansour et al. (24).
We have shown previously that exogenously expressed MEK<*
strongly drives ERK phosphorylation in HEK293T cells (12, 22).
When HEK293T cells were transiently transfected with plas-
mids encoding ATF4 or as a negative control green fluorescent
protein, there was little or no detectable increase in p-ERK pro-
tein or EGR1, with or without AAR activation (Fig. 4B). How-
ever, exogenous expression of MEK“* caused an increase in
p-ERK level and a 25-fold EGR1 mRNA induction in cells that
were incubated in DMEM control medium. Activation of the
AAR caused a further enhancement of the MEK“* action. Con-
sistent with these results, a strong increase in EGR1 protein
levels was also observed in the HEK293T cells expressing the
MEK“* (Fig. 4B). Consistent with transcriptional activation, in
the MEKCA expressing cells ChIP analysis for Pol II revealed
increased recruitment to the EGR1 promoter (Fig. 4C). Neither
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FIGURE 3. AAR induction of EGR1 in HepG2 cells is linked to MEK signaling. A, HepG2 were pretreated for 1 h with the indicated concentration of MEK
inhibitor (PD98059). The control cells were incubated in an equal volume of DMSO. The cells were then maintained in the presence of the inhibitor but
transferred to either DMEM (Ctr) or DMEM + HisOH (AAR) for an additional 8 h to activate the AAR. Then whole cell protein extracts were collected and analyzed
by immunoblotting for changes in EGR1, p-ERK, total ERK, and actin protein content. B, HepG2 cells were incubated in DMEM (open bar) or DMEM lacking
histidine (AAR) and with the indicated concentration of PD98059 MEK inhibitor, as described for A. RNA was analyzed by qPCR for EGR1, ASNS, and GAPDH
mRNA content. The data are plotted as the averages = standard deviations for triplicate samples and are representative of multiple independent experiments.
An aindicates that the AAR value is different from the DMEM control at p < 0.05, and a b indicates that the value for inhibitor-treated cells is statistically different
from the histidine-deprived cells in the absence of inhibitor (AAR 0 um value) at p = 0.05. C, HepG2 cells were transiently transfected with siRNA oligonucleo-
tides against JNK1/2 or ERK1/2 to test the effect on AAR-induced EGR1 expression. To knock down both ERK1 and ERK2 simultaneously (likewise for JNK1 and
JNK2), 50 nm of each siRNA was mixed to give a final concentration of 100 nm. At 72 h after transfection, the cells were incubated for 8 h in DMEM (Ctr) or DMEM
lacking histidine (AAR) to induce the AAR. The mRNA for ASNS, ATF3, ERK1, ERK2, JNK1, JNK2, EGR1, and GAPDH were measured by qPCR. The data are
presented as the averages * standard deviations for at least three samples. An “a” indicates that the siERK1/2 or siJNK1/2 value is different from the
corresponding siControl value at p < 0.05. D, the knockdown of ERK1/2 and JNK1/2 were confirmed by immunoblotting samples from cells treated as described
for C.

AAR-induced endogenous ATF4 nor highly overexpressed HC-04 MEK activity resulted in an induction of basal EGRI
exogenous ATF4 resulted in a significant increase in EGR1  expression with little or no effect on ASNS. A minor difference
mRNA or protein expression (Fig. 4B). These transient overex- between the HC-04 and HEK293T cells was that when MEK“*
pression data are consistent with the results of Fig. 2B showing  was expressed in the HC-04 cells, activation of the AAR in the
that Tet-inducible ATF4 does not increase EGR1 mRNA MEK-expressing cell produced no further EGRI induction.
content. Collectively, these results indicate that increased MEK activity
As shown above, the magnitude of EGR1 induction in non- alone is sufficient for the EGR1 mRNA and protein induction
transformed HC-04 human hepatocyte was considerably less  during the AAR, and conversely, ATF4 is neither sufficient nor
than in HepG2 cells (Fig. 1D), and immunoblotting of HC-04 necessary.
cell extracts showed low levels of p-ERK (data not shown). To Relative Contribution of MEK-independent and -dependent
test the effect of ectopically increasing MEK activity inasecond  Pathways—To compare the kinetics of induction and duration
cell type, HC-04 cells were transfected with MEK“#, and then  of the AA responsive MEK and GCN2 pathways, the abundance
ASNS and EGR1 mRNA expression was monitored (Fig. 4D). of their respective products, p-ERK and ATF4, was analyzed
As observed for HEK293T cells, artificially increasing the from O to 24 h after incubation of HepG2 cells in DMEM =
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DMEM lacking histidine (AAR) for 8 h, and then EGR1, ASNS, and GAPDH mRNA content was analyzed by qPCR. The data are plotted as the averages = standard
deviations of triplicate samples and are representative of multiple independent experiments. An a indicates that the AAR value is different from the DMEM
control at p = 0.05, and a b indicates that the HEK293T value is statistically different from the corresponding value obtained with HEK293 cells p =< 0.05. Whole
cell extracts were also analyzed by immunoblotting for total ERK and p-ERK protein content. B, HepG2 cells were transiently transfected with plasmids
expressing GFP, constitutively active MEK (MEK"), or ATF4, and 36 h later the cells were incubated for 8 h in DMEM (Ctr) or DMEM + HisOH (AAR). RNA and
protein extracts were prepared, and EGR1T mRNA content was analyzed by gPCR. The data are plotted as the averages = standard deviations of triplicate
samples and are representative of multiple independent experiments. A b indicates that the value is different from the corresponding GFP-transfected control
(GFP) value at p = 0.05. The whole cell extracts were analyzed by immunoblotting for changes in EGR1, p-ERK, ATF4, and actin protein content. Two different
exposures (“short” or “long”) of the ATF4 blot are shown to illustrate the relative abundance of endogenous versus overexpressed protein. C, HepG2 cells were
transiently transfected with (GFP) or constitutively active MEK (MEK**), and the AAR was induced as described for B. Following activation of the AAR, the cells
were subjected to ChlIP analysis for RNA Pol Il binding to the EGR1 promoter. The primer sequences used are listed in Table 1. A nonspecific IgG antibody was
used as the negative control. The results are given as the averages = standard deviations for at least three samples, and a b denotes a significant difference of
p = 0.05 relative to the corresponding GFP-transfected control cell value. D, nontransformed HC-04 human hepatocytes were transiently transfected with GFP
or constitutively active MEK (MEK“*) and treated with HisOH, as described for HepG2 cells in B. The mRNA levels of EGR1, ASNS, and GAPDH were measured by
gPCR, and the data were normalized relative to the GFP DMEM value for either EGR1 or ASNS. The results are given as the averages * standard deviations for
at least three samples. An a indicates that the AAR value is different from the DMEM control at p < 0.05, and a b indicates a significant difference of p < 0.05
relative to the corresponding GFP-transfected control cell value.
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FIGURE 5. Relative contribution of the GCN2-ATF4 and MEK pathways to AA signaling. A, after incubating HepG2 cells in DMEM (Control) or DMEM lacking
histidine (AAR) for the times indicated, whole cell extracts were subjected to immunoblot analysis for ATF4, p-ERK, or total ERK. The total ERK also serves as the
loading control. A representative blot is shown. B, HepG2 were pretreated for 1 h with the indicated concentration (0-20 um) of MEK inhibitor (PD98059). The
control cells were incubated in an equal volume of DMSO. The cells were then maintained in the presence of the inhibitor but transferred to either DMEM (0)
or DMEM lacking histidine (AAR) for an additional 8 h to activate the AAR. RNA was analyzed by qPCR for the indicated mRNA content. The data shown for ASNS
are the same as those shown in Fig. 3C. The data are plotted as the averages * standard deviations for triplicate samples and are representative of multiple

independent experiments.

histidine (Fig. 54). The data show that the initiation of the
response is quite similar with the effectors of both pathways
increased in abundance within 30 min. However, the peak and
signal maintenance was slightly different, with p-ERK remain-
ing at similar level from 0.5 to 12 h, whereas ATF4 exhibited a
sharper peak at 8 —12 h. Both pathways declined by 24 h. These
results indicate that the rapid induction of the GCN2 and the
MEK pathways is similar, but the period of greatest activation
differs to some degree.

To determine whether the MEK-dependent pathway com-
plements the ATF4 pathway for specific genes, the PD98059
sensitivity of several AA-responsive genes was tested (Fig. 5B).
The genes tested could be grouped into three general catego-
ries. Induction of EGRI and IL-8 showed the greatest MEK
dependence, and each was inhibited by more than 90% at 20 um
PD98059. Expression of ATF3 and JMJD3 was somewhat less
MEK-driven, but approximately two-thirds of their AAR
induction was dependent on MEK. This result for ATF3 is com-
patible with the data of Deval et al. (11) showing that AAR
induction of Atf3 is only reduced by 50% in Gcn2-deficient
fibroblasts. Consistent with their known dependence on ATF4
(26, 33), ASNS and CAT1 were the least affected by MEK inhi-
bition, with less than a 50% decline. The plateau of inhibition
after 10 um PD98059 for the four partially sensitive genes dem-
onstrates that a portion of their induction is truly independent
of MEK. Based on their known dependence on ATF4 from pre-
viously published studies, this residual induction is assumed to
be the result of GCN2-ATF4 signaling. These data illustrate
SASBMB
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that the MEK and ATF4 pathways complement one another
and can coincidently contribute to the AA control of a specific
gene.

To extend the results shown in Fig. 5B across the genome, an
expression microarray was used to determine the sensitivity of
AAR-induced genes to MEK inhibition. HepG2 cells were incu-
bated for 8 h in DMEM with or without histidine and in the
presence or absence of 2.5 um PD98059 (n = 4 for each condi-
tion). RNA was collected and analyzed by microarray using the
Affymetrix Human Transcriptome 2.0 Array chip.

The data were analyzed using bioinformatic approaches that
we have used previously (10). Using the criteria of a change
greater than 2-fold and a p = 0.001, 502 activated and 465
repressed genes were identified. Of the 502 activated genes, 305
and 126 exhibited a MEK dependence of >25% and >50%,
respectively, and of the 465 repressed genes, 323 and 78 showed
>25% and >50% MEK dependence, respectively. Table 2 lists
the top 15 AAR-induced genes regardless of mechanism,
whereas Table 3 lists the top 15 AAR-induced genes (of 2-fold
or more) that exhibited the greatest degree of MEK depen-
dence. Within the two groups of genes, only EGR1, cFOS, and
EREG are in common, indicating that MEK-ERK signaling rep-
resents a unique and novel AAR pathway.

Assuming that the GCN2-ATF4 pathway mediates the
majority of the MEK-independent regulation, these results
illustrate that GCN2 signaling is the primary mechanism for
AA control in HepG2 cells. However, it is just as clear that
MEK-dependent signaling represents a substantial contribu-
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tion to the global AAR and that many genes respond to both
pathways.

Effect of Serum—The fact that EGR1 is a known immediate-
early response gene and the AA-responsive induction of ELK1
phosphorylation raised the possibility that the culture medium
serum might contribute to this regulatory mechanism. To con-
firm the well recognized “serum response” in HepG2 cells, they
were incubated for 16 h in DMEM lacking FBS and then trans-
ferred to fresh DMEM = 10% FBS for 0—4 h (Fig. 6A). The
serum-dependent increase in EGR1 mRNA expression was
observed at 1 h and returned to the basal state by 4 h. ASNS
was used as a negative control to show that the serum effect was
gene-specific. As shown in Fig. 14, the induction of EGRI by
the AAR occurs primarily after 4 h. However, to test whether or
not the presence of serum may have an effect on the AA
response beyond the initial rapid serum response, HepG2 cells
were incubated for 16 h in the absence of FBS and then trans-
ferred to fresh DMEM = 2 mm HisOH with or without 10% FBS
for 6 h (Fig. 6B). As the data illustrate, despite the absence of
serum for a total of 22 h, there was little or no effect on the
EGR1 mRNA induction.

Transcription Factors That Signal AA Limitation to the EGR1
Gene—SRF binding to genomic serum response elements (SRE)
and ETS-like factor 1 (ELK1) binding to ETS sites often exhibit

TABLE 2
Genes most highly induced by the AAR regardless of mechanism

The 15 genes most highly induced by the AAR regardless of mechanism are shown.
The expression microarray data are from HepG2 cells incubated for 8 hin DMEM =+
histidine with or without 2.5 um PD98059.

Gene p value Fold change
Probe set ID symbol (—His/DMEM) (—His/DMEM)

PSR05009822.hg.1 EGR1 2.50E-13 23.8496
JUC14003021.hg.1  FOS 2.37E-07 11.7154
PSR01016127.hg.1 ~ SLC22A15  4.94E-08 10.7615
PSR05001385.hg.1 SUB1 1.92E-10 9.99431
JUC06005364.hg.1 ~ NCOA?7 6.34E-08 9.89601
JUC04002867.hg.1  EREG 2.39E-08 9.82107
PSR01027796.hg.1 ATEF3 1.13E-10 9.71156
JUC09000186.hg.1 ~ VLDLR 5.11E-08 9.60593
JUC19005801.hg.1 ~ PPP1R15A  1.28E-12 9.24786
PSR12006935.hg.1 SHMT2 1.69E-16 8.12226
PSR15003833.hg.1 ~ TMOD?2 2.01E-09 7.07384
PSR12006973.hg.1 ~ INHBE 5.90E-12 7.0701

JUC07012293.hg.1 ASNS 1.32E-07 6.78668
JUC01023344.hg.1  ZZZ3 1.46E-06 6.78157
JUC01003020.hg.1 ~ SESN2 1.33E-10 6.72953

TABLE 3

AAR-induced Genes with the Greatest Degree of MEK Dependence

cooperative binding (reviewed in Refs. 16 and 17). It has been
documented that a series of SRE-ETS sites upstream of the
EGRI1 transcription start site (TSS) mediate increased tran-
scription in a stimuli- and cell-specific manner (14, 34).
Although the total amount of SRF and ELK1 binding does not
typically change with gene activation, increased phosphoryla-
tion of ETS-bound ELK1 and/or phosphorylation of SRE-
bound SRF results in enhanced transcriptional activity (14,
34.-36). To determine whether ELK1 or SRF is involved in AA
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FIGURE 6. Serum is not required for AAR induction of EGR1. HepG2 cells
were incubated in DMEM lacking serum for 16 h and then transferred to
DMEM with or without 10% FBS for 0-4 h (A) or to DMEM (Ctr) or DMEM +
HisOH (AAR) in the presence or absence of 10% FBS for 6 h (B). The mRNA
levels of EGR1, ASNS, and GAPDH were measured by qPCR, and the data were
normalized relative to DMEM value for either EGR1 or ASNS. The results are
given as the averages = standard deviations for at least three samples.

The 15 AAR-induced genes with the greatest degree of MEK dependence are shown. The expression microarray data are from HepG2 cells incubated for 8 h in DMEM *

histidine with or without 2.5 um PD98059.

Gene Fold change p value Percentage of
Probe set ID symbol (—His/DMEM) (—His/DMEM) MEK dependence
JUC14003021.hg.1 FOS 11.7154 2.37E-07 88.6184
PSR05009822.hg.1 EGR1 23.8496 2.50E-13 88.3077
PSR04005637.hg.1 IL8 5.50397 9.82E-08 86.2509
PSR10009587.hg.1 DUSP5 2.44081 1.12E-09 82.6263
PSR07004534.hg.1 IGFBP1 2.11808 7.68E-05 80.4794
JUC02011397.hg.1 CCL20 2.73831 6.44E-10 80.0432
JUC18005299.hg.1 SERPINBS 2.29491 0.00177338 79.9067
PSR09013309.hg.1 AQP3 3.58114 3.36E-08 78.3926
PSR22011280.hg.1 LIF 3.97938 2.96E-11 77.2063
JUC01008446.hg.1 MAB21L3 3.2181 1.47E-09 76.3792
JUC03014269.hg.1 FILIP1L 2.22555 0.00718454 75.6935
PSR05025990.hg.1 SPRY4 3.24396 2.34E-09 75.0695
JUC08008916.hg.1 HEY1 3.2598 1.08E-08 75.0352
JUC04002867.hg.1 EREG 9.82107 2.39E-08 74.9477
JUC06000413.hg.1 EDN1 2.84431 4.59E-06 74.6727
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FIGURE 7. Transcription factor binding to the EGR1 gene in response to
the AAR. A, the locations of primers (labeled P7-P8) used to analyze the
human EGR1 gene areillustrated relative to the transcription start site (arrow)
and the coding region of the gene. The primer sequences are listed in Table 1.
B, HepG2 cells were incubated in DMEM (Control) or DMEM lacking histidine
(AAR) for 8 h, and then the cells were subjected to ChIP analysis with antibod-
ies specific for RNA Pol Il, total SRF, p-SRF, total ELK1, p-ELK1, and a nonspe-
cific 1I9G as a negative control. The data are plotted as the ratio to the input
DNA and are the averages = standard deviations for at least three samples.
The data shown are representative of multiple independent experiments. An
a denotes a significant difference of p < 0.05 relative to the corresponding
DMEM control value for that particular primer set.

signaling in HepG2 cells, ChIP of the EGRI gene locus was
analyzed using primer sets that spanned ~2.2 kb on either side
of the TSS (Fig. 7A). Pol I showed basal association at the pro-
moter region, and additional recruitment occurred in response
to the AAR (Fig. 7B). Consistent with the proposed model for
SRE-ETS function, the total abundance of both SRF and ELK1
binding was unaffected by the AAR. In contrast, the amount of
p-ELK1 association with the ETS-containing promoter region
was significantly increased in response to AAR activation (Fig.
7B). However, the amount of p-SRF was unchanged, consistent
with the lack of a serum effect on the AAR induction of EGR1.
For ChIP negative controls, binding of total SRF, total ELK1,
p-SRF, and p-ELK1 at other regions of the gene were negligible,
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and the association of nonspecific IgG was low across the entire
region tested. ChIP analysis was performed using antibodies
specific for ERK or p-ERK, and no binding above the level of the
IgG background was detected (data not shown).

Elevated EGRI Contributes to AAR-enhanced Gene Expres-
sion in HepG2 Cells—The vascular endothelial growth factor A
(VEGF-A) gene is activated by the AAR (37, 38), and it is known
that transcription from the VEGF-A gene can be induced in
Hep@G2 cells through EGR1 binding to proximal promoter sites
(39). Scanning the VEGF-A gene revealed the presence of at
least two potential EGR1 binding sites in the promoter region
(nucleotides —101/—92 and nucleotides —78/—70) and a third
site (nucleotides +1473/+1482) in the first intron (Fig. 8A).
Induction of VEGF-A was confirmed in HepG2 cells incubated
in medium containing 2 mm HisOH for 0-4 h (Fig. 8B). To
determine whether this AAR-dependent induction was associ-
ated with EGR1, ChIP analysis was performed to monitor EGR1
and Pol II binding to the VEGF-A gene. As shown in Fig. 84,
primers were generated to analyze four distinct genomic
regions: (a) 0.3 kb upstream of the VEGF-A TSS, (b) at the TSS,
(¢) 1.5 kb downstream of the TSS in intron 1, and (d) as a neg-
ative control, 9.5 kb downstream in intron 4 (see Table 1 for
primer sequences). Nonspecific IgG binding, as a negative con-
trol, was negligible at all regions tested (Fig. 8C). Pol II associa-
tion was the greatest at the TSS, and although there was a repro-
ducible slight trend of increased Pol II levels at the TSS and
+1.5 kb sites following AAR activation, the change was not
statistically significant, suggesting that minimal additional Pol
II recruitment may be necessary for increased transcription
(Fig. 8C). Activation of the AAR enhanced EGR1 recruitment to
all three potential EGR1 binding regions within the VEGF-A
gene, with the highest increase occurring at the intronic site.
The lack of EGR1 signal within intron 4 served as a “back-
ground” control for the EGR1 antibody. Therefore, consistent
with the AAR-dependent induction of VEGF-A expression, the
ChIP results show that EGR1 is recruited to the VEGF-A gene in
an AA-dependent manner.

DISCUSSION

The results in this study provide several novel observations
on AA-responsiveness in HepG2 hepatoma cells: () the data
extend published array studies indicating that EGRI expression
is highly induced in HepG2 human hepatoma cells; this
increase is largely the result of enhanced transcription; (b) the
EGRI induction is independent of the well described GCN2-
ATF4 pathway for AA signaling but instead requires MEK-ERK
signaling; (c) MEK-ERK activation was both necessary and suf-
ficient for the AAR induction of EGR1 mRNA content; (d) the
AAR-dependent induction of EGRI transcription was associ-
ated with increased recruitment of Pol II and increased phos-
phorylation of ELK1, which is constitutively bound at the prox-
imal promoter; (e) the results indicate that the current list of
AA-responsive transcription factors and their associated
genomic sequences that exhibit AAR element activity must be
expanded to include the factor ELK1 and its consensus ETS
core binding sequence; (f) EGR1 is required for full activation of
other AAR responsive genes; for example, AAR-inducible
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FIGURE 8. AAR-induced EGR1 binds to the VEGF-A gene. A, a region of the human VEGF-A gene is depicted (not drawn to scale) to show the location of
possible EGR1 binding sequences (open boxes) with the nucleotide numbers representing the locations of these sites relative to the transcription start site
(arrow). Four sets of primers (labeled A-D) were designed to scan specific regions of the gene by ChIP analysis. B, HepG2 cells were incubated in DMEM (Ctr) or
DMEM + HisOH (AAR) to activate the AAR. RNA was isolated at the times indicated, and steady state VEGF-A and GAPDH mRNA levels were measured using
gPCR. The VEGF-A/GAPDH ratio was calculated, and the data were normalized relative to the DMEM t = 0 value. The results are represented as the averages =+
standard deviations of assays in triplicate and are representative of multiple independent experiments. C, HepG2 cells were cultured in DMEM (Ctr) or
DMEM + HisOH (AAR) for 4 h, and then the binding of EGR1 or RNA Pol Il at the VEGF-A gene was analyzed by ChIP (see A for primer locations and Table 1 for
primer sequences). Within each ChIP experiment, a nonspecific IgG was used as negative control. The data, plotted as the ratio to input DNA, are represented
as the averages =+ standard deviations for at least three samples. An a indicates a significant difference of p < 0.05 relative to the DMEM control value for that

specific primer set.

EGR1 binding was observed at the proximal promoter and at a
region located within intron 1 of the VEGF-A gene.

The GCN2 elF2 kinase is activated by uncharged tRNA and
thus serves as an AA-responsive sensor of protein/AA limita-
tion (40-42). Although the GCN2-ATF4 pathway appears to
be ubiquitous in mammalian cells, there is evidence for GCN2-
and ATF4-independent AA signaling mechanisms as well (11,
12). Knockdown of GCN2, and consequently ATF4, caused a
strong suppression of AAR-dependent ASNS induction, con-
sistent with a tight linkage to ATF4-driven transcription. In
contrast, EGR1 mRNA content was slightly enhanced by
GCN2-ATF4 knockdown. Furthermore, ectopic overexpres-
sion of ATF4 in MEK-deficient HEK293T cells, by either tran-
sient or Tet-inducible stable methods, produced significant
activation of ASNS but no increase in EGRI expression. The
AAR induction of EGRI was extremely sensitive to MEK inhi-
bition as illustrated by the fact that 2.5 um PD98059 blocked
~90% of the increase, whereas that same concentration only
suppressed ASNS mRNA content by ~20%. This small reduc-
tion in ASNS may be related to the known, but not fully char-
acterized cross-talk between the GCN2-ATF4 and MEK path-
ways (22, 43). Previous results from our laboratory using
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cultured Gen2-deficient MEF cells (22) and the in vivo data of
Bunpo et al. (43) investigating liver tissue in Gen2 knock-out
mice showed that the induction of p-ERK in response to AA
limitation was decreased in the absence of Gcn2. However,
beyond the species and cell type differences, interpretation of
the mouse data are complicated by the fact that in both the MEF
cells and the liver tissue the basal level of p-ERK, that is, in the
absence of AA limitation, was elevated in the Gcn2-deficient
cells/tissue. Conversely, we observed an increase in the induc-
tion of MAPK-dependent ¢/UN induction after ATF4 knock-
down (12), and the present results revealed the same trend for
EGRI1 induction following knockdown of GCN2. Interestingly,
Koumenis and co-workers (44) showed that the GCN2-ATF4
pathway is necessary for optimal growth of some tumors,
and yet, we have not observed a decline in HepG2 prolifera-
tion after knockdown of either GCN2 or ATF4. It is possible
that even a modest enhancement of the immediate-early
response genes, such as ¢FOS, ¢JUN, and EGRI1, permits
HepG2 cells to continue proliferating during the AAR. Addi-
tional experimentation is required to better understand the
interrelationships between the GCN2-ATF4 pathway and
the MAPK pathways.
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The ETS proteins make up a large family of transcription
factors that recognize the core sequence of GGA(A/T) embed-
ded within a larger sequence of ~10 bp (16, 17). ELK1 is a
member of the ternary complex factor subfamily of the ETS
superfamily. Often ELK1 forms cooperative protein complexes
with SRF bound to SRE sites, and thus, co-localization of ETS
and SRE enhancer sites is a common but not obligatory motif.
Indeed, whether or not SRF is present in conjunction with ELK1
influences the functional consequences of ELK1 binding (17).
The present results document that hypophosphorylated SRF
and ELK1 are bound to the EGRI promoter region prior to AA
limitation. Although the total amount of SRF and ELK1 binding
does not change in response to AA limitation, the level of
p-ELK1 is increased. In contrast, the association of p-SRF was
not increased by the AAR, distinguishing this regulatory mech-
anism from the serum response and suggesting that the func-
tional complex induced by the AAR and assembled at the EGRI
promoter does not include a p-SRF/p-ELK1 heterodimer. The
phosphorylation of ELK1 is associated with increased recruit-
ment of RNA Pol II and increased transcription activity from
the EGRI gene. Prior to the present research, analysis of many
AA-responsive genes revealed that members of the ATF, FOS/
JUN, and C/EBP subfamilies of the bZIP transcription factor
superfamily were responsible for regulated AAR transcription
(reviewed in Refs. 2 and 29). However, the current results dem-
onstrate that the paradigm must be expanded to include ELK1
and perhaps other ETS members, for those cell types in which
the MEK-ERK pathway is highly activated in response to AA
limitation.

Following AAR induction of EGR1, the factor is recruited to
the VEGF-A promoter, as well as to a previously unknown
EGR1-binding site within intron 1. This observation is consis-
tent with reports that EGR1 promotes the iz vivo motility and
invasion of hepatocellular carcinoma cells (45). Furthermore,
one mechanism by which EGR1 may aid hepatocellular carci-
noma proliferation in the face of nutrient limitation may be via
induction of VEGF-A. For example, Lee and Kim (39) docu-
mented EGR1 binding to the VEGF-A proximal promoter dur-
ing hepatocyte growth factor-mediated proliferation of HepG2
and Hep3B hepatoma cells. Likewise, Liu et al. (46) reported
that hepatocellular carcinoma progression is critically depen-
dent on VEGF-A-driven endothelial cell proliferation in the
tumor-associated vasculature. In fact, therapies targeting
VEGEF-A receptor signaling are being employed for the man-
agement of aggressive and advanced stage hepatocellular carci-
noma (47). Relative to normal mouse liver tissue, diethylnitro-
soamine-induced mouse liver tumors have elevated expression
of many MEK- and ATF4-dependent AAR target genes, includ-
ing EGRI1 (11.6-fold), ASNS (6.3-fold), ¢cFOS (4.0-fold), and
ATF3 (6.6-fold) (48), consistent with the hypothesis that
tumors are often nutrient-deprived.

Asparagine starvation, via delivery of bacterial asparaginase,
has been a critical component of multidrug therapy for child-
hood acute lymphoblastic leukemia for several decades (49).
More recently, additional examples of successful therapeutic
suppression of pathways that promote tumor cell survival
during nutrient-restrictive conditions are beginning to be
exploited clinically (50, 51). As highlighted by our microarray
SASBMB
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expression analysis, the AAR in HepG2 cells induces several key
activities, including several FOS-JUN members, EGRI, and
VEGF-A, that may enable tumor cells to remain poised for
growth under conditions restrictive for normal cells (10). The
GCN2-ATF4 pathway activation by dietary AA restriction pro-
vides resistance to the inflammatory stress and ischemia asso-
ciated with surgery (52) and also confers pro-survival and pro-
liferative capabilities to tumor cells undergoing nutrient
limitation (44). Fu et al. (12) showed that AAR-induced ERK
and JNK activity in transformed cells contributed to the auto-
activation of the ¢J/UN gene, coincident with a 2-fold greater
maintenance of proliferation for HepG2 and Huh7 hepatocel-
lular carcinoma cells compared with growth of nontransformed
HC-04 human hepatocytes under the same AAR conditions.
The present results suggest that the MEK-ERK-ELK1 pathway
leading to activation of EGRI may be another critical compo-
nent required for the relative robustness of many tumor cells
under AA-deprived conditions. Future research on the impact
of nutrient stress, and AA limitation in particular, on tumor
proliferation will be an exciting avenue for providing a better
understanding of the relationship between nutrition and
cancer.
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