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ABSTRACT

Interleukin-6 (IL-6) is a proinflammatory cytokine that exerts a
wide range of cellular, physiological, and pathophysiological
responses. Pyrrolidine dithiocarbamate (PDTC) antagonizes the
cellular responsiveness to IL-6 through impairment in signal
transducer and activator of transcription-3 activation and
downstream signaling. To further elucidate the biological prop-
erties of PDTC, global gene expression profiing of human
HepG2 hepatocellular carcinoma cells was carried out after
treatment with PDTC or IL-6 for up to 8 h. Through an unbiased
pathway analysis method, gene array analysis showed dra-
matic and temporal differences in expression changes in re-
sponse to PDTC versus IL-6. A significant number of genes
associated with metabolic pathways, inflammation, translation,
and mitochondrial function were changed, with ribosomal pro-
tein genes and DNA damage-inducible transcript 4 protein
(DDIT4) primarily up-regulated with PDTC but down-regulated

with IL-6. Quantitative polymerase chain reaction and Western
blot analyses validated the microarray data and showed the
reciprocal expression pattern of the mammalian target of rapa-
mycin (MTOR)-negative regulator DDIT4 in response to PDTC
versus IL-6. Cell treatment with PDTC resulted in a rapid and
sustained activation of Akt and subsequently blocked the IL-6-
mediated increase in mMTOR complex 1 function through up-
regulation in DDIT4 expression. Conversely, down-regulation of
DDIT4 with small interfering RNA dampened the capacity of
PDTC to block IL-6-dependent mTOR activation. The overall
protein biosynthetic capacity of the cells was severely blunted
by IL-6 but increased in a rapamycin-independent pathway by
PDTC. These results demonstrate a critical effect of PDTC on
mTOR complex 1 function and provide evidence that PDTC can
reverse IL-6-related signaling via induction of DDIT4.

Introduction

Pyrrolidine dithiocarbamate (PDTC) is a clinically toler-
ated small thiol compound with antioxidant and anti-inflam-
matory properties (Chabicovsky et al., 2010). It has been
suggested that PDTC prevents dyslipidemia and renal le-
sions in rats fed a high-fat diet, most likely because of atten-
uation of proinflammatory gene expression and improvement
of metabolic parameters (Ebenezer et al., 2009). Glucose-
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stimulated insulin secretion in human islets exposed to high
glucose is restored after exposure to PDTC (Maedler et al.,
2002). Furthermore, PDTC provides neuroprotection in hy-
poxic-ischemic injury and against liver injury during intesti-
nal ischemia and reperfusion in rats (Nurmi et al., 2006; Tian
et al., 2006). Although some studies have suggested that
PDTC significantly reduces inflammatory processes through
the inhibition of the transcription factor nuclear factor-«B
(Schreck et al., 1992; Cuzzocrea et al., 2002; Ebenezer et al.,
2009), this has not been observed in all studies (Malm et al.,
2007; Huang et al., 2008). In fact, PDTC confers adaptive
protection of stressed cells from proinflammatory conditions
through activation of the metal-activated transcription factor
heat shock factor 1 (HSF1) (Song et al., 2010). Moreover,
PDTC is a potent inhibitor of interleukin-6 (IL-6) transcrip-

ABBREVIATIONS: PDTC, pyrrolidine dithiocarbamate; HSF1, heat shock factor 1; IL-6, interleukin-6; STAT3, signal transducer and activator of
transcription-3; mTOR, mammalian target of rapamycin; mTORC, mTOR complex; TSC, tuberous sclerosis complex; IRES, internal ribosome entry
site; DDIT4, DNA damage-inducible transcript 4 protein; PCR, polymerase chain reaction; siRNA, small interfering RNA; GSK, glycogen synthase

kinase.
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tional activity, thereby leading to decreased synthesis of type
IT acute-phase proteins in the human HepG2 hepatocellular
carcinoma cell line (He et al., 2006; Xie et al., 2009). Collec-
tively, these studies suggest that PDTC is a potent pharma-
cological agent with complex biological functions in the con-
text of inflammation and other stressors. There is, however,
no comprehensive information on the effects of PDTC on
global gene expression profiles and related biological pro-
cesses in hepatocytes.

The proinflammatory role of IL-6 is initiated by binding to
its cell surface receptor with subsequent activation of three
canonical signaling pathways (Neurath and Finotto, 2011).
IL-6 activates Janus family kinases, which leads to phos-
phorylation of a latent pool of signal transducer and activator
of transcription-3 (STAT3) at Tyr705, promoting its nuclear
translocation, DNA binding, and subsequent target gene ex-
pression. The phosphorylation of phosphoinositol 3-kinase in
response to IL-6 results in Akt activation and, hence, cross-
talks with growth factor signaling pathways. In addition,
IL-6 activates the pro-oncogenic Ras/Raf/mitogen-activated
protein kinase kinase/extracellular signal-regulated kinase
1/2 signaling pathway. Given the notion that inflammation
may serve as a precursor to many human diseases (e.g.,
cancer and type 2 diabetes), it is likely that down-modulation
in IL-6 signaling pathway may have therapeutic value
against pathological inflammatory conditions.

Our recent work clearly established that treatment of
HepG2 cells with PDTC elicits rapid change in the expression
of stress-related genes through up-regulation of the HSF1
transcription factor (Song et al., 2010). In that study, it was
found that genes encoding molecular chaperones and cochap-
erones were activated rapidly in response to PDTC (within
1-4 h) and the corresponding transcripts were made soon
after stimulation by PDTC. Here, we opted to carry out gene
profiling to gain insight into the nature of the genes that
were modulated transiently and rapidly (up to 8 h) in re-
sponse to PDTC versus IL-6, because many of these genes
probably will encode transcription factors and coregulators,
secreted proteins, enzymes, and other proteins involved in
the early regulation of cellular homeostasis. We report that
PDTC time-dependently induced significant and qualita-
tive changes in gene expression that were remarkably
different to the effect of IL-6 in HepG2 cells. PDTC was
found to inhibit the IL-6-dependent increase in mamma-
lian target of rapamycin complex 1 (mTORC1) activity by
preventing the reduction in the expression of DDIT4, a
negative regulator of the mTOR. The negative regulation
of mTORC1 involves the binding of DDIT4 to the regula-
tory molecule 14-3-3 and the subsequent release of the
tumor suppressor tuberous sclerosis complex (TSC) 2,
which is then free to form a complex with TSC1 and atten-
uate mTORC1 activity (DeYoung et al., 2008). mTORC1
plays a key role in the overall protein biosynthetic capacity
(Foster and Fingar, 2010), and genes encoding ribosomal
proteins and translation factors are often coregulated to ef-
ficiently adjust the global rates of protein synthesis of the cell
(Mayer and Grummt, 2006; Jastrzebski et al., 2007). Here,
additional experiments showed significant differences in the
pattern of expression of ribosomal protein genes and global
translational activity in response to treatment with PDTC
versus IL-6.

Materials and Methods

Cell Lines. Human HepG2 and PANC-1 cells were purchased
from the American Type Culture Collection (Manassas, VA). HepG2
cells were maintained in minimal essential medium (Invitrogen,
Carlsbad, CA) supplemented with 4 mM L-glutamine, 1 mM sodium
pyruvate, 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA), and 1% penicillin-streptomycin, while PANC-1 cells
were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 4.5 g - 171 glucose, 4 mM L-glutamine, 1 mM sodium
pyruvate, 1.5 g -1 ! sodium bicarbonate, penicillin-streptomycin, and
10% fetal bovine serum. All cell lines were cultured at 37°C under
humidified 5% CO, in air, and the medium was replenished every 3
days. Cells were subcultured as they reached confluence.

Microarray Experiment. Serum-starved HepG2 cells were left
alone or incubated with either 50 uM PDTC (Sigma-Aldrich, St.
Louis, MO) or 20 ng/ml recombinant human IL-6 (R&D Systems,
Minneapolis, MN) for 1, 2, 4, and 8 h. Total cellular RNA was
extracted using an RNeasy plus mini kit (QIAGEN, Valencia, CA), and its
quality was assessed using an Agilent BioAnalyzer (Agilent Technologies,
Santa Clara, CA). Microarray analysis was performed using a human
Ref-8 v2 Expression Bead Chip containing 22,000 clones (Illumina, San
Diego, CA). In brief, a 0.5-ug aliquot of total RNA from each sample was
labeled using the Illumina TotalPrep RNA Amplification kit from Ambion
(Austin, TX). After a 16-h hybridization of biotin-labeled cRNA to the bead
chip, the arrays were washed, blocked, and then hybridized. Biotinylated
cRNA was detected with streptavidin-Cy3 and quantitated using Illumi-
na’s Bead Station 500GX Genetic Analysis Systems scanner. Image pro-
cessing and data extraction were performed using Bead Studio v15 (Illu-
mina), and the final results were analyzed using DIANE 6.0, a
spreadsheet-based microarray analysis program, which can be found on-
line at http://www.grc.nia.nih.gov/branches/rrb/dna/diane_software.pdf.

Expression Data Analysis. Z-score transformation was used to
normalize the raw microarray signal fluorescent values as described
previously (Cheadle et al., 2003). To calculate gene expression
changes after cell treatment with PDTC or IL-6 and identify signif-
icant gene profile changes between experimental groups, Z scores
were converted to Z ratios, which represent fold-like changes for each
gene and the false discovery rate. Parameterized significant analysis
was completed according to the “significance analysis of microarray”
protocol (Tusher et al., 2001) with analysis of variance filtering (p =
0.05). Statistical analysis was based on an increase or decrease of
individual genes with Z ratio =1.5, P value =0.05, and false discov-
ery rate =0.30. All microarray data have been deposited in the
National Center for Biotechnology Information Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/) with the accession num-
ber GSE14632. Principal components analysis was performed to
identify changing patterns within groups. Hierarchical clustering
and k-mean clustering methods were used to find out correlations
and distinguish patterns among various treatment groups. Ingenu-
ity pathways analysis was used to identify biological networks with
the greatest number of differentially expressed genes. For each net-
work or pathway, probability scores were calculated using the right-
tailed Fisher’s exact test.

Reverse Transcription and Real-Time PCR Analysis. Total
RNA from cultured cells was isolated using the RNeasy Mini Kit
(QIAGEN), and first-strand cDNA was synthesized using the Om-
niscript Reverse Transcript kit (QIAGEN). Real-time PCRs were
carried out with the TagMan Gene Expression Assay system method
on an ABI Prism 7300 sequence detection system (Applied Biosys-
tems, Foster City, CA). Primer pairs used for the reactions were from
Applied Biosystems (DDIT4, ID Hs00430304_g1; glyceraldehyde-3-
phosphate dehydrogenase, ID Hs99999905_m1). Relative quantita-
tion of gene expression was performed using the threshold cycle. The
mRNA levels were compared with standard curves (generated using
serial RNA dilutions), and differences in mRNA expression were
calculated by the 2742CT method after normalization to glyceralde-
hyde-3-phosphate dehydrogenase mRNA. Each analyzed sample was
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performed in three biological replicates, and at least three reactions
were used. Fidelity of the PCR was determined by melting temper-
ature analysis.

Western Blotting. Unless otherwise indicated, cells were lysed in
radioimmunoprecipitation assay buffer supplemented with phospha-
tase and protease inhibitor cocktails (Song et al., 2010). Insoluble
material was removed by centrifugation (10,000g, 20 min at 4°C),
and protein concentration in the clarified lysates was determined
using the bicinchoninic acid assay (Thermo Fisher Scientific). Pro-
teins were separated by SDS-polyacrylamide gel electrophoresis un-
der reducing conditions and transferred onto polyvinylidene difluo-
ride membranes using iBlot (Invitrogen). After a blocking step,
membranes were probed with specific primary antibodies followed by
incubation with horseradish peroxidase-conjugated secondary anti-
body. Visualization of immunoreactive bands was performed by en-
hanced chemiluminescence and quantified by volume densitometry
using ImagedJ software (National Institutes of Health, Bethesda,
MD) and normalization to B-tubulin or heat shock protein 90« as
loading control. The primary antibodies were directed against
DDIT4 (rabbit; Proteintech Group, Chicago, IL), STAT3 (rabbit;
Santa Cruz Biotechnology Inc., Santa Cruz, CA), heat shock protein
90a (mouse; BD Biosciences, San Jose, CA); phospho-4EBP1 (Thr37/
Thr46), phospho-S6K1 (Thr389), phosphoSTATS (Tyr705), phospho-
Akt (Ser473), phosphoAkt (Thr308), phosphoTSC2 (Thr1462),
phosphoGSK3 (Ser9), S6K1, Akt, and B-tubulin (1:1000; rabbit; Cell
Signaling Technology, Danvers, MA).

Small Interfering RNA Knockdown Experiments. The small
interfering RNA (siRNA) duplex used in this study was targeted
against DDIT4 mRNA (Ambion/Applied Biosystems). The sequence
of the DDIT4 siRNA duplex was as follows: (sense) 5'-ACGCAUGAAU-
GUAAGAGUALt-3', (antisense) 5'-UACUCUUACAUUCAUGCGUct-3'.
The negative control siRNA was the “AllStars Neg. control siRNA”
(QIAGEN) that has no known target gene. HepG2 cells (2-3 X 10°
cells/ml) in antibiotics-free minimal essential medium were sub-
jected to reverse transfection using Lipofectamine RNAiMAX re-
agent (Invitrogen) and 20 to 40 nM siRNA duplex per 35-mm plate
according to the supplier’s instructions. Specific target gene si-
lencing was confirmed by real-time PCR and immunoblotting 2
days after reverse transfection.

Global *%S-Labeled Protein Translation Assay. Serum-
starved HepG2 cells (seeded on 35-mm plates) were treated with
PDTC or IL-6 as indicated. After a series of washes in phosphate-
buffered saline, cells were incubated with Met/Cys-free medium for
30 min at 387°C followed by the addition of 100 pnCi 3°S Protein
labeling mix (NEG-072; PerkinElmer Life and Analytical Sciences,
Waltham, MA) and further incubation for 15 min. Cells were lysed in
radioimmunoprecipitation assay buffer, and equal amounts of pro-
teins were loaded on SDS-polyacrylamide gels, transferred to a poly-
vinylidene difluoride membrane, and visualized with a Phosphor-
Imager (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK).
The membrane was then reprobed for B-actin by Western blotting.

Statistical Analysis. Results are expressed as mean *= S.D.
Statistical analysis was performed using unpaired Student’s ¢ test or
one-way analysis of variance followed by Fisher’s least significant
difference post hoc test as appropriate. A value of P = 0.05 was
considered statistically significant. All calculations were carried out
using Kaleidagraph v.4.01 (Synergy Software, Reading, PA).

Results

Genomewide Comparison of Expression Profiles be-
tween HepG2 Cells Treated with PDTC and IL-6. Oli-
gonucleotide DNA microarray analysis was performed to
identify changes in gene expression after treatment of HepG2
cells with either PDTC or IL-6. Principal component analysis
and hierarchical clustering algorithm demonstrated that the
global expression patterns of PDTC-treated groups were dis-
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tinctly different from those of IL-6-treated groups over time
(Supplemental Fig. 1, A and B). Of the 22,000 genes and
expressed sequence tags that are represented on the chip, a
total of 1043, 1159, 1417, and 1601 genes were differentially
expressed after PDTC addition for 1, 2, 4, and 8 h, respec-
tively, compared with the control group (P = 0.05). Under
these experimental conditions, IL-6 treatment led to 533,
1234, 1048, and 1116 regulated genes after 1, 2, 4, and 8 h,
respectively, of which 123, 244, 275, and 329 genes, respec-
tively, were shared with PDTC. A heat map representing an
abridged list of “shared” genes showed an opposite direction
of change for a number of these genes when IL-6 and PDTC
treatment groups were compared (Supplemental Fig. 1C).
These include RPLPI (ribosomal protein, large, P1), IER3
(radiation-inducible immediate-early gene IEX-1), and
JUND (jun D) (Supplemental Table 1). On the other hand,
several genes showed a similar direction of change after cell
treatment with PDTC and IL-6 (Supplemental Table 2).

Analysis of Gene Sets in HepG2 Cells Treated with
PDTC and IL-6. Supervised analyses, such as parameter-
ized analysis of gene set enrichment (Kim and Volsky, 2005),
provide insight into regulated signaling pathways or biolog-
ical processes as well as a list of differentially expressed
genes. From the collection of more than 182 gene sets we
identified sets of genes that were altered by PDTC and IL-6
over time (P = 0.05; Table 1). There were 104 and 102 gene
sets whose expression was altered after 8-h treatment with
PDTC and IL-6, respectively, of which 36 gene sets were
shared (Table 2; Supplemental Table 3). It is noteworthy that
scatter plot analysis of the cumulative Z scores of these
shared gene sets showed a reverse relationship between
PDTC and IL-6 (Supplemental Fig. 1D; R? = 0.6835), with
nine of the 36 enriched gene sets that were directly associ-
ated with metabolic pathways, eight with inflammation and
cytokine signaling, five with mitochondrial function, and
three with cancer biology. This analysis was repeated for the
1-, 2-, and 4-h time points, of which 4, 21, and 38 sets of genes
were shared, respectively (Supplemental Table 4). The tem-
poral expression of gene sets that were the most differen-
tially regulated by PDTC or IL-6 is also depicted (Supple-
mental Fig. 2A). Therefore, the effects on PDTC on gene
expression patterns in HepG2 cells sharply differed from that
observed with IL-6.

To focus on conditions under which the actions of PDTC
toward IL-6 signaling could be best explored, we selected the
mTOR complex, a key regulator in the control of protein
synthesis, mitochondrial function, and inflammation-medi-
ated tumor development (Lee et al., 2007; Ramanathan and
Schreiber, 2009; Foster and Fingar, 2010). The choice of
mTOR was borne out by the fact that expression of more than

TABLE 1
Number of gene sets affected by PDTC and IL-6 in HepG2 cells
All gene sets were significant at P < 0.05.

PDTC IL-6
Time

Total Up (%) Down (%) Total Up (%) Down (%)
h
1 61 21(34.4) 40 (65.6) 57 46 (80.7) 11 (19.3)
2 66 30 (45.5) 36 (54.5) 103 69 (67.0) 34 (33.0)
4 95 44 (46.3) 51(53.7) 104 69 (66.3) 35(33.7)
8 104 54 (51.9) 50 (48.1) 102 73 (71.6) 29 (28.4)
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TABLE 2

List of shared gene sets after 8-h treatment with PDTC and IL-6 in HepG2 cells
Size indicates the number of genes in each gene set. A brief description of each gene set is summarized in Supplemental Table 3. All gene sets were significant at P < 0.05.

PDTC IL-6
Size Name
Z Score Rank Z Score Rank

95 Breast_cancer_estrogen_signaling 6.09 1 —2.67 96
105 LEU_UP 4.65 2 2.78 37
138 GPCRs_class_A_rhodopsin-like 3.28 9 -3.70 99
28 nktPathway 2.67 11 —2.59 93
28 inflamPathway 2.67 12 —-1.97 89
15 stemPathway 2.59 13 -1.89 87
17 th1th2Pathway 2.47 14 -2.33 91
21 cytokinePathway 1.98 16 —2.64 95
131 Cell_surface_receptor_linked_signal_transduction 1.90 18 -3.00 98
23 GPCRs_class_B_secretin-like 1.25 31 —1.44 85
10 il5Pathway 1.00 35 -1.22 84
8 asbcellPathway 0.95 36 -0.77 75
15 talllPathway 0.88 37 -0.89 78
4 slrp2Pathway 0.65 49 -1.05 79
6 neurotransmittersPathway 0.61 51 -1.75 86
3 aifPathway —-1.55 59 1.83 65
6 CR_transport —1.58 60 1.31 71
15 MAPO00510_N_glycans_biosynthesis -1.61 61 3.37 23
7 KET -1.75 62 1.57 68
22 MAPO00500_starch_and_sucrose_metabolism —-2.10 66 2.93 35
15 TCA -2.11 67 2.05 60
20 MAP00650_butanoate_metabolism —2.47 72 3.93 13
37 CR_REPAIR —2.47 73 2.75 38
18 MAP00020_citrate_cycle_TCA_cycle -2.79 80 3.15 28
3 torPathway —2.99 83 1.22 72
49 mRNA_splicing —3.08 84 4.12 10
28 Krebs-TCA_cycle —3.22 88 2.63 42
19 Glycogen —3.38 90 3.09 30
42 mRNA_processing —3.48 92 3.09 31
7 MAPO00720_reductive_carboxylate_cycle (CO, fixation) —4.04 96 3.25 25
21 MAPO00120_bile_acid_biosynthesis —4.05 97 3.55 17
10 MAPO00100_sterol_biosynthesis —4.11 98 3.16 27
19 MAP00640_propanoate_metabolism —4.50 100 4.27 8
24 MAP00280_valine_leucine_and_isoleucine degradation -5.61 102 7.44 4
393 Human_mitoDB_6_2002 —6.56 103 3.07 32
404 Mitochondr —7.46 104 3.53 20

50 ribosomal protein genes was sharply reduced with IL-6
but up-regulated with PDTC after a 2-h treatment (Table 3;
Supplemental Table 5). Moreover, the mTOR-associated GO
term “translation” (GO:0006412) was one of the most affected
biological processes that were reciprocally affected by PDTC
and IL-6 (Supplemental Fig. 2B). Among the changed genes,
there was a significant 17-fold increase in DDIT4 mRNA

TABLE 3
Partial list of ribosomal protein genes whose expression is reciprocally
regulated by a 2-h treatment with PDTC and IL-6 in HepG2 cells

All genes were significant at P < 0.05 when compared to untreated controls. A
complete list of ribosomal protein genes can be found in Supplemental Table 5.

Accession Symbol Gene Name pprCz 162

NM_001003.2 RPLP1 Ribosomal protein, 9.232 —5.024
large, P1
NM_003973.2 RPL14 Ribosomal protein 4.409 —4.296
NM_000978.2 RPL23 Ril{;ols‘t)mal protein 2.684 —9.910
NM_000988.2 RPL27 RilI)Jo2530mal protein 1.204 —7.297
NM_001020.4 RPSI16 Ril%(?gomal protein 3.328 —7.474
NM_001005.3 RPS3 Riks>ols60mal protein 2.5643 —7.059
NM_001031.4 RPS28 Rilcsx?somal protein 2.435 —6.941
NM_001030009.1 RPSI5A Rikz%iomal protein 1.216 —8.458
a

expression at 1 h after PDTC treatment, whereas IL-6 elic-
ited a ~11-fold reduction compared with untreated cells
(Fig. 1A). DDIT4 encodes a protein transcript (DDIT4, also
known as REDD1 and Rtp801) that has been identified as a
negative regulator of mTOR complex 1 (Foster and Fingar,
2010). Our microarray analysis demonstrated a time-depen-
dent return of DDIT4 expression to almost basal levels 4 to 8 h
after the initial stimulation with either PDTC or IL-6 (Fig. 1A).

A number of significantly changed genes and one not signif-
icantly changed (HSF1) were selected for quantitative real-time
PCR validation of the microarray data. Positive validation was
obtained for DDIT4 (Fig. 1B) and BAG3, HSPA1A, DEDD2, and
MCL1 (data not shown). Compared with vehicle-treated con-
trols, there was a 4.8- = 1.6-fold increase in DDIT4 mRNA
levels with PDTC for 1 h, but a 2.9- = 0.3-fold reduction in
IL-6-treated HepG2 cells (P < 0.001; Fig. 1B). The role of tran-
scription in the observed up-regulation of DDIT4 expression by
PDTC was investigated by preincubating HepG2 cells with
actinomycin D. Inhibition of transcription resulted in a near
total suppression in both the constitutive and inducible expres-
sion of DDIT4 mRNA (Fig. 1B).

PDTC Blocks IL-6 Suppression of DDIT4 and Associ-
ated Up-Regulation of mTOR Complex 1. Western blot
analysis indicated an increase in DDIT4 expression by PDTC
within 2 h and peaked at 3 to 4 h (Fig. 1C) before returning
to basal levels by 6 h (data not shown). The low abundance of
DDIT4 protein in vehicle-treated cells made it difficult to



Divergent Regulation of mTOR Complex 1 by PDTC and IL-6

909

A C PDTC
2 ® PDTC EDIC _HL.6 allG Fig. 1. Effects of PDTC and IL-6 on the
+ 15F o IL-6 time(h) 0 12341234123 4 regulation of DDIT4 mRNA and protein.
g 2 S_I ——— e —-——— ‘—DDIT4 A, temporal expression of the DDIT'4 gene
& 10F in HepG2 cells treated with PDTC (@) or
§ sf 75— | e L ——|—pY-STAT3 IL-6 (O). Data were obtained from the
@ microarray analysis. B, serum-starved
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2 of 12 DDIT4 — pY-STAT3 —— uwM) or IL-6 (20 ng/ml) for 0.5 and 1 h.
Total RNA was extracted and then ana-
-5, 2 4 6 8 10 " 1 lyzed by real-time PCR. Data are pre-
Incubation Time (h) = 08 sented as fold increase relative to the
2 06 @ PDTC untreated group. Bars represent the av-
e @ IL-6 erage = S.D. of two independent experi-
B = 04 O PDTCHL-6 ments, each performed in triplicate
7 Tk B vehicle & 0.2 dishes. ##, P < 0.01; s, P < 0.001 versus
S 6F O Act. D - untreated controls. C, cells were serum-
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:‘:' SE 1 2 3 4 2 3 4 PDTC, 1111‘-61, or a combination for ldto 4 h(i
= : ¢ Top, cell lysates were prepared, an
i 4F Throe () Dhumiei(h) Western blot analysis was performed us-
2 3t ing primary antibodies raised against
e D . . . DDIT4 and total and tyrosine phosphor-
S Hmey 2 bLen £ 6 ylated STAT3 (pY-STAT3). STAT3 was
3 1k —-DDIT4 included as a loading control. Data are
= il —pY-ST AT3 representative of at least three indepen-
—— (h;) COEL = 20 1 = = 75— dent experiments. Bottom, graphical rep-
L6 0 T 051 0 - 051 E—Hsp90m resentation of DDIT4 and pY-STAT3
blots is shown. D, serum-starved HepG2
= 15 cells were incubated with vehicle, PDTC
g 1L for 3 h, or IL-6 for 1 to 6 h. Top, represen-
9% T I tative immunoblots of DDIT4, pY-STATS,
;E S 05F ’/.' and that of the loading control, Hsp90a«,
E = ol W are shown. Bottom, graphical representa-
[" 1' 2' 3' ; ; 6' : tion of DDIT4 is shown.
Time (h)
PDTC
ascertain whether DDIT4 stability can be altered by IL-6. PDTC _ IL-6 _ +IL-6
However, the use of long-exposure films enabled the detec- time (") 0123412341234
tion of DDIT4 in control cells, whose level was rapidly re- ‘ = = - G ‘ p-S6K1 (T389)
duced by a 1-h trgatment with IL.-6 before slo.wl}.r rgturmng to ‘ P — ‘ - p4EBPI (T37/T46)
control levels (Fig. 1D). PDTC is a potent inhibitor of IL-6
signaling cascade whose inactivation is associated with a loss | TR | — p-Akt (T308)
in STATS target gene expression (Xie et al., 2009). Here, it is
apparent that changes in gene expression in response to | ——— "'-"‘i —P-Akt (5473)
PDTC were at the very least STAT3-independent, because no | _______ 7 N | _ Akt
tyrosine phosphorylation of STAT3 was detectable up to 4 h 50-
(Fig. 1C, top, lanes 2-5). Treatment of HepG2 cells with IL-6 50 —| m—— e ———— | —pGSK3B(S9)
under serum-free conditions elicited significant tyrosine 200_| L afNesspsenng |_st CAETIET)
phosphorylation of STAT3 compared with the vehicle-treated : -

group (Fig. 1C, top, lanes 6-9 versus lane 1). Although IL-6
responsiveness vis-a-vis STAT3 phosphorylation was not af-
fected by PDTC at the 1-h time point, longer treatment with
PDTC clearly blocked the IL-6-induced phospho-STATS3 lev-
els at 2 to 4 h (Fig. 1C, top, lanes 10-13). Under these
conditions, the ability of PDTC to stimulate DDIT4 protein
expression was unchanged by the presence of IL-6 (Fig. 1C,
top, lanes 10-13).

To measure the effect of PDTC and IL-6 on mTORC1
function, we monitored the phosphorylation of the transla-
tion regulatory protein 4E-BP1 and the 70-kDa isoform of
S6K1, which are frequently used as surrogate markers of
mTOR kinase activity (Wullschleger et al., 2006). Here,
PDTC induced rapid Thr389 phosphorylation of S6K1 by 1 h,
but continued treatment for 2 to 4 h led to S6K1 dephosphor-
ylation (Fig. 2, pS6K1). In contrast, phosphorylation of 4E-
BP1 at Thr37/46 was low and remained attenuated through-

75 - ‘ - - = - <l —STAT3
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Fig. 2. PDTC blocked IL-6-induced increase in mTORC1 function. Se-
rum-starved HepG2 cells were treated either with PDTC, IL-6, or a
combination for the indicated periods of time. Cell lysates were prepared
and Western blot analysis was performed, looking at the phosphorylation
of mTORC1 downstream targets, S6K1 (Thr389) and 4EBP1 (Thr37/46),
as well as that of Akt (Thr308 and Ser473) and its direct targets, GSK3p3
(Ser9) and TSC2 (Thr1462). STAT3 was included as a loading control.
Similar results were obtained in two other separate experiments.

out PDTC treatment up to 4 h (Fig. 2, p4E-BP1). When cells
were treated with IL-6, maximal phosphorylation of S6K1
and 4E-BP1 was achieved by 1 h and then slowly declined
thereafter. Although IL-6-mediated phosphorylation of S6K1
was not affected by the coincubation with PDTC at the 1-h
time point, longer treatment with PDTC elicited only modest
decline in IL-6 responsiveness at 2 to 4 h (Fig. 2, pS6K1,
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lanes 10-13). In contrast, the presence of PDTC resulted in
marked reduction in IL-6-inducible 4E-BP1 phosphorylation
at the 2- to 4-h time points, but not at the 1-h time point (Fig.
2, p4E-BP1, lanes 10-13). Taken together, these results in-
dicate that a latency period of 1 h is required before the onset
of inhibition of IL-6-dependent mTORC1 signaling by PDTC.

Selective activation of the phosphatidylinositol 3-kinase/
Akt pathway has been found to be key to early mTORC1
activation and downstream regulation of protein synthesis
(Foster and Fingar, 2010). Akt activity was assessed by mea-
suring Akt phosphorylation levels on Thr308 and Ser473 and
phosphorylation of direct downstream targets, such as
GSK3p on Ser9 and TSC2 on Thr1462. Treatment of HepG2
cells with IL-6 did not affect Akt activity; however, exposure
to PDTC alone or combined with IL-6 resulted in rapid and
sustained phosphorylation of Akt and its downstream targets
up to 4 h (Fig. 2). Thus, early activation of mTORC1 signaling
by PDTC and IL-6 (1-h time point) is likely to occur through
distinct mechanisms.

Then, we analyzed whether the cellular response to PDTC,
IL-6, and a combination could be confirmed in the human
pancreatic carcinoma cell line PANC-1. The reciprocal regu-
lation of DDIT4 protein levels by PDTC versus IL-6 and the
ability of PDTC to suppress IL-6-mediated phosphorylation
of STAT3 were similar in both cancer cell types, including the
latency period of 1 h before the onset of PDTC inhibition
(Supplemental Fig. 3A). Moreover, treatment of PANC-1
cells with PDTC was associated with early activation with
the Akt/mTORC1 pathway up to 2 h, followed by a marked
reduction in the phosphorylation of Akt and mTORC1 down-
stream targets, S6K1 and 4E-BP1, by 4 h (Supplemental Fig.
3B). As anticipated, this phosphorylation kinetics was in the
opposite direction compared with the expression of the
mTORC1-negative regulator DDIT4 (Supplemental Fig. 3A,
top). Exposure of PANC-1 cells to IL-6 resulted in very weak
activation of the Akt/mTORC1 pathway. Altogether, these
results indicated that PDTC could be an effective mTORC1
repressor by up-regulating DDIT4 in two types of cancer cell
lines.

To assess the role of DDIT4 in the down-modulation of
mTORC1 by PDTC at the 2- to 4-h time points, HepG2 cells
were incubated with the DDIT4 siRNA and nonsilencing
siRNA control for 48 h. Compared with the nonsilencing
control group, DDIT4 knockdown blocked the inducible ex-
pression of DDIT4 protein by 50% in response to a 2-h treat-
ment with PDTC (Fig. 3, top). The levels of B-tubulin (Fig. 3)
and STAT3 and Hsp90«a (data not shown) were unaffected,
indicating a low probability of nonspecific silencing effects.
Down-regulation of DDIT4 resulted in the protection against
PDTC-mediated decrease in Thr389 phosphorylation of S6K1
while having little or no effect on 4E-BP1 phosphorylation
(Fig. 3, top, lanes 3 versus 7). In contrast, the ability of IL-6
to promote S6K1 and 4E-BP1 phosphorylation was unaf-
fected by DDIT4 down-regulation (Fig. 3, top, lanes 2 versus
6). As indicated earlier, treatment with PDTC dramatically
attenuated IL-6-induced STAT3 activation and associated
mTOR downstream signaling. Here, in cells transfected with
the DDIT4 siRNA, PDTC continued to exert its suppressive
effects on IL-6-mediated phosphorylation of 4E-BP1 (Fig. 3,
top, lanes 4 versus 8).

In light of our observation that mMTORC1 activity is recip-
rocally regulated by PDTC and IL-6, we asked whether the
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Fig. 3. Effect of DDIT4 down-regulation on mTORC1 function. HepG2
cells were transfected with the negative control siRNA (filled bars) or
DDIT4 siRNA (hatched bars) for 48 h. Cells were serum-starved and then
treated with PDTC, IL-6, or a combination for 2 h. Top, lysates were
immunoblotted with the indicated primary antibodies using B-tubulin as
a loading control. Bottom, quantitative analysis of the immunoblots is
shown and normalized to the PDTC signal (DDIT4) or vehicle-treated
group (pS6K1 and p4E-BP1) from cells transfected with the nonsilencing
siRNA. Similar results were obtained in a second independent experi-
ment. The migration of molecular mass markers (values in kDa) is shown
on the left of the immunoblots.

expression of DDIT4 was necessary for control of the global
protein translation machinery. As shown in Fig. 4A, there
was clear increase in the levels of 3°S-labeled proteins in
HepG2 cells in response to a 2-h treatment with PDTC, even
in the presence of the mTORC1 inhibitor rapamycin (Fig. 4A,
denoted by*). Down-regulation of DDIT4 with siRNA had no
effect on the basal and PDTC-induced increase in protein
synthesis. Under these conditions, rapamycin completely in-
hibited insulin- and IL-6-mediated S6K1 phosphorylation at
Thr389 (Fig. 4B). It is noteworthy that IL-6 sharply reduced
global protein translation in both control and DDIT4 siRNA-
treated cells, consistent with lower ribosome biogenesis and
function (see results above).

Discussion

In the present study, we explored and compared the effects
of PDTC with that of the proinflammatory cytokine IL-6 on
global gene expression profiling and the overall protein bio-
synthetic capacity in cultured hepatoma cells. To better un-
derstand the actions of PDTC in IL-6 signaling, the combi-
nation of IL-6 and PDTC was tested vis-a-vis the regulation
of DDIT4 expression and its impact on mTORC1 signaling.
The novel findings of this study were: 1) treatment with IL-6
versus PDTC time-dependently induced substantial changes
in gene expression patterns in HepG2 cells compared with
the untreated control groups; 2) the changes in gene set
enrichment were either stimulus-specific or shared by IL-6
and PDTC, with ribosomal protein genes and DDIT4 predom-
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Fig. 4. Effects of PDTC and IL-6 on global protein translation. A, trans-
fection with the negative control siRNA or DDIT4 siRNA was performed
for 48 h in HepG2 cells, after which cells were serum-starved and then
incubated with vehicle, rapamycin (20 nM), PDTC, PDTC + rapamyecin,
or IL-6 for 2 h. After washing, cells were incubated in Met/Cys-free
medium for 30 min followed by [**S]Met/Cys labeling for 15 min. Cell
lysates were resolved by SDS-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membrane, and autoradiogra-
phy was performed. The membrane was probed with anti-B-actin anti-
body to confirm equal protein load in each lane. This experiment was
repeated twice with comparable results. *, denotes increased translation
in response to PDTC. B, serum-starved HepG2 cells were incubated in the
absence (—) or presence (+) of rapamycin (20 nM) for 1 h followed by the
addition of IL-6 or insulin (100 nM) for 30 min. Cell lysates were immu-
noblotted with antibodies against phosphorylated (Thr389) and total
S6K1. Rel. Units, the ratios of phospho/total S6K1 are shown relative to
vehicle-treated controls. Similar results were obtained in a second inde-
pendent experiment.

inantly up-regulated with PDTC but down-regulated with
IL-6; 3) silencing of DDIT4 slowed the adverse effects of
PDTC on IL-6-dependent mTORC1 activation; and 4) the
overall protein biosynthetic capacity of HepG2 cells was se-
verely blunted by IL-6, but increased in a rapamycin-inde-
pendent pathway by PDTC.

A variety of cytoprotective pathways were activated in re-
sponse to PDTC, promoting changes in gene expression that
facilitate cell survival and recovery from stress. For example,
PDTC activates the transcription factor HSF1 (Song et al.,
2010), which mediates the heat shock response, a process that
controls the expression of a conserved set of inducible heat
shock proteins, their Dnad cohorts, and a variety of cochaper-
ones. From our microarray data, we identified a large variety of
heat shock proteins that were induced by PDTC but not IL-6. A
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large fraction of genes involved in amino acid metabolism, mi-
tochondrial function, and mRNA processing showed decreased
expression with PDTC, whereas the opposite effect was ob-
served with IL-6. In specifically looking for growth arrest and
cell cycle-related gene products, it was found that PDTC in-
duces a rapid but transient increase in the levels of the
mTORC1-negative regulator, DDIT4, in HepG2 cells. In con-
trast, IL-6 treatment sharply decreased DDIT4 expression. In
addition to HepG2 cells, PDTC elicited a rapid increase in
DDIT4 expression in different types of human cancer cells,
including PANC-1 (Supplemental Fig. 3A) and A7 melanoma
cells, and in freshly isolated human peripheral blood mononu-
clear cells (S. Song and M. Bernier, unpublished work).

Initially described as a hypoxia-inducible gene through the
activation of the transcription factor hypoxia-inducible factor
la (Shoshani et al., 2002), DDIT4 has since been reported to
be a cell stress response gene and the transcriptional target
of several transacting factors (Lin et al., 2005). Here, we
found that the DDIT4 mRNA levels changed in opposite
directions during a 1-h treatment with PDTC and IL-6 in
HepG2 cells, consistent with the involvement of immediate-
early genes in the regulation of DDIT4 expression. In HL-60
cells, administration of PDTC resulted in the up-regulation
of the zinc finger transcription factor early growth response
protein-1 (Della Ragione et al., 2002). Although hypoxia-
inducible factor la and early growth response protein-1
mRNA levels were markedly up-regulated by PDTC in
HepG2 cells, these transcription factors did not participate in
the induction of DDIT4 during PDTC treatment (S. Song and
M. Bernier, unpublished data). Therefore, the identification
of the immediate-early genes encoding transcription factors
that regulate DDIT4 expression in response to PDTC and
IL-6 will require additional studies, which are beyond the
scope of this article.

In addition to transcriptional regulation, DDIT4 is subject
to post-transcriptional and translational control. The rate of
DDIT4 translation is tightly regulated, and DDIT4 mRNA,
like the protein, has been shown to have a very short half-life.
DDIT4 mRNA translation is inhibited by microRNA binding
at the 3’ untranslated region, and ectopic expression of these
microRNAs correlates with tumorigenesis through down-
modulation of DDIT4 mRNA levels (Pineau et al., 2010;
Hwang-Verslues et al., 2011). There is a large body of work
detailing one of the mechanisms by which the IL-6/STAT3
pathway promotes tumor cell survival, which includes dereg-
ulated expression of microRNAs (Meng et al., 2007). Work is
underway to assess the temporal expression profiles of mi-
croRNA during PDTC and IL-6 challenge in HepG2 cells and
their impact on DDIT4 mRNA regulation.

Akt-mediated TSC2 phosphorylation on Thr1462 is known to
relieve the inhibitory effects of the TSC1/TSC2 complex on
mTORC1 (Foster and Fingar, 2010). This Akt-dependent phos-
phorylation of TSC2 could explain the early activation of
mTORC1 by PDTC (1-h time point). However, through in-
creased DDIT4 protein translation (2- and 4-h time points),
PDTC might then exert a negative feedback mechanism caused
by reactivation of the inhibitory tonic activity of TSC2. Because
IL-6 activates mTORC1 signaling independently of Akt, multi-
site phosphorylation of TSC2 by other signaling modules, such
as the Ras/extracellular signal-regulated kinase module (Ma et
al., 2005), might provide a mechanism that leads to mTORC1
activation by this cytokine.
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PDTC has been shown to increase protein S-glutathiony-
lation in HepG2 cells, reaching a maximum by 2 h (Wang et
al., 2009). Coincidentally, a 2-h exposure with PDTC is re-
quired for the marked reduction in IL-6-mediated phosphor-
ylation of STAT3 and activation of mMTORC1. Another study
has demonstrated that the ability of PDTC to promote S-
glutathionylation of STAT3 renders it a poor substrate for
the IL-6 receptor/Janus tyrosine kinase complex (Xie et al.,
2009). Therefore, the temporal effects of PDTC on both the
DDIT4 expression and cellular redox may ultimately contrib-
ute to the refractoriness in IL-6 signaling.

Dysregulation in DDIT4 levels has been recently linked to
several human diseases, such as liver cancer (Pineau et al.,
2010), and marked increase in tumorigenicity was observed in
vivo in DDIT4 knockout mice (Horak et al., 2010). Induction of
DDIT4 suppresses mTOR activity and its associated trophic
effect on protein synthesis in HeLa cells exposed to oxidative
and endoplasmic reticulum stress (Jin et al., 2009). The connec-
tion between DDIT4 and the TSC1/TSC2-mTORC1 pathway is
supported by the observation that cellular stressors have been
shown to block the translational machinery through DDIT4-
mediated suppression of mTORC1 activity (Corradetti et al.,
2005; Sofer et al., 2005). However, we observed a striking in-
crease in global protein translation in PDTC-treated cells but
suppression with IL-6. In the latter case, defect in ribosome
biogenesis in IL-6-treated cells (see above) certainly contributes
to lower cellular biosynthetic capacity despite mTORC1 activa-
tion. Furthermore, mMTORC1/cap-dependent translation initia-
tion would have only a minimal role in the contribution of
PDTC to the rapamycin-resistant translational control of pro-
tein synthesis.

It has been found that mTORC2 associates with ribosomal
proteins to regulate mRNA translation (Dormond et al.,
2008; Kuehn et al., 2011). In addition to mTORC1-mediated
cap-dependent translation, translation initiation can occur in
the middle of an mRNA via a nucleotide sequence known as
internal ribosome entry site (IRES) (reviewed by Komar and
Hatzoglou, 2011). The latter process enables the recruitment
of 40S ribosome in the vicinity of the initiation codon with the
help of IRES transacting factors. It is noteworthy to mention
that IRES-mediated translation has been found to occur for
mRNAs encoding proteins involved in either stress protection
or apoptosis (Komar and Hatzoglou, 2011). Perhaps the
mTORC2/40S ribosome/IRES pathway functions as a rate-
limiting factor for global mRNA translational responses de-
pending on the stimulus and cell type. Nevertheless, the
mechanism by which PDTC promotes global protein transla-
tion has not been investigated further in this study.

Our results suggest that mMTORC2 mediates the transla-
tional activity of PDTC because PDTC strongly increases the
phosphorylation of Akt on Ser473, a recognized effector of
mTORC2 (Sarbassov et al., 2005), whose activity can be
considered to be upstream of mTORC1. TSC2-Thr1462 has
been found to be a direct Akt phosphorylation target site;
however, TSC2 phosphorylation on additional sites may also
contribute to the stimulation of mTORC2 by PDTC. The
activity of mTORC2 responds to PDTC, but how mTORC2 is
regulated is unclear. Sinl (stress-activated protein kinase-
interacting protein 1) and rictor maintain mTORC2 integrity
and mediates mTORC2 function (Foster and Fingar, 2010). It
is possible that PDTC stimulation of mTORC2 might come
from enhanced binding of rictor and Sinl to mTOR. As al-

luded to earlier, PDTC may also modulate mTORC2 signal-
ing and contribute to global protein translation through
phosphorylation and inactivation of TSC2.

Significance and Potential Impact

Elevated circulating levels of IL-6 is one of many factors
involved in the pathophysiology of chronic inflammatory dis-
eases and cancer cachexia. It is noteworthy that PDTC at-
tenuates muscle and adipose tissue loss in a cachetic mouse
model and reduces IL-6 synthesis from inoculated tumor
tissues (Nai et al.,, 2007). From this and several in vivo
studies showing minimal genotoxicity (Chabicovsky et al.,
2010), PDTC qualifies as a valuable drug candidate. How-
ever, there is much to be learned about whether PDTC con-
fers protection against IL-6-mediated reduction in ribosomal
protein biogenesis and subsequent decline in global protein
translation. We propose that the anti-inflammatory action of
PDTC calls for the inhibition of IL-6-induced mTORC1 activ-
ity through a mechanism involving the tumor suppressor
DDIT4.
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