1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Toxicology. Author manuscript; available in PMC 2017 December 19.

-, HHS Public Access
«

Published in final edited form as:
Toxicology. 2014 August 01; 322: 78-88. d0i:10.1016/j.tox.2014.05.007.

Sertraline induces endoplasmic reticulum stress in hepatic cells

Si Chen?, Jiekun Xuan?, Letha Couch?, Advait lyer®P, Yuanfeng Wu?, Quan-Zhen Li¢, and
Lei Guo&”

aDivision of Biochemical Toxicology, National Center for Toxicological Research, U.S. FDA,
Jefferson, AR 72079, USA

bBiological Sciences, University of Maryland, Baltimore, MD 21250, USA

¢Department of Immunology and Internal Medicine, Microarray Core Facility, University of Texas
Southwestern Medical Center, Dallas, TX 75390, USA

Abstract

Sertraline is used for the treatment of depression, and is also used for the treatment of panic,
obsessive-compulsive, and post-traumatic stress disorders. Previously, we have demonstrated that
sertraline caused hepatic cytotoxicity, with mitochondrial dysfunction and apoptosis being
underlying mechanisms. In this study, we used microarray and other biochemical and molecular
analyses to identify endoplasmic reticulum (ER) stress as a novel molecular mechanism. HepG2
cells were exposed to sertraline and subjected to whole genome gene expression microarray
analysis. Pathway analysis revealed that ER stress is among the significantly affected biological
changes. We confirmed the increased expression of ER stress makers by real-time PCR and
Western blots. The expression of typical ER stress markers such as PERK, IREla, and CHOP was
significantly increased. To study better ER stress-mediated drug-induced liver toxicity; we
established /n vitro systems for monitoring ER stress quantitatively and efficiently, using Gaussia
luciferase (Gluc) and secreted alkaline phosphatase (SEAP) as ER stress reporters. These /n vitro
systems were validated using well-known ER stress inducers. In these two reporter assays,
sertraline inhibited the secretion of Gluc and SEAP. Moreover, we demonstrated that sertraline-
induced apoptosis was coupled to ER stress and that the apoptotic effect was attenuated by 4-
phenylbutyrate, a potent ER stress inhibitor. In addition, we showed that the MAP4K4-JNK
signaling pathway contributed to the process of sertraline-induced ER stress. In summary, we
demonstrated that ER stress is a mechanism of sertraline-induced liver toxicity.
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1. Introduction

Sertraline, a selective serotonin reuptake inhibitor (SSRI) class antidepressant, is the most
widely prescribed psychiatric medication in the United States (Kaplan and Zhang, 2012).
Although generally considered safe, acute liver failure has been associated with the use of
sertraline (Carvajal Garcia-Pando et al., 2002; Collados et al., 2010; Fartoux-Heymann et al.,
2001; Galan Navarro, 2001; Hautekeete et al., 1998; Kim et al., 1999; Persky and Reinus,
2003; Tabak et al., 2009; Verrico et al., 2000).

Previously, we reported that sertraline disrupted liver mitochondrial function in rat
hepatocytes (Li et al., 2012) and caused apoptosis in HepG2 cells (Chen et al., 2014b). We
also demonstrated that the MAPK signaling pathway, in particular, the TNF-initiated-
MAP4K4-JNK cascade was activated and involved in sertraline-induced apoptosis (Chen et
al., 2014b).

In this study, using microarray analysis, we identified new molecular mechanisms of
sertraline’s toxicity. HepG2 cells were exposed to sertraline at various concentrations for 6 h
and then subjected to whole genome gene expression microarray analysis. Pathway analysis
revealed that endoplasmic reticulum (ER) stress and the MAPK signaling pathway are
among the significantly affected biological changes.

Endoplasmic reticulum, a membranous organelle, performs numerous functions including
protein folding, trafficking, and post-modulation, and regulation of the intracellular calcium
homeostasis. Disturbances of ER function by stimuli such as altered cellular redox, oxidative
stress, unbalanced calcium homeostasis, and energy deprivation lead to ER stress response
and activate a specific signaling pathway, namely, unfolded protein response (UPR) as
adaptive mechanisms. Excessive and prolonged ER stress causes apoptosis and eventually
necrotic cell death. Three major UPR branches, PERK (PKR-like endoplasmic reticulum
kinase), IREla (inositol-requiring enzyme 1a), and ATF6 (activation of transcription factor
6) have been described to promote cell survival by preventing and/or removing misfolded
proteins. These three UPR transducers are activated by phosphorylating PERK and IREla
or by translocating ATF6 to the Golgi when the ER is stressed. Subsequently, a cascade of
reactions follows, activating numerous ER stress molecules that serve as measurable
mechanism-based ER stress markers. For example, phosphorylation of elF2a. (eukaryotic
initiation factor 2) and activation of CHOP (C/EBP CCAAT/enhancer binding protein
homologous protein) by increasing the translation of ATF4 (activation of transcription factor
4) lead to attenuation of protein synthesis. A transcriptional factor, XBP (X-box binding
protein 1), is activated by IRE1a through splicing of XBP mRNA, resulting in increased
expression of genes involved in restoring protein folding or degrading unfolded proteins
(Dara et al., 2011; Xu et al., 2005).
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Based on the microarray results in this study, further experiments were focused on ER stress
using biochemical and molecular approaches. The commonly studied markers (CHOP, p-
elF2a, p-PERK, ATF-4, and PDI) of ER stress were examined by Western blot, the
expression of ER stress related genes was measured by real-time PCR, and the splicing of
XBP mRNA was determined by PCR amplification. In order to efficiently monitor ER
stress-mediated liver toxicity, we established two /n vitro reporter assays in HepG2 cells.
The establishment and utility of the assays are described and discussed.

2. Materials and methods

2.1. Chemicals and reagents

Sertraline, Williams’ medium E, penicillin, streptomycin, dimethysulfoxide (DMSO),
brefeldin A, and thapsigargin were from Sigma—Aldrich (St. Louis, MO). Fetal bovine
serum (FBS) was obtained from Atlanta Biologicals (Lawrenceville, GA). 4-Phenylbutyrate
(4-PBA) was from BioVision (Milpitas, CA). Blasticidin S HCI and puromycin
dihydrochloride were from Life Technologies (Grand Island, NY). Luciferase cell lysis
buffer was from New England Biolabs (Ipswich, MA).

2.2. Cell culture

HepG2 cells were grown in Williams” medium E as described previously (Chen et al., 2013).
Unless otherwise specified, HepG2 cells were seeded at a concentration of 2-5 x 10°
cells/ml in volumes of 100 pl in the wells of 96-well tissue culture plates, in volumes of 5 ml
in 60 mm tissue culture plates, or in volumes of 10 ml in 100 mm tissue culture plates. Cells
were cultured for approximately 24 h prior to treatment with the indicated concentrations of
sertraline or the vehicle control, DMSO (final concentration 0.1%).

The 293T cell line used for lentivirus packaging was purchased from Biosettia (San Diego,
CA) and maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% FBS in the presence of 1 mM sodium pyruvate and non-essential amino acids.

2.3. Vector construction and stable cell line establishment

The gene expression lentiviral vector pLv-EF1a—MCS-IRES-Puro and the lentiviral labeling
plasmid plv-EFla-Firefly luciferase (Fluc)-IRES-Bsd were purchased from Biosettia (San
Diego, CA). CMV-SEAP plasmid carrying secreted embryonic alkaline phosphatase (SEAP)
(as template to amplify SEAP) was purchased from Addgene (Cambridge, MA) and pSV40-
Gluc plasmid carrying secreted Gaussia luciferase (Gluc) (as template to amplify Gluc) was
purchased from New England Biolabs. The cDNAs of SEAP and Gluc were amplified by
PCR and subcloned into BamHI and Nhel restriction sites of pLv-EF1a-MCS-IRES-Puro
expression vector following the manufacturer’s instructions. The generated lentiviral vectors
and viral packaging plasmids (pMDL-G, pRSV-REV, and pVSV-G) were co-transfected into
293T cells to produce lentiviral stocks. The titrations of lentivirus stocks were measured
with a functional lentivirus titering kit from Biosettia. HepG2 cells were infected with
lentivirus carrying Fluc at a multiplicity of infection (MOI) of 10. Infected cells were
selected with 6 pug/ml blasticidin (Bsd) to generate a polyclone of HepG2 cells with stable
expression of firefly luciferase (Fluc). Subsequently, the cells with Fluc gene integrated were
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infected with lentivirus carrying either SEAP or Gluc at a MOI of 10. Infected cells were
purified with 2 ug/ml puromycin. Thus, two stable cell lines (HepG2-Fluc-Gluc and HepG2-
Fluc-SEAP) were generated.

2.4. Luciferase activity

Gluc activity was measured by adding 50 pl Gaussia luciferase assay reagent (Nanolight
Technology, Pinetop, AZ) to 5 ul of the conditioned cell-free medium and immediately
determined the bioluminescence using a Synergy 2 Multi-Mode Microplate Reader (BioTek,
Winooski, VT). For the measurement of Fluc activity, the enzyme was first extracted from
treated cells by adding 20 ul luciferase cell lysis buffer (New England Biolabs) to each well
and then incubated at room temperature for 15 min on an orbital shaker. Then, 50 pl of the
firefly luciferase assay reagent (Nanolight Technology) was added directly to the cell lysate
in a 96 well plate, mixed well, and read immediately in the Synergy 2 Microplate Reader
(BioTek).

2.5. Secreted alkaline phosphatase (SEAP) assay

The SEAP detection assay was performed by using the phospha-Light-EXPSEAP reporter
gene assay system (Life Technologies) according to the manufacturer’s instructions. In brief,
an aliquot of 5 pl cell free conditioned medium was mixed with 50 pl of assay buffer in a
white 96-well assay plate and incubated at 65 °C for 5 min. Then, 50 pl of reaction buffer
was added and the mixture was incubated at room temperature for 20 min. The
chemiluminescence was determined by the Synergy 2 Microplate Reader (BioTek).

2.6. Caspase-3/7 activity measurement

The enzymatic activity of caspase-3/7 was measured using a luminescent assay kit (Caspase-
Glo® 3/7 Assay Systems, Promega) using a Synergy 2 Microplate Reader (BioTek). The
induction of activity was calculated by comparing the luminescent of the treated cells to that
of the DMSO controls.

2.7. RNA isolation

HepG2 cells at a density of 2 x 10° mI~1 were seeded on 60 mm plates as described under
Cell culture and treated with various concentrations of sertraline. Total RNA was isolated
using the mini RNeasy system (Qiagen, Germantown, MD). The yield of the extracted RNA
was determined spectrophotometrically by measuring absorption at 260 nm using a
NanoDrop 8000 (Thermo Scientific, Wilmington, DE). The purity and quality of RNA were
evaluated using a RNA 6000 LabChip and Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA). High quality RNA with RNA integrity numbers (RINS) greater than 9.0 was
used for microarray experiments and PCR assays.

2.8. Quantitative real-time PCR (qPCR) assay

gPCR was used to determine the mRNA expression of the genes involved in ER stress
(PERK, IREla, HERPUD1, GADD34, and CHOP) with the expression of GAPDH as the
endogenous control. Primers used for gPCR are as shown in Table 1.
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gPCR reactions were carried out using SsoAdvanced™ SYBR Green Supermix in a Bio-Rad
CFX96™ Real-Time PCR Detection System under universal cycling conditions (10 min at
95°C; 15 s at 95°C, 1 min 60°C, 40 cycles) according to the manufacturer’s instructions
(Bio-Rad Laboratories, Hercules, CA). Data normalization and analysis were conducted as
described previously (Guo et al., 2009, 2010).

2.9. X-box binding proteinl (XBP1) mRNA splicing assay

The cDNAs were prepared from total RNAs (1 pg) using high capacity cDNA reverse
transcription Kits (Life Technologies) according to the manufacturer’s protocol. To amplify
XBP1 mRNA, the following primers were used: Forward 5’-
TTACGAGAGAAAACTCATGGCC-3’ and Reverse 5’-
GGGTCCAAGTTGTCCAGAATGC-3’. cDNA obtained with GAPDH primers (Forward
5’AGAAGGCTGGGGCTCATTTG’ and Reverse 5’-AGGGGCCATCCACAGTCTTC-3’)
was used as gel loading control. PCR was conducted for 35 cycles (95°C for 30 s; 55°C for 1
min; and 72°C for 1 min) on GeneAmp® PCR system 9700 (Life Technologies). The spliced
(263 bp), unspliced (289 bp) XBP1 mRNA, and GAPDH mRNA were analyzed by
electrophoresis on 4% (w/v) agarose gels, stained with 0.5 pg/ml ethidium bromide solution
and visualized under UV light (ProteinSimple, Santa Clara, CA).

2.10. Microarray analysis

Microarray gene expression analysis was performed at the Microarray Core Facility of
University of Texas Southwestern Medical Center (http://microarray.swmed.edu). Illumina
Human HT-12 expression BeadChip arrays were used. Microarray data were extracted using
BeadStudio v3.1 software, background-subtracted, and normalized using a cubic spline
algorithm. Genes differentially expressed between groups were identified using the Illumina
custom error model implemented in BeadStudio. A gene was considered significantly
differentially expressed when a Pvalue was less than 0.05 and the change was greater than
1.5-fold. Clustering analysis was conducted within ArrayTrack, a software system developed
by the FDA’s National Center for Toxicological Research for the management, analysis,
visualization and interpretation of microarray data (http://www.fda.gov/nctr/science/centers/
toxicoinformatics/Array Track/).

2.11. Western blot analysis

Cells were grown and treated with sertraline in 100 mm tissue culture plates. Standard
Western blots were performed using antibodies against PERK, phospho-PERK (Thr 980),
phospho-elF2a. (Ser 51), elF2a, CHOP, PDI, and pro-caspase 4 (Cell Signaling Technology,
Danvers, MA), ATF-4, and GAPDH (as internal control, Santa Cruz Biotechnology, Santa
Cruz, CA) followed by a secondary antibody conjugated with horseradish peroxidase (HRP)
(Santa Cruz Biotechnology). The bands were detected by FluorChem E and M Imagers
(ProteinSimple).

2.12. Statistical analysis

Data are presented as mean + standard deviation (SD) of at least three independent
experiments. Analyses were performed using GraphPad Prism 5 (GraphPad Software, San
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Diego, CA). Statistical significance was determined by one way analysis of variance
(ANQVA) followed by the Dunnett’s tests for pairwise-comparisons or two way ANOVA
followed by the Bonferroni post-test. The difference was considered statistically significant
when P< 0.05.

3.1. Analysis of differentially expressed genes

To identify molecular mechanisms of sertraline-induced liver toxicity, HepG2 cells were
treated with sertraline at 3.13-50 pM for 6 h; RNA was isolated and gene expression profiles
were determined by microarrays. Treatment with sertraline for 6 h at the concentrations of
3.13-50 uM resulted in an 1Cgq of 25.7 uM as measured by LDH release (Chen et al.,
2014b). There were one DMSO control group and five sertraline treatment groups (3.13,
6.25, 12.5, 25, and 50 uM), each group containing 3—4 biological replicates. To explore the
treatment effect and to determine the relationship of the samples based on expression
profiles, unsupervised Hierarchical Cluster Analysis (HCA) was performed for the entire
gene spot set. Results and HCA result displayed in Fig. 1A with the heat map of gene
expression depicting the distance between samples. HCA showed that two large clusters (red
and black) were formed based on the of treatment concentrations, /.e., higher-dose groups
(25 and 50 uM) clustered together (red); control and lower-dose groups (0, 3.13, 6.25, 12.5
uUM) clustered together (black), indicating that there are treatment effects at the gene
expression level in response to the sertraline exposure.

A differentially expressed gene (DEG) was identified when the criteria of a fold change
greater than 1.5 (either up- or down-regulated genes) and a ~-value less than 0.05 was used
in comparison to the DMSO control group. Based on the defined criteria, 20, 28, 48, 531,
and 1379 DEGs were identified in 3.13, 6.25, 12.5, 25, and 50 pM sertraline treatments,
respectively. The number of DEGs increased with the increasing concentration,
demonstrating there is a dose-response relationship for the number of genes affected. In
addition, the commonly altered genes in 12.5, 25, and 50 uM treatments were identified. As
shown in the Venn diagrams (Fig. 1B), the majority of DEGs in the groups receiving the two
lower concentrations are overlapped with the higher concentration groups. Out of 48 genes
identified in 12.5 uM sertraline treatment group, 38 (79.2%) and 34 (70.8%) were found to
be overlapped in 25 and 50 uM sertraline treatment groups, and out of 531 genes identified
in 25 UM sertraline treatment group, 474 (89.3%) were found in 50 uM sertraline treatment

group.

3.2. Pathway analysis of the differentially expressed genes

A total of 1379 DEGs identified from 50 uM sertraline treatment was mapped to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database for function classification and
pathways analysis. Table 2 lists the significantly altered pathways. Not surprisingly, “Cell
cycle” was among the affected pathway, with 23 genes involved and with a Fisher P value of
3.75E-05. We have previously demonstrated that sertraline caused apoptosis and necrosis
and altered cell cycle (Chenet al., 2014b; Li et al., 2012). The results of pathway analysis are
in good agreement with the data from our previous studies. Interestingly, KEGG pathway
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analysis identified “protein processing in endoplasmic reticulum” and “MAPK signaling
pathway” as affected pathways, with Fisher Pvalues of 0.002 and 0.017, respectively. A
total of 23 and 30 genes were characterized as potentially involved in “ER stress” and
“MAPK signaling pathway” in 50 UM sertraline treatment (Tables 3 and 4). Changes in
these genes started to be seen at 25 uM sertraline treatment and the changes are dose-
dependent (Supplementary Table 1). Notably, CHOP, the hallmark of ER stress, displayed a
large change with a 16.4-fold increase (Table 3). The changes and the trend of altered genes
in ER stress and MAPK signaling pathway for 25 and 50 uM sertraline are detailed in
Supplemental Tables 1 and 2 and Supplemental Fig. 2. These results of pathway analysis led
us to hypothesize that besides the MAPK signaling pathway, ER stress, is involved in
sertraline-induced liver toxicity.

Previously, we examined the role of MAPK signaling pathway and demonstrated that
MAPK pathway, particularly the TNF-MAP4K4-JNK cascade signaling pathway, was
activated in response to sertraline. The activation of the TNF-MAP4K4-JNK cascade
signaling pathway leads to apoptosis and cell death (Chen et al., 2014b). In the current study;,
we focused on the role of ER stress in sertraline-induced liver toxicity. The changes of ER
stress related genes (PERK, IRE1la, HERPUD1, GADD34, and CHOP) were first validated
by quantitative real-time PCR (QRT-PCR). As shown in Fig. 2A, upregulation was observed
at almost all concentrations at 6 h, especially the two highest concentration groups (25 and
50 uM). It should be noted that the gPCR data correlated well with the microarray results,
although real-time PCR is more sensitive than microarray. For example, for the 25 and 50
UM sertraline treatments, CHOP was 8.3-, and 16.4-fold increased as measured with
microarray (Table 3 and Supplementary Table 1), but 31.2-, and 69.8-fold increased as
measured with qPCR (Fig. 2). Changes of ER stress markers can be detected at lower
concentrations by gPCR: CHOP was induced by the lowest concentration of 3.13 uM, a
concentration that did not induce cytotoxicity (Fig. 2A) (Chen et al., 2014b). In addition, we
also examined the expression of these ER stress related genes at an earlier time point of 2 h
by gPCR; the expression of these genes was also found to be increased (Fig. 2B). Taken
together, the up-regulation of ER stress related genes at lower concentrations and earlier
time point before significant cytotoxicity (Chen et al., 2014b) had occurred indicates that the
change in the expression of these genes is more likely represent an initial response to
sertraline treatment rather than nonspecific response to cell injury.

3.3. Sertraline triggered ER stress

The results of gene expression data indicate that ER stress is one of the mechanisms of
sertraline’s toxicity. To confirm further that the treatment with sertraline triggered ER stress
response, expression levels of molecules involved in the ER stress were analyzed at the
protein level by Western blot analysis. Treatment of HepG2 cells with 12.5 uM sertraline for
2 h, a concentration and time point without a reduction of cell viability as measured by ATP
content and LDH release (Chen et al., 2014b), showed increased expression of the main ER
stress molecules including PERK, phospho-PERK, and phospho-elF2a (Fig. 3A). A higher
concentration (25 pM) of sertraline treatment for 2 h markedly increased the levels of PERK,
phospho-PERK, and phospho-elF2a., and also elicited enhanced expression of CHOP and
ATF-4. A longer treatment, for 6 h, increased the levels of PERK, phospho-PERK, phospho-
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elF2a, ATF4, and PDI, and the induction was in a concentration-dependent manner. Another
ER stress indicator, the splicing of XBP mRNA, was tested by amplifying spliced (263 bp)
XBP as described under Section 2. The XBP splicing observed at 6 h starting from 25 uM
and further increased at 50 uM (Fig. 3D).

3.4. Establishment of Gaussia luciferase or secreted alkaline phosphatase reporter assay
for monitoring ER stress in HepG2 cells

The protein secretion is a process to transport and deposit proteins into extracellular space
via endoplasmic reticulum and Golgi apparatus. Blocking or decreasing protein secretion is
a distinct characteristic of the disruption of ER function; thus, a reduction of protein
secretion indicates an ER stress response. Secreted reporters have been used /n vitro for
monitoring different biological processes in the medium of cultured cells (Badr et al., 2007,
Tannous, 2009). The most commonly used reporter is secreted alkaline phosphatase (SEAP)
(Berger et al., 1988; Cullen and Malim, 1992; Meng et al., 2005). Recently, the secreted
Gaussia luciferase (Gluc) assay has gained popularity due to its high sensitivity (Badr et al.,
2007; Tannous, 2009; Wurdinger et al., 2008). Both reporter assays can be used for
monitoring ER stress by measuring a change (a decrease) in Gluc or SEAP being excreted
into the medium because ER stress blocks or decreases processing in the secretory pathway
and trafficking through the secreted Gluc or SEAP activity (Badr et al., 2007). We sought to
establish reporter assays in HepG2 cells to monitor ER stress response efficiently and to
better study liver toxicity. Two individual assays (Gluc and SEAP) were chosen to
quantitatively measure ER stress response. Lentivirus vector carrying the expression
cassettes for Gluc or SEAP was used to generate stable cell line; firefly luciferase (Fluc) was
used as internal control for normalizing the cell number. HepG2 cells were co-infected with
the lentivirus vector carrying Fluc and either Gluc or SEAP. Two stable cell lines, HepG2-
Fluc-Gluc and HepG2-Fluc-SEAP were established.

The correlation of cell number and Fluc activity was first assessed. Different numbers of
stably infected cells were plated in 96 well plates; 24 h after plating, the luminescent
activities of Fluc in the cell lysates were measured. As shown in Supplementary Fig. 1, when
cell numbers were plotted against the activity of Fluc, the calculated correlation coefficiency
(R%) was 0.993, suggesting a good linearity of Fluc activity with respect to cell number.

To test the specificity and sensitivity of established Gluc and SEAP systems, two well-
known ER stress inducers, brefeldin A (Fishman and Curran, 1992) and thapsigargin (Wong
et al., 1993), were used to treat cells. The ER stress was measured by inhibition of Gluc or
SEAP secretion and also by Western blot analysis of ER stress marker proteins in parallel.
As shown in Fig. 4A and B, treatment with 0.1-10 uM brefeldin A or thapsigargin for 6, 16,
and 24 h notably increased the expression levels of PERK, CHOP, ATF4, and PDI in time-
and dose-dependent manner, indicating ER stress occurred in response to the brefeldin A or
thapsigargin treatment. Accordingly, 0.001-10 uM brefeldin A or thapsigargin treatment for
24 h was used to detect the changes of Gluc or SEAP secretion level. As expected, treatment
of these ER stress inducers resulted in significant inhibition of Gluc and SEAP secretion. As
shown in Fig. 4C and D, treatment with 10 uM brefeldin A or thapsigargin decreased about
86% or 46% Gluc secretion and decreased about 82% or 78% SEAP secretion, respectively.
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These data agree well with the results of increased the expression of CHOP, a hallmark of
ER stress, indicating that the established Gluc-and SEAP-expressing cell lines can be used
for monitoring ER stress.

3.5. Sertraline induced ER stress as measured by impaired secretion of Gluc and SEAP

The newly established ER stress monitoring systems were used for examining and
quantifying sertraline triggered ER stress. As shown in Fig. 5A, in the cells expressing Gluc
(HepG2-Fluc-Gluc), sertraline inhibited the secretion of Gluc in a concentration- and time-
dependent manner. Sertraline at 25 pM inhibited Gluc secretion significantly at 2 and 6 h,
decreasing Gluc secretion about 63% and 83%, respectively. Similar results were obtained in
the cells expressing SEAP (HepG2-Fluc-SEAP), with about 61% and 76% inhibition of
SEAP secretion when treated with 25 pM sertraline for 2 and 6 h (Fig. 5B).

3.6. ER stress response is associated with sertraline-induced apoptosis

In our previous study, we clearly demonstrated that sertraline induced apoptosis in HepG2
cells and that apoptosis is one of the mechanisms of sertraline-associated liver toxicity
(Chen et al., 2014b). The role of ER stress in apoptosis has been recognized (Hitomi et al.,
2004; Uzi et al., 2013; Zinszner et al., 1998); thus, it was of great interest to examine
whether or not sertraline-induced apoptosis is coupled to ER stress.

Caspase-4 is known to be specifically involved in ER stress, particularly in the activation of
ER stress-induced apoptosis (Hitomi et al., 2004). We first tested if caspase-4 was activated
by detecting the decreasing level of pro-caspase-4 as an indicator of activation (cleavage),
due to the limited capacity of available antibodies to detect cleaved caspase-4. As
demonstrated in Fig. 6A, pro-caspase 4 was decreased (activation of caspase-4) in a time-
and dose-dependent manner, indicating that ER stress may be involved in sertraline-induced
apoptosis.

Accumulation of unfolded proteins in the ER can trigger ER stress. To test whether or not
this is a cause for sertraline-induced ER stress, an ER stress modulator, 4-phenylbutyrate (4-
PBA) that possesses /n vitro chaperone activity to alleviate the unfolded proteins (Yam et al.,
2007) was used. As shown in Fig. 6B, pre-treatment with 1 mM 4-PBA for 2 h remarkably
suppressed 25 uM sertraline-elicited expression of CHOP. In addition, the effect of 4-PBA
on the apoptosis was examined using caspase 3/7 activation as the apoptotic endpoint. Fig.
6C showed that pre-treatment with 4-PBA significantly inhibited caspase3/7 activation
induced by 37.5 and 50 uM sertraline with a 2 h treatment, compared to the treatment with
sertraline alone. These results suggest that sertraline induced ER stress resulted from the
accumulation of unfolded proteins and also ER stress contributed to the process of apoptosis.

3.7. MAP4K4-JNK pathway regulated sertraline-induced ER stress

We have previously demonstrated that the MAPK signaling pathway regulated sertraline-
caused apoptosis (Chen et al., 2014b). Although all three major MAPK signaling pathways
(JNK, ERK1/2, and p38) were turned on, using inhibitors of the key molecules in MAPK
pathway, we demonstrated that JNK activation was associated with the induction of
apoptosis. Silencing MAP4K4, the upstream kinase of JNK, attenuated apoptosis, indicating
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that sertraline-induced apoptosis v/a the activation of the TNF-MAP4K4-JNK cascade
signaling pathway (Chen et al., 2014b). Using microarray pathway analysis, in this study,
with expectation, we found that MAPK signaling pathway altered (Supplemental Fig. 2 and
Table 2). It is reasonable to suspect that a cascade of reaction and a cross talk among
different signaling pathways can be involved in sertraline’s toxicity. Because we
demonstrated in this study that ER stress is involved in sertraline-induced liver toxicity
(Figs. 2 and 3) and also showed that ER stress is involved in sertraline-induced apoptosis
when an ER stress inhibitor 4-PBA was used (Fig. 6C). To explore whether or not MAP4K4-
JNK pathway contributes to sertraline-induced ER stress, a previously generated shRNA-
MAP4K4 stable cell line to silence MAP4K4 and a JNK specific inhibitor (SP600125) as
described previously were used (Chen et al., 2014b). As shown in Fig. 7A, the increased
expression of phospho-PERK, CHOP, and PDI, and the activation of caspase-4 (as prevented
the cleavage of pro-caspase-4) induced by 25 UM sertraline was markedly prevented in
shRNA-MAP4K4 cells. Furthermore, pre-treatment with 10 uM SP600125 significantly
attenuated the reduction of secreted Gluc activities caused by 6 h sertraline treatment,
compared to the treatment with sertraline alone (Fig. 7B). These data indicate that the
MAP4K4-JNK signaling pathway participated in the regulation of sertraline-induced ER
stress and ER stress-induced apoptosis.

4. Discussion

Although sertraline is generally considered safe, liver toxicity related to its use has been
reported and the adverse drug reaction is idiosyncratic. Accordingly, we have studied
sertraline’s toxicity and the mechanisms of that toxicity. Our previous studies identified
mitochondrial dysfunction and apoptosis as underlying mechanisms and that those processes
are mediated by MAPK signaling pathway (Chen et al., 2014b; Li et al., 2012). In this study,
we showed that ER stress is a novel mechanism of sertraline’s liver toxicity using HepG2
cells. As compared human primary hepatocytes, which are more relevant for studying of
pharmaceuticals, HepG2 cells have the disadvantage of lacking some drug metabolizing
genes when studying metabolism related toxicity (Guo et al., 2011; Ning et al., 2008;
Ramaiahgari et al., 2014); however, the ability to modify genes of interest (silencing or
overexpressing) in HepG2 cells is a distinct advantage for the in-depth mechanistic studies at
the molecular level (Chen et al., 2014b) and for toxicity screening (in our case, to generate
two stable cell lines monitoring ER stress response). Metabolism related toxicity was not a
major concern in this study, because in our previous study using rat primary hepatocytes,
treatment of a general inhibitor of CYP 450 SKF 525-A enhanced sertraline-associated
toxicity, implying that the parent form of sertraline maybe more toxic than its metabolites
(Lietal., 2012). Importantly, we used HepG2 cells to study the MAPK signaling pathway
and apoptosis induced by sertraline previously (Chen et al., 2014b), and thus felt it was
appropriate to use the same cell line in this continuation study to explore the role of the
MAPK signaling pathway in ER stress and also the cross talk between different pathways.
The concentrations of sertraline used in our study were 3.13-50 UM, which is higher than
reported human plasma concentrations (Gyax, 0.3 or 0.74 pM) (Mandrioli et al., 2013;
Saletu et al., 1986). It has been suggested that a concentration equivalent to 100-fold of the
Ciax Should be tested in /n vitro studies to identify idiosyncratic hepatotoxic drugs
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(Laifenfeld et al., 2014; Porceddu et al., 2012; Xu et al., 2008). The maximum concentration
of sertraline in our study was 50 uM, which is within the suggested range of 100 times the
Cinax; thus, the concentrations used in our study were reasonable.

Protein expression of the major ER stress markers include PERK, p-PERK, p-elF2a, CHOP,
ATF-4, and PDI was induced by exposure of sertraline (Fig. 3A). Besides the upregulation
of ER stress markers at the protein level, the induction of PERK, IREla, and CHOP was
also detected at the gene expression level (Fig. 2 and Table 3). Significant increased splicing
of XBP, a key regulator of ER stress, was also observed (Fig. 3D). Collectively, these data
clearly demonstrate that sertraline triggers ER stress in hepatic cells.

ER stress is associated with a wide range of diseases, such as neurodegeneration, cancer,
inflammatory diseases, and diabetes (Xu et al., 2005). ER stress response is often described
as one of the mechanisms in liver diseases, which include nonalcoholic fatty liver disease,
alcoholic liver disease, hyperhomocysteinemia, and cholestatic liver disease (Dara et al.,
2011). Studying and evaluating ER stress is a growing research area and various
experimental approaches have been applied (Badr et al., 2007; Berger et al., 1988; Chen et
al., 2014a, 2012; Cullen and Malim, 1992; Tannous, 2009; Weng et al., 2014). The most
commonly used methods include ER stress marker measurements at protein and mRNA
level, PCR-based assay to detect mRNA splicing of XBP, and reporter assays to measure the
activity of ER stress-responding transcriptional factors such as XBP and ATF6 (Badr et al.,
2007; Samali et al., 2010). Reporter assays for monitoring protein secretion have also been
used to study ER stress because blocked or decreased protein secretion is a characteristic
consequence of ER stress; thus, seeing a reduction of protein secretion indicates an ER stress
response. Although such experimental approaches have been used in various cells, including
293T and human fibroblast cells HF8 (Badr et al., 2007), fibroblast-like cell line COS
(Berger et al., 1988; Cullen and Malim, 1992), clonal mesangial cells SM43 (Meng et al.,
2005), human glioma cells Gl1i36 (Tannous, 2009; Wurdinger et al., 2008), there were no
similar systems available for drug-induced liver toxicity study. For this reason, we
established two stable cell lines with secreted alkaline phosphatase (SEAP) and secreted
Gaussia luciferase (Gluc) as reporters, validated the cell lines by using well-known ER
inducers, and compared their sensitivity. As shown in Fig. 4C and D, both cell lines showed
significantly decreased activity of SEAP or Gluc upon administration of brefeldin A or
thapsigargin, commonly used ER stress inducers, demonstrating the usefulness of both
assays. A rapid drop was seen in SEAP activity at a concentration of 0.01 pM and the
response saturated at higher concentrations of both brefeldin A and thapsigargin. In contrast,
for the Gluc assay, a dose-response effect was observed for a wide range concentrations,
from 0.001 to 0.1 uM (covering three orders of magnitudes), suggesting that the sensitivity
of the Gluc assay is higher than that of the SEAP assay. In addition, Gluc assay is less time-
consuming with respect to experimental procedures (Badr et al., 2007), therefore, the Gluc
assay may be superior over SEAP assay.

It should be stated that no single assay will be the most appropriate for ER stress evaluation;
however, the Gluc assay can be used as an initial step because of its sensitivity and ease of
use. In addition, it can also be used in high-throughput settings to screen drugs for liver
toxicity mediated by ER stress. The experiments are ongoing in our laboratory.
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In the past, ER stress was underestimated in drug-induced liver toxicity, but a growing body
of evidence now indicates that ER stress plays an important role (Apostolova et al., 2013;
Auman et al., 2007; Craig et al., 2006; Mohammad et al., 2012; Nagy et al., 2010;
Naranmandura et al., 2012; Uzi et al., 2013). In a recent publication, it has been reported
that Efavirenz, a non-nucleoside analog reverse transcriptase inhibitor to treat HIV1
infection, induced ER stress as inducing the expression of CHOP and GRP78 expression,
phosphorylation of elF2a, and enhancing the splicing of XBP, and also demonstrated there
was an interplay between mitochondrial dysfunction and ER stress (Apostolova et al., 2013).
A study on acetaminophen, a well-studied hepatotoxic drug, indicated that the toxicity of
acetaminophen resulted in induction of CHOP and phosphorylation of elF2a., the indicators
of ER stress (Nagy et al., 2010). In a most recent study, administration of acetaminophen to
mice resulted in activation of all three branches of UPR, with a clear indication of the
involvement of PERK-elF2-CHOP signaling (Uzi et al., 2013). Interestingly, unlike previous
reports demonstrating that ER stress is an early event of apoptotic cell death and glutathione
depletion (Nagy et al., 2007,2010), in this study, it has been demonstrated that the ER stress
occurred later in the cascade events after glutathione depletion and oxidative stress (Uzi et
al., 2013). The discrepancy is not clear, could be due to different routes of administration,
i.p. injection (Nagy et al., 2010) vs. oral administration (Uzi et al., 2013), nevertheless, these
studies indicate that ER stress plays roles in acetaminophen-induced liver toxicity and the
case is complex regarding the cause and consequence of ER stress and other responses.

The ER stress response is often accompanied by cellular adaptive responses or devastating
reactions triggering cell death. Apoptosis, ATP depletion, oxidative stress, and mitochondrial
dysfunction are among the effects seen in disease pathogenesis, implying that the stress
response involves a complex interplay of different factors and organelles (Dara et al., 2011).
Because we previously demonstrated apoptosis occur in response to sertraline’s challenge
(Chen et al., 2014b), it was reasonable to explore the relationship between different
pathways.

It is a challenge to determine the cause and consequence of different toxic events occurring
in drug-induced toxicity. In our case, however, it is likely that ER stress is an earlier
response triggering apoptosis and cell death because: (1) ER stress responses include the
activation of phospho-PERK and phospho-elF2a, and the significantly decreased of SEAP
and Gluc secretion was present at lower concentrations of 6.25 and 12.5 uM, whereas
caspase 3/7 activation, ATP content depletion, and LDH release occurred at higher
concentration of 25 or 37.5 UM at the 2 h time point (Figs. 3A, 5B, and 6C) and (Chen et al.,
2014b) (2) at 6 h of treatment, CHOP and PERK showed increased expression at as low as
3.13 uM (Fig. 2); whereas neither apoptotic nor necrotic cell death was observed (Chen et
al., 2014b); (3) administration of a potent ER stress inhibitor, 4-PBA, significantly
attenuated sertraline-caused apoptosis (Fig. 6C) and the increased expression of CHOP (Fig.
6B), whereas caspase inhibitors did not have significant effects on ER induction (data not
shown). Additionally, we found that besides the involvement of the MAP4K4-JNK signaling
pathway in apoptosis (Chen et al., 2014b), the MAP4K4-JNK signaling pathway also
participated in ER stress caused by sertraline; evidenced by (1) silencing of MAP4K4
markedly suppressed increased expression of ER stress markers, phospho-PERK, CHOP,
and PDI (Fig. 7A); (2) ER stress associated apoptosis was diminished in MAP4K4 silenced
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cells (Fig. 7A); and (3) a JNK specific inhibitor efficiently prevented the decreased activity
of secreted Gluc (Fig. 7B).

In summary, a concerted cellular response and a complex mechanism regarding sertraline-
induced liver toxicity has been demonstrated. Sertraline causes mitochondrial impairment
(Li et al., 2012) and apoptosis (Chen et al., 2014b), activates MAPK signaling pathways,
particularly the MAP4K4-JNK signaling pathway initiated by the activation of TNFa.
Sertraline induces ER stress notably by activating both the PERK and IRE1 branches. Both
apoptosis and ER stress are shown to be directly mediated by a MAPK signaling pathway.
Sertraline-induced liver toxicity is invoked by stressing or injuring multiple cellular
components, such as mitochondria and endoplasmic reticulum, with cross talk between these
components. The activation of the MAPK signaling pathway contributes to both apoptosis
and ER stress. A scheme depicting the proposed mechanism for sertraline-induced liver
toxicity is displayed in Fig. 8.
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Fig. 1.
(A) Hierarchical Cluster Analysis (HCA) of gene expression profiles in control and

sertraline-treated groups. The values of the log 2 intensities of genes were hierarchically
clustered using Ward’s distance metric. The intensity of the entire gene set was used; no
specific cut off was applied for the analysis. Each column represents the results from an
individual hybridization. Each row represents the log 2 intensity value for one particular
gene. Samples are labeled according to the convention of Dose (UM)_Technical replicate
number. (B) Numbers of differentially expressed genes in HepG2 cells in response to
treatment with 12.5, 25, and 50 uM sertraline. A gene was identified as differentially
expressed if the fold-change was greater than 1.5 (up- or down-regulated) and the AP-value
was less than 0.05 in comparison to the control group. (For interpretation of the references to
color in the text, the reader is referred to the web version of the article.)
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Fig. 2.

ngCR confirmation of microarray data. Genes involved in ER stress response were
determined by qPCR. HepG2 cells were treated for 6 (A) and 2 h (B) with increasing
concentrations (3.13, 6.25, 12.5, 25, and 50 pM) of sertraline, with DMSO as the vehicle
control. Values were means + SD of three separate experiments. *~<0.05, **P<0.01, and
***P<0.001 as compared with DMSO controls.
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Fig. 3.

Effects of sertraline in HepG2 cells on the expression of proteins involved in the ER stress
response and on splicing of XBP mRNA. (A) Total cellular proteins were extracted at 2 and
6 h after sertraline treatment. The level of ER stress related proteins including phospho-
PERK, PERK, phospho-elF2a, elF2a, CHOP, ATF-4, and PDI was determined by Western
blotting. GAPDH was used as a loading control. Data are typical of three experiments. (B
and C) Relative protein level to DMSO control by densitometric analysis. (D) HepG2 cells
were treated with the indicated concentration of sertraline for 6 h. The total RNA was
isolated and semi-quantitative RT-PCR analysis was performed to detect both spliced (263
bp) and unspliced (289 bp) XBP mRNA. GAPDH was also amplified and used as an internal
control. A representative DNA gel from three independent experiments is shown.
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Fig. 4.

Ef%ects of brefeldin A and thapsigargin on the secretion of Gluc and SEAP proteins in
HepG2 cells. As ER stress inducers, brefeldin A and thapsigargin were tested for their
inhibitory effects on the molecules involved in ER stress in HepG2 cells and Gluc and SEAP
secretion in the Gluc and SEAP reporter cells. (A and B) HepG2 cells were treated with
various concentrations of brefeldin A and thapsigargin for 6, 16, and 24 h. The main ER
stress response related proteins (PERK, CHOP, ATF4, and PDI) were determined by
Western blotting. (C and D) After treatment with increasing concentrations of brefeldin A
and thapsigargin for 24 h, the activities of Gluc and SEAP were determined as described in
Section 2; the results shown are mean + SD of four separate experiments. ## P < 0,001
represents relative SEAP activity was significantly different from the control; ***P<0.001
represents relative Gluc activity was significantly different form the control. Relative Gluc or
SEAP activity was calculated based on % of each (Gluc or SEAP activity in medium per
Fluc activity) over its vehicle control.

Toxicology. Author manuscript; available in PMC 2017 December 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

>

Relative Gaussia luciferase

(% of control)

Page 20
120 “¥2h 0. ~#2h
- 6h
Ea
2
B =
80+ Py £ g0
B -
© (=]
z X
40 T = 40
o)
=7
C 1 T T ] G T 1 1 1
0 6.25 12.5 25 0 6.25 12.5 25
Sertraline (uM) Sertraline (uM)

Fig. 5.

Efgfects of sertraline on the secretion of Gluc and SEAP proteins in HepG2 cells. (A)
(HepG2-Gluc-Fluc) or (B) (HepG2-SEAP-Fluc) cells were treated with various
concentrations of sertraline for 2 and 6 h. The activities of Gluc (A) or SEAP (B) was
measured *P<0.05, **£<0.01, and ***P < 0.001 as compared with DMSO controls.
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Fig. 6.

Efgfects of ER stress response in the induction of sertraline induced apoptosis. (A) Total
cellular proteins were extracted at 2 and 6 h after sertraline treatment. The levels of ER
stress related caspase protein pro-caspase 4 was determined by Western blotting. (B) HepG2
cells were pretreated with 1 mM 4-PBA for 2 h prior to 25 uM sertraline treatment for
additional 2 h. The expression of CHOP was assessed by Western blotting. GAPDH was
used as a loading control. (C) After treatment with 1 mM 4-PBA for 2 h, HepG2 cells were
treated with various concentrations of sertraline for additional 2 h. Apoptosis was
determined by caspase 3/7 activity. The bar graph shows the mean + SD of four separate
experiments. **P£<0.005 versus treatment of sertraline alone.
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Effect of silencing MAP4K4 on sertraline-induced ER stress. (A) Two HepG2 cell lines with
silenced gene expression of MAP4K4 (sh1-MAP4K4 and sh2-MAP4K4) or a scramble
control (SC) were treated with sertraline at 25 pM for 6 h. Total cellular proteins were
extracted. The expression levels of MAP4K4 and ER stress related proteins (PERK, p-
PERK, CHOP, PDI, and pro-caspase-4) were detected by Western blotting. GAPDH was
used as a loading control B) After treatment with 10 pM SP600125 (JNK inhibitor) for 2 h
(HepG2-Fluc-Gluc) cells were treated with indicated concentrations of sertraline for 6 h.
The relative Gluc activity was calculated; the results shown are mean + SD of four separate
experiments. *£<0.05, **P<0.01 versustreatment with sertraline alone.
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A scheme for proposed mechanism on sertraline-induced liver toxicity.
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Primers used for gPCR.

Table 1

Gene

Accession number

Forward primer

Reverse primer

PERK
IREla
HERPUD1
GADD34
CHOP
GAPDH

NM_004836
NM_152461
NM_001010990
NM_004083
NM_014330
NM_002046

5’ -ATGAGACAGAGTTGCGACCG-3’
5’-CTCAGAGACAGCGCGAGTAG-3’
5 -CATGGAGTCCGAGACCGAAC-3’
5’-TCCTCTGGCAATCCCCCATA-3’
5 -TTGCCTTTCTCCTTCGGGAC-3’
5 -AGAAGGCTGGGGCTCATTTG-3’

5 -TGGATGACACCAAGGAACCG-3’
5’-ATCTCAGCCTAGCTGTCCCA-3’
5 -TGCCGTTTTTCCTGCTTTGG-3’

5 -TGGTTTTCAGCCCCAGTGTT-3’
5 -CAGTCAGCCAAGCCAGAGAA-3’
5 -AGGGGCCATCCACAGTCTTC-3’
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Page 25

Pathways significantly altered by sertraline treatment. Differentially expressed genes identified from 50 uM

sertraline treatment were mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

No. KEGG pathway Fisher Pvalue #of differentially ~# of genesin
expressed genes  the pathway

1 Cellcycle 3.75E-05 23 124
2 Pathogenic Escherichia coliinfection 1.65E-04 13 55
3  TGF-beta signaling pathway 3.30E-04 16 80
4 p53signaling pathway 3.46E-04 14 68
5 Mineral absorption 8.62E-04 11 51
6  Protein processing in endoplasmic reticulum  2.00E-03 23 167
7 Ubiquitin mediated proteolysis 2.29E-03 20 137
8  Oocyte meiosis 3.27E-03 17 110
9  Osteoclast differentiation 4.77E-03 18 132
10  Spliceosome 4.77E-03 18 131
11  Circadian rhythm - mammal 4.91E-03 6 30
12 Pertussis 6.46E-03 12 75
13 Toxoplasmosis 7.14E-03 18 122
14  MAPK signaling pathway 1.07E-02 30 259
15 Folate biosynthesis 1.15E-02 4 14
16  Leishmaniasis 1.53E-02 11 76
17 Measles 1.63E-02 17 134
18 NOD-like receptor signaling pathway 2.50E-02 9 57
19  Glutathione metabolism 2.60E-02 8 51
20 Maturity onset diabetes of the young 3.11E-02 5 25
21  Pathways in cancer 3.13E-02 33 249
22 Hepatitis C 3.23E-02 16 133
23 Shigellosis 3.34E-02 9 62
24 Small cell lung cancer 4.22E-02 11 86
25  Arginine and proline metabolism 4.31E-02 8 57

Toxicology. Author manuscript; available in PMC 2017 December 19.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Chenetal.

Genes involved in ER stress. Twenty-three genes were characterized as involved in ER stress in 50 pM

sertraline treatment.

Table 3

Number of gene  Genebank ID Genename Fold change P value
1 NM_00039%4 CRYAA 2.87 0.0005
2 NM_003592 CuL1 0.63 0.0001
3 NM_004083 CHOP 16.43  0.0001
4 NM_004836 PERK 151 0.0016
5 NM_152461 IREla 2.18 0.0001
6 NM_001010990 HERPUD1 6.68 0.0005
7 NM_005345 HSPA1A 2.78 0.004
8 NM_005346 HSPA1B 1.88  0.0001
9 NM_002155 HSPAG 3.12  0.0001

10 NM_006597 HSPA8 0.65 0.001

11  NM_006164 NFE2L2 2.03 0.0002
12 NM_014330 GADD34 10.31  0.0001
13 NM_014248 RBX1 0.54 0.0154
14 NM_001012456 SEC61G 0.67 0.0243
15 NM_018445 SELS 1.74 0.0001
16 NM_006930 SKP1A 0.57 0.0014
17 XM_945430 SSR2 2.18 0.0001
18 NM_032431 SYVN1 155 0.0172
19 NM_022085 TXNDC5 0.62 0.046

20 NM_015983 UBE2D4 0.55 0.0001
21 NM_003342 UBE2G1 0.66 0.0015
22 NM_006048 UBE4B 0.52 0.0001
23 NM_053067 UBQLN1 152 0.0003
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Table 4
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Genes involved in MAPK signaling pathways. A total of 30 genes were characterized as potentially involved
in MAPK signaling pathway in 50 uM sertraline treatment.

Number of genes Genebank ID Genename Fold change P value
1 NM_001880 ATF2 1.62 0.0012
2 NM_001040021 CD14 0.55 0.0029
3 NM_004083 CHOP 16.43  0.0001
4 NM_144729 DUSP10 249 0.0012
5 NM_007026 DUSP14 151 0.0011
6 NM_030640 DUSP16 2.28 0.0001
7 NM_004417 DUSP1 14.37  0.0001
8 NM_004420 DUSP8 2.58 0.0002
9 NM_005228 EGFR 1.60 0.0002

10 NM_005252 FOS 9.25 0.0002
11 NM_001924 GADD45A 4.13 0.0001
12 NM_015675 GADD45B 6.67 0.0001
13 NM_005345 HSPA1A 2.78 0.004

14 NM_005346 HSPA1B 1.88 0.0001
15 NM_002155 HSPAG 3.12 0.0001
16 NM_006597 HSPA8 0.65 0.001

17 NM_002228 JUN 27.54  0.0005
18 NM_005354 JUND 2.10 0.003

19 NM_004721 MAP3K13 159 0.0335
20 NM_005204 MAP3K8 1.67 0.0096
21 NM_145687 MAP4K4 0.65 0.0068
22 NM_001040439 MAPKS8IP3 1.71 0.0263
23 NM_002467 MYC 3.31 0.0015
24 NM_003998 NFKB1 1.68 0.0001
25 NM_001077493 NFKB2 2.73  0.0002
26 NM_006509 RELB 2.60 0.0001
27  NM_004586 RPS6KA3 0.65 0.0063
28 NM_203401 STMN1 0.57  0.0008
29 NM_016151 TAOK?2 152 0.0001
30 NM_000594 TNF 1.68 0.0001
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