40

Enzymatic activities of all four respiratory chain complexes were
decreased by loss of PINK1 (Fig. 2), with a dramatic reduction in
complexes I and Il activities in PINK1~/~ MEFs.

3.2.1. Protein quantity of each respiratory chain complex

Decreased enzymatic activities per mitochondrial protein
(Fig. 2) may be due to a decreased respiratory chain complex con-
tent per mitochondrial protein, or decreased enzymatic activities of
each complex, or both. To assess these possibilities, we separated
respiratory chain complexes in enzymatically active forms using
BN-PAGE [30}, and then detected each complex by immunoblotting
(Fig. 3). Protein contents of all four respiratory chain complexes
were decreased by loss of PINK1. In particular, complexes I and
Il contents were dramatically reduced in PINK1~/~ MEFs. As the
respiratory complex contents are in good agreement with their
enzymatic activities, it is conceivable that decreased enzymatic
activities per mitochondrial protein are not due to decreased enzy-
matic activities of each complex, but to decreased respiratory chain
complex content per mitochondrial protein.

As complex [ inhibitors such as MPTP and rotenone can cause
parkinsonian symptoms in human and animal models, complex
I defects are thought to be one of the main factors of PD patho-
genesis {5,17,20]. According to recent reports, PINK1 is needed
to maintain complex I activity through NdufA10 phosphoryla-
tion {21} and PINK1 deficiency can be rescued by Ndilp, a yeast
NADH:ubiquinone oxidoreductase that can bypass complex I {29].
In this study, we show that not only complex I but also complex
Il are deficient in PINK1-/~ MEFs. Combined complexes I and Il
deficiencies were previously reported in patients harboring muta-
tions in the NDUFS4 gene of complex I [6], or the MT-CYB gene of

complex Il [16]. These are presumably due to respiratory chain
supercomplexes, large assemblies of respiratory chain complexes
with small electron carriers for stabilization and enhancement of
electron transport [18,23]. Studies on the supercomplex status of
PINK1-/- MEFs are under way.
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Utility of Scalp Hair Follicles as a Novel Source
of Biomarker Genes for Psychiatric llinesses
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Yohei Okada, Wado Akamatsu, Norio Mori, Yuji Owada, Masanari ltokawa, Hideyuki Okano,
and Takeo Yoshikawa

ABSTRACT

BACKGROUND: |dentifying beneficial surrogate genetic markers in psychiatric disorders is crucial but challenging.
METHODS: Given that scalp hair follicles are easily accessible and, like the brain, are derived from the ectoderm,
expressions of messenger RNA (MRNA) and microRNA in the organ were examined between schizophrenia (n for
first/second = 52/42) and control subjects (n = 62/55) in two sets of cohort. Genes of significance were also
analyzed using postmortem brains (n for case/control = 35/35 in Brodmann area 46, 20/20 in cornu ammonis 1) and
induced pluripotent stem cells (n = 4/4) and pluripotent stem cell-derived neurospheres (n = 12/12) to see their role
in the central nervous system. Expression levels of mRNA for autism (n for case/control = 18/24) were also examined
using scalp hair follicles.

RESULTS: Among mRNA examined, FABP4 was downregulated in schizophrenia subjects by two independent
sample sets. Receiver operating characteristic curve analysis determined that the sensitivity and specificity were
71.8% and 66.7%, respectively. FABP4 was expressed from the stage of neurosphere. Additionally, microarray-
based microRNA analysis showed a trend of increased expression of hsa-miR-4449 (p = .0634) in hair follicles from
schizophrenia. hsa-miR-4449 expression was increased in Brodmann area 46 from schizophrenia (p = .0007). Finally,
we tested the expression of nine putative autism candidate genes in hair follicles and found decreased CNTNAP2
expression in the autism cohort.

CONCLUSIONS: Scalp hair follicles could be a beneficial genetic biomarker resource for brain diseases, and further

studies of FABP4 are merited in schizophrenia pathogenesis.
Keywords: Autism, CNTNAP2, FABP4, hsa-miR-4449, MicroRNA, Schizophrenia

http://dx.doi.org/10.1016/].biopsych.2014.07.025

The disease mechanisms underlying psychiatric illnesses
remain largely undetermined. Great efforts have gone into
identifying novel biomarkers that would assist in the develop-
ment of objective diagnostic tools and novel therapeutic and
prophylactic interventions, as well as facilitate the subdivi-
sion of disease states, based on pathogenesis, for optimal
drug selection. There are, however, major obstacles in the
search for novel biomarkers, primarily the difficulty in obtain-
ing brain tissue from living donors and the lack of accurate
experimental animal models. Brain is an ectodermal tissue
and shares its developmental origins with scalp hair follicles,
which are readily accessible miniorgans within the skin.
Despite their shared embryonic origins, hair follicles have
not previously been utilized as a bio-resource in the hunt for
proxy genes in psychiatric diseases. In the current study, we
first examined whether schizophrenia-relevant genes, namely
those related to the y-aminobutyric acid (GABA)ergic system
(1-3), myelin (3-5), and fatty acids (&-11), are expressed in

ISSN: 0006-3223

hair follicles and if expressed whether expression is differ-
ential between cases and control subjects, using an explor-
atory sample set. Next, we attempted to validate any
differential expression and examine the effects of potential
confounding factors using a second independent sample set.
We then analyzed the identified biomarker candidate FABP4/
fatty acid binding protein 4 (FABP4) expression in serum,
postmortem brain samples, induced pluripotent stem cells
(iPSCs), and iPSC-derived neurospheres. In addition to
messenger RNA (mRNA), we also examined the expression
levels of microRNA (miRNA) in hair follicles, postmortem
brains, iPSCs, and iPSC-derived neurosphere samples from
patients with schizophrenia and control subjects. Lastly, we
tested candidate gene expression in hair follicles from
patients with autism. Based on the results of our compre-
hensive analysis, we proposed scalp hair follicles as a
beneficial genetic resource for schizophrenia and autism in
the search for potential biomarkers.

© 2014 Society of Biological Psychiatry 1
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METHODS AND MATERIALS

Scalp Hair Follicle Samples

All samples were collected from ethnic Japanese within Japan.
The first set of exploratory scalp hair follicle samples for
schizophrenia and control subjects was derived from residents
in the northern district of Kanto, while the confirmatory second
set came from the Tokyo area. Diagnoses were made by at
least two experienced psychiatrists, using DSM-IV criteria.
Demographic data for scalp hair follicle samples derived from
schizophrenia are described in Takie 1. The scalp hair follicle
samples from autism participants and control subjects were
collected from the Chubu area. The diagnosis of autism
spectrum disorder was made using the DSM-IV-TR criteria.
We then administered the Autism Diagnostic Interview-
Revised (ADI-R) (12) to 14 of 18 cases and made a confirmed
diagnosis of autism for those 14 cases. Interviews for the ADI-
R were conducted by experienced child psychiatrists who are
licensed to use the Japanese version of the ADI-R (13).
Demographic data relating to scalp hair follicle samples for
autism are described in Tabie 1.

RNA Exiraction and Quantification

Ten hairs were plucked from the scalp of each subject using
forceps. The hairs were checked for the presence of a sheath.
Hairs were trimmed to approximately 1.5 cm in length,
containing the bulb region, and dropped into a 1.5 mL micro-
fuge tube (BM Equipment, Tokyo, Japan) containing RNAlater
solution (Ambion, Grand Island, New York). Total RNA was
extracted using the RNAqueous-Micro kit (Ambion). Single-
stranded complementary DNA (cDNA) was synthesized using
SuperScript VILO Master Mix (Invitrogen, Grand Island, New
York). Quantitative reverse-transcription PCR (QRT-PCR) anal-
ysis of MRNAs was conducted using an ABI7900HT Fast Real-
Time PCR System (Applied Biosystems, Grand Island, New
York). TagMan probes were TagMan Gene Expression Assays
products (Applied Biosystems). All gRT-PCR data were cap-
tured using the SDS v2.4 (Applied Biosystems). The ratios of
relative concentrations of target molecules to the GAPDH

Scalp Hair Follicles as Disease Biomarkers

gene (target molecule/GAPDH gene) were calculated. All
reactions were performed in triplicate based on the standard
curve method.

Statistical Analysis

We used the interquartile range to find outliers. The differences
between the 25th (quartile 1) and 75th percentiles (quartile 3)
were used to identify extreme values (outliers) in the tails of the
distribution. Statistical evaluation was performed by Mann-
Whitney U test for means between patient and control groups
and by Spearman's R test for correlation using SPSS software
version 19 (IBM, Tokyo, Japan).

Analyses of miRNA Expressions and Potential
Targets of miRNAs

For microarray-based miRNA analysis, we used the miRBase
Rel. 18.0 platform (Agilent Technologies, Santa Clara Califor-
nia), capable of measuring 1919 human mature miRNAs in the
age-/sex-matched subset of the first hair follicle sample set
(Table 81 in Supplement 1). The miRNAs were labeled using
the miRNA Complete Labeling Reagent and Hyb Kit (Agilent
Technologies) and hybridized to the arrays. Images were
scanned with a High-Resolution C scanner (Agilent Technol-
ogies) and analyzed using GeneSpring GX (Agilent Technolo-
gies). Comparisons of miRNA expression values between
schizophrenia and control groups were performed using
GeneSpring 12.6 (Agilent Technologies). To normalize the
intermicroarray range of expression intensities, the percentile
shift method (90th percentile) was used. The genes whose
expression data were available in more than 50% of hybrid-
izations were statistically evaluated between schizophrenia
and control groups using the two-tailed Mann-Whitney
U test. For quantification of individual miBRNAs, we performed
TagMan-based miRNA gRT-PCR (Applied Biosystems, Grand
Island, New York) according to the manufacturer’s instruc-
tions, using U6 snRNA as a control probe. All reactions for
miRNA guantification were also performed in triplicate, based
on the standard curve method. Statistical evaluation methods
were the same as those for mRNA.

Table 1. Demographic Characteristics of Hair Follicle Sample Sets

Control Subjects Patients p Value

First Sample Set for Schizophrenia

n , 62 52
' Sex (female/male) - o 41 /21 25/27 0518?

Age (mean =+ SD) 41.26 = 12.26 50.98 + 10.86 <.0001%
Second Sample Set for Schizophrenia

n 55 42

Sex (female/male) ; 26/29 ’ 20/22 973"
Age(meaniSD) S 46.87 = 13.56 49.93 * 12.97 2777°

Duration of illness (mean * SD) 22,79 * 14.66
At Safhpie w bt

n 24 18

Sex (female/male) 24/0 16/2 777

Age (mean * SD) 32.60 = 3.91 25.61 = 4.95 <.0001”

2Evaluated by chi-square test.
PEvaluated by two-tailed t test.

2 Biological Psychiatry ill, 2014; EEN-UE weww.sobn.orgdfiouwns
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To identify the potential targets of a specific miRNA, we
performed in silico analysis using web-based miRNA target
prediction methods, TargetScan (hifn//www targetscan.crg,
Release 6.2; Whitehead Institute for Biomedical Research,
Cambridge, Massachusetts) and miRDB (http//mirdo.org/
miRDE/; Washington University School of Medicine, St. Louis,
Missouri).

Immunohistochemistry

The plucked hairs were rinsed briefly in phosphate-buffered
saline and dropped into a 1.5 mL microfuge tube containing 1
mL of 10% neutral-buffered formalin (4°C, 1 hour). The fixed
hairs were pre-embedded in 4% agarose (Sigma-Aldrich, St
Louis, Missouri) in phosphate-buffered saline, pH 7.4. At this
point, it was possible to orientate the hairs into their desired
position for either longitudinal or transverse sectioning. Blocks
were embedded in capsules, which were filled with O.C.T.
compound (Sakura Finetek, Tokyo, Japan). Cryostat sections
(8 pm thick) of plucked hair follicles were processed for immuno-
histochemistry. The sections were blocked with 10% goat serum
in .05 mol/L Tris buffered saline plus .05% Tween 20 (TBST),
followed by three rinses in TBST (20 min each). The primary
antibodies were applied for overnight at 4°C. After three washes
in TBST (20 min each), secondary antibodies were applied to
sections at room temperature (1 hour). Slides were counterstained
with 4’,6-diamidino-2-phenylindole to highlight nuclei. After wash-
ing in TBST, the slides were mounted in PermaFluor Aqueous
Mounting Medium (Thermo Fisher Scientific, Waltham, Massa-
chusetts). Fluorescent signals were detected using a confocal
laser-scanning microscope FV1000 (Olympus, Tokyo, Japan).

Antibodies
See Supplementary Methods and Materials in Suppisment 1.

Analysis of FABP4 Protein Levels in Serum
See Supplementary Methods and Materials in Supplement 1.

Postmortem Brain Analysis
See Supplementary Methods and Materials in Supplemsnt 1.

Establishment of iPSC Lines

Dermal fibroblasts (human dermal fibroblasts) from the facial
dermis of a 36-year-old Caucasian female subject (Cell Applica-
tions, Inc., San Diego, Califomia) were used to establish control
iPSCs 201B7 and YA9 (14). The remaining control iPSCs, WD39
and KA23, were generated from a 16-year-old Japanese female
subject (15) and a 40-year-old Japanese male subject (Matsumoto,
Ph.D., et al., personal communication, 2013), respectively. The
201B7 iPSCs were kindly provided by Yamanaka, M.D., Ph.D,,
Kyoto University (14). The iPSCs YA9, WD39, and KA23 have been
described in a previous report (15). The schizophrenia derived
iPSCs from patients with 22q11.2 deletions SA001 and KOO001
were generated from Japanese female subjects aged 37 and 30
years old, respectively (see Clinical History in Supplement 1).
The maintenance of human dermal fibroblasts, lentiviral pro-
duction, retroviral production, infection, stem cell culture, and
characterization were performed as described previously (15).

In Vitro Neural Differentiation of Induced Pluripotent
Stem Cells

The iPSCs were plated in T75 flasks after dissociation into
single cells and cultured for 14 days in neural culture medium
supplemented with leukemia inhibitory factor (Merck Millipore,
Darmstadt, Germany) and basic fibroblast growth factor
(Peprotech, Rocky Hill, New Jersey). Neurospheres were
passaged repeatedly by culturing in the same manner (1%,17).

Comparative Genomic Hybridization Array Analysis
See Supplementary Methods and Materials in Supplemsnt 1.

Ethical Issues

This study was approved by the Ethics Committees of RIKEN
and all participating institutes, including the Keio University
School of Medicine, an ethical committee for skin biopsy and
iPSC production (approval No. 20080016), and conducted
according to the principles expressed in the Declaration of
Helsinki. All control subjects and patients gave informed, written
consent to participate in the study after being provided with and
receiving an explanation of study protocols and objectives.

RESULTS

Expression of mRNA in Scalp Hair Follicles from
Schizophrenia and Control Subjects

Gene expression profiles of schizophrenia postmortem brains
have been well studied. However, studies have been hampered
by uncontrollable confounding factors associated with postmor-
tem brains and an inaccessibility of brain tissue from living
donors. Therefore, we set out to analyze gene expression in hair
follicles. Previous studies provide substantial support for reduced
expression of genes related to oligodendrocyte and GABAergic
systems in schizophrenia pathology (i~4). In addition, our (8,7,9)
and other studies (8,10,11) on FABPs (genes for fatty acid
binding proteins) raise the possibility of disturbed lipid metabo-
lism in the susceptibility to this disease. Based on these findings,
we selected 22 genes: 8 from the GABAergic system, 9 with
myelin relevance, and 5 with lipid relevance (Tabie 2). The
amount of mRNA from an individual subject’s hair follicles was
not enough for a systemic cDNA microarray. We used GAPDH
as an internal control. An exploratory scalp hair follicle sample
panel {the first sample set) consisted of samples from 52 patients
with schizophrenia and 62 control subjects (Tabie 1). gRT-PCR
analysis showed that seven genes, namely CALB2, SST, CNP,
PMP22, FABP4, FABP7, and FAAH were differentially expressed
(o < .05) in samples from schizophrenia compared with control
subjects (Table 2; Figurs 81 in Supplement 1),

To replicate the finding, we examined the expression levels
of these seven genes using an age-/sex-matched, independ-
ent confirmatory set (a second sample set) composed of 42
patients with schizophrenia and 55 control subjects (Tabie 1).
Of the seven genes, only FABP4 showed significantly dec-
reased expression (an average reduction of 43% compared
with a reduction of 40% in the first set of samples) in
schizophrenia samples (Figure 14; Tabie 2). Correlation anal-
yses demonstrated no significant effects for age, dose of

Biological Psychiatry gs, 2014; EeI8-388 www.sobp.orgfiournal 3
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Table 2. List of Examined Genes and Their Expression in the First and Second Scalp Hair Follicle Sample Sets from
Schizophrenia

First Sample Set Second Sample Set

Mean = SD of Corresponding Mean = SD of Corresponding

Gene / GAPDH Gene / GAPDH
Control Schizophrenia Control Schizophrenia

Gene Category Gene Symbol Assay ID* (n = 62) (n = 49) p Value” (n = 62) (n = 49) p Value”
GABAergic System  GAD1 Hs01065893_m1 .881 = 598 1.119 =+ 707 118

GAD2 Hs00609534_m1 Not detectable

GABRAT Hs00168058_m1 2.347 * 2,761 .832 + 964 378

GABRD Hs00181309_m1 1.055 * 758 945 + 618 666

SLCBAT Hs01104475_m1 1.047 + .830 .985 + 555 682

PVALB Hs00161045_m1 1.067 * .569 1.074 * 669 .87

CALB2 Hs00418693_m1 1.024 + 355 1.163 + 303 .037¢ 716 *+ 373 .857  .300 .095°

SST Hs00356144_m1 626 + .549 1.062 + .928 .028" 910 + .683 1.812 * 1.802 151¢
Myelin Relevance APC Hs01568269_m1 1.001 * .243 939 :*+ 233 381

CLDN1T1 Hs00194440_m1 .860 * 606 984 + 854 .862

CNP Hs00263981_m1 1.148 + 336 085 + 186 .002¢ 928 * 415 1.052 x 210 456

CSPG4 Hs00361541_g1 .976 *+ 536 1.050 + .364 252

MAG Hs01114387_m1 Not detectable

NES Hs00707120_s1 1.018 * .496 1.013 + 408 .98

OLG2 Hs00300164_s1 Not detectable

PMP22 Hs00165556_m1 1.006 + .370 804 + 261 .003¢ 807 + .410 .844 =+ 400 .987

SOX10 Hs00366918_m1 1.072 + 748 .984 + 508 .99
Lipid Relevance FABP3 Hs00997360_m1 768 * .486 .807 + .372 292

FABP4 Hs01086177_m1 1.050 = .470 .658 + .251 <.00017 1.138 = .708 650 + .232 <.001

FABPS Hs02339439_g1 1.118 + .215 1.084 + 179 312

FABP7 Hs00361426_m1 562 * .332 1.018 + .744 .003¢ 519 + 372 .530 * .355 754

FAAH Hs01038660_m1 1.008 + 344 .857 + 221 013" .836 =+ .303 753 + 281 .180°
Control GAPDH Hs02758991_g1

GABA, gamma-aminobutyric acid.
2Probe ID in TagMan Gene Expression Assay system.

PEvaluated by two-tailed Mann-Whitney U test.

°For these analyses, only 49 control and 36 schizophrenia samples were available.

dSignificant changes.

antipsychotics [haloperidol equivalent (18,1%)], or duration of
iliness on the expression levels of FABP4 (Figure SZA-C in
Supplement 1). Since serum levels of Fabp4 were reported to
be affected by nutritional fluctuations in mice (that is, sup-
pressed by feeding) (20), we examined the effect of sampling
time after the last meal on FABP4 expression in hair follicles
and found no significant change (Figure 320 in Supplement 1).
Nor did we detect an effect for sex on FABP4 levels: male
control versus female control subjects, p = .950; male schizo-
phrenia versus female schizophrenia subjects, p = .360; male
(control + schizophrenia subjects) versus female (control +
schizophrenia subjects), p = .387; all evaluated by the Mann-
Whitney U test.

Circulating FABP4 is known to be associated with meta-
bolic markers (21,22), so we examined the effects of weight,
height, body mass index, and body fat percentage on FABP4
expression in the second hair follicle sample set (Figure 3 in
Supplement 1). None of these factors affected the expression
ratios of FABP4/GAPDH in hair follicles. Despite the fact that
olanzapine alters lipid metabolism (23,24), we detected no
significant correlation between FABP4 expression levels in hair
follicles and olanzapine dose (mg/day) in the second set of
schizophrenia samples (Spearman’s rho = -.2289; 95%
confidence interval = —.5258 to .1178; p = .180).

From these results, FABP4 expression levels in hair follicles
would appear to be. a robust marker for schizophrenia.
Receiver operating characteristic curve analysis determined
an optimal cutoff level of .769, based on the minimum distance
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from the curve to upper left corner (= .191) and area under the
curve = .713 (95% confidence interval = .609-.817) (Figure 54
in Supplement 1). With this cutoff level for the FABP4/GAPDH
mRNA ratio, the sensitivity, specificity, and positive and
negative predictive values were 71.8%, 66.7%, 60.9%, and
76.6%, respectively.

Immunohistochemical Analysis of FABP4 in Scalp
Hair Follicles

e g

Figure 2A shows the structure of a hair follicle (25,26). Moving
inward, a plucked scalp hair consists of the following compo-
nents: the outer root sheath, companion layer, inner root sheath
(IRS), the cortex, and medullar. Each of these components has
an epidermal origin and each compartment expresses specific
genes from the keratin family (26) (Figure 28). FABP4 is co-
expressed with K71 in the IRS cuticle layer and displays
partially overlapping expression with K85 in the cuticle,
matrix/precortex, and mid/upper cortex (£7). However, FABP4
shows scant co-expression with K14 in the outer root sheath
layer (Figure 2C, D). These results indicate that FABP4 is
expressed in the IRS and part of the hair cortex.

Expression of FABP4 in Serum and Postmortem
Brains

We measured FABP4 protein levels in the same cohort as the
second hair follicle sample, using an enzyme-linked immuno-
sorbent assay kit, to see whether serum levels of FABP4 could
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Figure 1. FABP4/fatty acid binding protein 4 (FABP4) expression analyses in schizophrenia and control samples. (A, B, D, E) Results for hair follicles (the
second sample set), serum, and postmortem brain tissue (Brodmann area [BAJ46 and cornu ammonis [CA]1) are shown. GAPDH was used as an internal
control. p values were calculated using two-tailed Mann-Whitney U test. Horizontal bars show mean = SD. (C) Correlations between relative FABP4 expression
levels in scalp hair follicles and FABP4 levels in serum are also shown. Statistical evaluations were performed using Spearman’s rank correlation test.

also be a proxy for schizophrenia. However, the measure did
not differ significantly between schizophrenia and control
samples, although a trend of increase was seen in schizo-
phrenia (Figure 18). In addition, using the second sample
cohort, there was no significant correlation between serum
FABP4 and FABP4 mRNA levels in hair follicles (Figure 1C).
Interestingly, in contrast to findings in mice (2), serum FABP4
levels were not affected by time elapsed after the last meal in
either disease or control groups (Figure 53 in Supplement 1).
In postmortem brains, FABP4 transcript expression was
significantly elevated in the frontal cortex (Brodmann area
[BAJ46) of schizophrenia compared with control samples
(o = .0047) Figure 10), suggesting its role in schizophrenia
pathophysiology. Expression of FABP4 in hippocampus cornu
ammonis 1 remained unchanged between schizophrenia and
control samples (Figure 1E), implicating region specificity for the
function of FABP4 in schizophrenia. Both of these brain regions
showed particularly high expression levels in four schizophrenia
samples derived from patients not recorded to have taken
particular therapeutic drugs (Table 83 in Supplement 1),
although the possibility of drug effects cannot be excluded.

Expression Analysis of miRNAs in Scalp Hair Follicles
and Postmortem Brains

We further performed microarray-based miRNA analysis and
measured the expression levels of 1919 human mature
miRNAs using the miRBase Release 18.0 platform (Agilent)
in an age- and sex-matched subset of the first hair follicle

sample set (Table 81 in Supplement 1). We detected three
miRNAs, which satisfied our criteria of an absolute fold change
(FC) (schizophrenia group/control group) = 2 and p < .05
(by Mann-Whitney U test, two-tailed). These were hsa-miR-
4449 (FC = 3.45, p = .0032), hsa-miR-1237 (FC = 2.55,
p = .028), and hsa-miR-4769-3p (FC = 2.03, p = .028). In the
next step, we tested these three miRNAs in the second hair
follicle sample set (Tabie 1), using qRT-PCR, with U6 small
nuclear RNA as a control probe. hsa-miR-4449 showed a top
hit with upregulation, although not to significant levels, in
schizophrenia (FC = 1.25, p = .063) (Figure 34).

In postmortem brains (BA46), hsa-miR-4449 showed
increased expression (p = .0007) in schizophrenia samples
(Figure 3B), suggesting possible contribution of this gene also
to schizophrenia.

Expression Analysis of FABP4 and hsa-miR-4449 in
iPSCs and iPSC-Derived Neurospheres

Recently, iPSCs have been used for human disease modeling,
particularly in neurological disorders (28-3%). We have estab-
lished iPSCs from control subjects (one line each from four
subjects) and schizophrenia patients carrying a 22qg11.2
microdeletion (two lines each from two patients) (31)
(Figure 4). Then, we established three neurosphere lines from
each iPSC line. We chose 22q11.2 deletion carriers for
analysis (for comparative genomic hybridization array analysis
using the iPSCs, see Supplementary Methods and Materials in
Supplement 1), since the 22q11.2 deletion is a well-defined
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Figure 2. Expression patterns of fatty acid binding protein 4 (FABP4) in scalp hair follicles. (A) Schematic illustration showing the structure of hair follicles.
(B) Schematic presentation of epithelial/hair keratin expression patterns. Keratin K71 is expressed in the three inner root sheath (IRS) layers, while K14 is
known as outer root sheath (ORS) keratin. Keratin K85 is present in the hair-forming compartment. (C) Immunofluorescent labeling of FABP4 and hair keratins
(K14, K71, and K85) in scalp hair follicles. K14 is uniformly expressed throughout the widely stratified follicular ORS. K71 is expressed in all compartments of
the hair IRS. Keratin K85 expression extends from the hair matrix to the upper cortex and the hair cuticle. FABP4 is seen in the IRS and part of the hair cortex
(merged green and red). 4',6-diamidino-2-phenylindole (DAPI) was used for nuclear staining. (D) Magnified picture of (C). APM, arrector pili muscle; cl,
companion layer; DP, dermal papilla; DS, dermal sheath; gm, germinative matrix; ma/co, matrix/precortex; med, medulla; SG, sebaceous gland.
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Figure 3. Expression analyses of hsa-miR-4449 in
schizophrenia and control samples. Results from hair
follicles (the second sample set) (A), postmortem
brains (Brodmann area [BAJ46) (B), induced pluripo-
tent stem cells (iPSCs) (C), and neurospheres (D) are
shown. U6 small nuclear RNA (snRNA) was used as
an internal control. p values were calculated using
= two-tailed Mann-Whitney U test. Horizontal bars
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genetic feature with the highest risk for schizophrenia, affecting
around .3% of schizophrenia patients (32). The FABP4 gene
shows little expression in iPSCs derived from either control
subjects or patients (data not shown). The gene is expressed in
neurospheres, suggesting that its expression starts at a very
early stage of neuronal development. Neurospheres are com-
posed of free-floating clusters of neural stem or progenitor
cells, differentiated from iPSCs. However, FABP4 expression
levels were not significantly different between control subjects
and cases (Figure 86 in Supplement 1; expressional variance in
the control group was large). Expression of hsa-miR-4449
showed a trend of upregulation in iPSCs from patients (p =
.0571) (Figure 3C); however, there was no differential expression
between neurospheres derived from control subjects and cases
(Figure 3D).

Examination of Autism Samples

We also performed a preliminary study to examine whether
expression patterns of putative autism genes in scalp hair
follicles could discriminate between autism and control sam-
ples. The sample cohort is shown in Table 1. We selected
genes from candidates for autism susceptibility and included
FABP4, due to the genetic overlap between schizophrenia and
autism (32). The remaining genes were FABP7 (3), NHES (34),
NHES (34), A2BP1 (38), CADPS2 (38), AH1 (35), CNTNAP2
(33), and SLC25A712 (35). Of the nine genes, only CADPS2
(o = .0401) and CNTNAP2 (p = .0212) showed significantly
decreased expression in autism-derived samples compared
with control follicles (Figure 87 in Supplement 1). It should be
noted that the average age of autism subjects was signifi-
cantly lower than that of control subjects (Tabie 1) and that
CADPS?2 levels showed a positive correlation with age in
autism and control + autism groups (Figure 58 in Supplement 1).

Schizo‘phrenia

Therefore, we can only safely nominate CNTNAP2 level as a
potentially valid marker for autism in this study (Figure 8% in
Supplement 1). Approximately half of the examined patients
were medicated. However, these patients were not outliers in
terms of CNTNAP2 expression in hair follicles; that is, they fell
within the mean = 2SD (detailed data not shown).

DISCUSSION

We examined and attempted to validate expression levels of
schizophrenia and autism candidate genes using scalp hair
follicles as a surrogate source of disease markers. Of the
protein-coding genes tested that are putative schizophrenia
genes, FABP4 was confirmed to be downregulated in disease
samples in our two-stage analyses. Our low rate of replication
could be due to two main factors. First, the current sample
size is insufficient, which may represent one of the limitations
in this study. Another potential reason might be that stable
detection of expression levels is dependent on where a
particular gene is expressed in the hair follicle. For instance,
FABP4 is expressed in more central portions (IRS and cortex)
of the hair follicle and the integrity of these areas may be well
maintained during the plucking process, leading to more
consistent results.

FABP4, also known as adipocyte-specific fatty acid-binding
protein, belongs to the fatty acid-binding protein super family,
whose members have molecular masses of approximately
15,000. FABPs are highly conserved cytoplasmic proteins that
bind long-chain fatty acids and other hydrophobic ligands. It is
thought that FABPs are active in fatty acid uptake, transport,
and metabolism. In the periphery, FABP4 is highly expressed
in adipose tissue and moderately expressed in macrophages,
endothelial cells, and bone marrow (37). The protein has been
intensively studied in terms of systemic insulin sensitivity and
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Figure 4. Establishment of iPSCs
and  iPSC-derived  neurospheres

from controls and schizophrenia
patients with a 22g11.2 deletion

-
SA0D1-1D2 * 3w s
3= i

(also see ref. 41). (A) Demographic
data and 1.D. information for samples
are shown. (B) CGH array analysis of

Diagnosis Sex Age  Fibroblast iPSC line No. oo
-
Control F 36 B7 20187, YAS Lo
SA001-3B1 1 e, 1
Control F 16 WD 39 !
Control M 40 KA 23
Schizophrenia [
with 22g711del F 30 KO001 19,26 $

Schizophrenia :
with 22q11del Fo 87 SA001 102, 381 :

chromosome 22 using iPSCs
showed that all the iPSC lines
derived from the patients carried a
2.6 Mb hemizygous deletion at chro-
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lipid and glucose metabolism, both of which correlate with
inflammatory mechanisms (21). Since the results showing
downregulation of FABP4 in scalp hair follicles from schizo-
phrenia subjects are robust against confounding factors,
including those related to metabolic state, our findings are
unlikely to represent either metabolic or inflammatory con-
ditions. In addition, our patients had been treated with second-
generation antipsychotics, including olanzapine, which often
induce metabolic syndrome, but FABP4 levels in hair follicles
were independent of drug dose and duration of illness.
Conformingly, there was no significant correlation between
serum FABP4 and FABP4 transcript levels in hair follicles.
Therefore, elevated FABP4 expression in hair follicles may
point toward a pathophysiological step in schizophrenia.

In our protocol, all cells in neurospheres expressed the neural
markers Nestin, or $3-tubulin, suggesting that our neurospheres
consist almost entirely of neural stem or progenitor cells (38). The
fact that FABP4 is expressed in neurospheres may suggest a
potential role in neuronal stem cell maintenance or neuronal
differentiation or both processes. Although iPSC-derived neuro-
spheres showed no significant differences in FABP4 expression
levels between control and schizophrenia cohorts, before a
conclusion can be made, it would be necessary to examine a
much larger cohort. According to the Human Protein Atlas
database (Knut and Alice Wallenberg Foundation, Stockhoim,
Sweden; hitp/fwww.proteinatias.org/), FABP4 transcripts are
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controls (WD39, 201B7, YA9 and
KA23). AP activity was detected
using an Alkaline Phosphatase
Staining kit (Miltenyi Biotec, Bergisch
Gladbach, Germany). (D) Those from
patients with a 22g11.2 deletion
(SA001-1D2, SA001-381, KO001-19
and KOO001-25). All the iPSC clones
were AP-positive showing the plur-
ipotency. Scale bars: phase contrast
and AP staining, 400 pm; neuro-
spheres, 150 pm. iPSC, induced
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expressed in neuronal cells (35%) and glial and endothelial cells
(65%) of the adult cerebral cortex.

To evaluate whether common genetic variants of FABP4
determine a predisposition to schizophrenia, we performed a
genetic association study using approximately 2000 schizo-
phrenia cases and 2000 age- and sex-matched control
subjects with six tag single nucleotide polymorphisms (Sup-
plementary Methods and Materials in Supplsment 1). This
analysis found no significant allelic or genotypic association
(Table 84 in Supplernent 1). The FABP4 gene is composed of
two haplotype blocks, based on Gabriel's confidence intervals
(39) (Figure 510 in Supplement 1). Haplotype analysis also
failed to reveal any significant signals. The exact reasons for
the different directional changes seen in hair follicles, serum,
postmortem brains, and neurospheres between control and
schizophrenia subjects remain unknown. All FABP family
genes contain a canonical TATA box, followed by a conserved
gene structure. The tissue-specific and developmental regu-
lation of FABP subtype expression, including that of FABP4, is
thought to be controlled by unidentified genomic regulatory
elements (8,40).

Mechanistically speaking, although not yet confirmed, the
FABP4 may be more central to schizophrenia pathophysiology
beyond being a mere biomarker for disease. This is based on
the following observations: 1) FABP4 is expressed in the early
neuronal lineage (a current finding); 2) other FABP genes are
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reported to be associated with schizophrenia (8,7,2,11); and
3) there is evidence linking polyunsaturated fatty acids
(endogenous ligands for FABPs) with schizophrenia etiology
(41) and brain development (42).

Regarding miRNA, we detected hsa-miR-4449 from a total of
1919 human mature miRNAs in this study. Although its expres-
sion in hair follicles was not significantly altered, expression did
show significant upregulation in postmortem brains (BA46) and a
trend of increase in IPSCs from schizophrenia samples. Web-
based target predictions for hsa-miR-4449 hit 18 protein-coding
genes using TargetScan (Whitehead Institute for Biomedical
Research, Release 6.2) (Table $5 in Supplement 1) and 10
protein-coding genes using miRDB (Washington University School
of Medicine; hitp//mirdb.org/milRDEY) (Table S8 in Supplement 1),
Between the two programs, the following three genes over-
lapped: 1) HICT; 2) RBM4; and 3) TOMMA40. Although the
predicted roles for these three genes in schizophrenia patho-
genesis are not known, hsa-miR-4449 would make an interest-
ing candidate in future studies, since this miRNA is expressed in
early human neurodevelopmental stages such as iPSCs and
iPSC-derived neurospheres.

In the analysis of autism-derived scalp hair follicles, we
found significant downregulation of CNTNAP2 in sufferers
compared with control subjects and that the results are not
affected by age. CNTNAP2, which encodes the contactin
associated protein-like 2, is one of the strongest autism
susceptibility genes with convergent evidence from several
independent studies (43).

In the case of schizophrenia, biomarkers are an essential
tool, particularly in the early phase of disease onset, such as
the prodromal phase or at-risk mental state (44). It would be
important to confirm whether FABP4 expression levels in scalp
hair follicles constitute a valid measure for discriminating
between those individuals in at-risk mental state who will
spontaneously recover and those who will need therapeutic
treatment. As a starting point, it is interesting that the
decreased FABP4 levels in schizophrenia-derived hair follicles
are not influenced by duration of illness.

In summary, our results provide an original concept for
identifying novel disease markers, with potential benefits for
the clinical practice of psychiatric medicine, as well as
possible applications to other brain disorders. The develop-
ment of methods that enable the analysis of a transcriptome
using hair follicles (~10 samples) would be highly desirable. At
the moment, approximately 40 ng of total RNA is extractable
from a single hair follicle, but this amount is not enough for
currently available cDNA microarray analysis, a technique
which needs roughly 1 ug of total RNA.
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Abstract

Background: Gambogic acid (GA) was extracted from the dried yellow resin of gamboge (Garcinia hanburyi) which
is traditionally used as a coloring material for painting and cloth dying. Gamboge has been also used as a folk
medicine for an internal purgative and externally infected wound. We focused on the mechanisms of apoptosis
induction by GA through the unfold protein response (ER stress) in Hela cells.

Methods: The cytotoxic effect of GA against Hela cells was determined by trypan blue exclusion assay. Markers of
ER stress such as XBP-1, GRP78, CHOP, GADD34 and ERdj4 were analyzed by RT-PCR and Real-time RT-PCR. Cell
morphological changes and apoptotic proteins were performed by Hoechst33342 staining and Western blotting
technique.

Results: Our results indicated a time- and dose-dependent decrease of cell viability by GA. The ER stress induction
is determined by the up-regulation of spliced XBP1T mRNA and activated GRP78, CHOP, GADD34 and ERdj4 expression.
GA also induced cell morphological changes such as nuclear condensation, membrane blebbing and apoptotic body
in Hela cells. Apoptosis cell death detected by increased DRS5, caspase-8, 9, and —3 expression as well as increased
cleaved-PARP, while decreased Bcl-2 upon GA treatment. In addition, phosphorylated JNK was up-regulated but

phosphorylated ERK was down-regulated after exposure to GA.

Conclusions: These results suggest that GA induce apoptosis associated with the ER stress response through
up-regulation of p-JNK and down-regulation of p-ERK in Hela cells.

Keywords: Gambogic acid, Anticancer, ER stress, Apoptosis, Hela cells

Background

Gambogic acid (GA) is the major active ingredient of
gamboge extracted from Garcinia hanburyi in Southeast
Asia, India and China. It is commonly known in Thailand
as “Rong Thong”. It has been used as a folk medicine for
an internal purgative and externally infected wound [1].
GA has potent anticancer effect, including induction of
apoptosis and cell cycle arrest in a broad range of human
cancer such as gastric cancer [2], leukemia [3], breast
cancer [4] and hepatoma cancer [5]. It has been dem-
onstrated that GA activates cell apoptosis through
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transferrin receptor [6] and nuclear factor-xB signaling
pathway [7]. Previous study also showed that GA has
anti-metastasis activity by suppressing the expression of
integrin Bl [8]. Moreover, GA could inhibit tumor
angiogenesis by decreasing VEGF production [9] and
suppressing VEGFR2 [10]. Recently, Zhang et al. [11]
showed that GA could be an inhibitor of Heat shock
protein 90 (Hsp90) which is a key protein in cell signal-
ing and tumor regeneration. Inhibition of Hsp90 by
treatments of cells with specific inhibitors leads to ER
stress induction and subsequent activation of the three
ER stress sensors of the unfolded protein response
which contributed to cell death of the treated cells [12].

The endoplasmic reticulum (ER) is a central organ-
elle involved in lipid synthesis, protein folding and

© 2015 Krajarng et al,; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
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maturation. The ER is highly sensitive to stress that
disturb cellular energy levels, the redox state or Ca®"
concentration. These reduce the protein folding cap-
acity of the ER and cause the accumulation and aggre-
gation of unfolded protein which result in ER stress
response termed unfolded protein response (UPR). The
ER stress response is regulated by three ER transmem-
brane receptors; pancreatic ER kinase (PKR)-like ER
kinase (PERK), inositol requiring enzyme 1 (IRE1) and
activating transcription factor 6 (ATF6) [13]. These ER
transmembrane proteins are kept in an inactive state
through their association with the ER chaperone BiP/
GRP78 (glucose-related protein, 78kD). During ER
stress, GRP78 dissociates from these three transmem-
brane proteins. Activated PERK blocks general protein
synthesis by phosphorylating eukaryotic initiation fac-
tor 2 (elF2a). This phosphorylation enables translation
of ATF4 which translocates to the nucleus and induces
the transcription of genes required to restore ER
homeostasis. Activation of IRE1 by ER stress is typical
of receptor kinase proteins, which homodimerize and
transphosphorylate [14]. IRE1 splices X-box protein 1
(XBP1) mRNA to form mature XBP1ls mRNA (s for
spliced) which leads to not only the transcriptional ac-
tivation of ER-associated protein degradation (ERAD)
component genes and ER/Golgi biogenesis but also genes
involved in redox homeostasis and oxidative stress re-
sponse [15,16]. After the dissociation of GRP78, ATF6
translocates to the Golgi apparatus where it is cleaved into
its active form by site-1 and site-2 protease. Active ATF6
then binds to ER stress response element (ERSE) in the
nucleus to activate transcription of ER chaperone genes
such as GRP78, GRP94, and the transcription factors C/
EBP homologous protein (CHOP) and XBP1 [17]. ER
stress has recently been identified as another major
pathway engaged in the initiation of apoptosis [18]. Se-
vere or prolonged ER stress stimulates PERK, ATF6
and IRE1 apoptotic signaling and increase CHOP ex-
pression. It has been showed that CHOP is a critical
ER stress-induced apoptosis molecule through regulat-
ing the expression of Bcl2, Bim and DR5 [19,20].

Cervical cancer is the fourth most common cancer in
woman worldwide and it remains a leading cause of death
from cancer in developing and low income countries [21].
In this study, we have shown for the first time that GA
can induce apoptosis in cervical cancer HeLa cells associ-
ated with the ER stress response by up-regulation of
CHOP, p-JNK and down-regulation of p-ERK.

Methods

Preparation of gambogic acid (GA)

Garcinia hanburyi was collected from Laem-ngob, Trat
province, Thailand in Jan 2012. A voucher specimen
(Montree Kurukitkoson No. 001) was deposited at
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the Faculty of Medicine, Srinakharinwirot University,
Bangkok, Thailand. GA (Figure 1A) was isolated from
gamboge (G. Hanburyi). The extraction and separation
method was as followed: dried resin of gamboge (1 g)
was grounded into a powder and extracted with acet-
one: dH,0 (1:1, 1 L), followed by ethyl acetate (1:1).
After evaporation, the extract yielded as a yellowish
solid (0.6 g). A portion of extract (0.3 g) was subjected
to silica gel column chromatography (Silica gel 60, 60—
230 pm, Merck, Darmstadt, Germany) using chloroform/
methanol stepwise system and yielded the major com-
pound, GA, including other minor compounds. Repeated
purification of these column fractions was performed on a
SSC-1311 recycling HPLC system equipped with a SSC-
5410 UV-vis detector and SSC-3462 pump (Senshu
Scientific, Japan). The column was Capcell Pak C18,
type UG80 (20 mm id. x 250 mm, 5 pm, Shiseido,
Japan). The mobile phase was 75% acetonitrile at a flow
rate of 10 ml/min. The UV detection wavelength was
set at 360 nm. The chemical structures of GA were
then identified by comparing their 'H NMR and **C
NMR spectra (JNM-ECA500 NMR, JEOL, Japan) with
the literature data [22]. GA was dissolved and diluted
in methanol (Wako, Japan) at the desired concentration
for assays.

Cell culture

Human cervical carcinoma Hela cells were obtained
from the American Type Culture Collection (ATCC,
Manassas, VA). Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (Nissui, Tokyo, Japan) containing
8% fetal bovine serum, 2.5 g/L sodium bicarbonate, and
penicillin G (100 units/mL).The medium was refreshed
every 2-3 days. After about 70% confluence, the cul-
tured cells were detached with 0.25% trypsin-EDTA and
sub-cultured.

Cell viability

The effect of GA on cell viability was analyzed by using
trypan blue exclusion method. Cells were seeded in a
48-well plate at 1 x 10* cells/well and incubated over-
night. Then, the cells were treated with the indicated
concentrations (0, 0.03, 0.1, 0.3, 1, 3 pg/mL) of GA for
4, 8,12, 16, 20 and 24 h. The control cells were treated
with the solvent (methanol) used to prepare the GA.
Cells were trypsinized and stained with trypan blue
then counted with a hemocytometer. Cell survival was
expressed as percentage of viable cells to total cells.
Cells were treated in triplicate, and the experiments
were repeated three times.

RT-PCR analysis ‘
HeLa cells were seeded in a 12-well plate at 5x 10*
cells/well for overnight. Then cells were treated with
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Figure 1 GA inhibits cell growth in Hela cells. (A} Formula of Gambogic acid (GA). (B) Effect of GA on cell viability in HelLa cells. Time- and

dose-dependent effect of GA was performed when Hela cells were treated with various concentrations of GA at different time points and their
viability was determined by trypan blue exclusion assay. Results are mean values £ SD of three independent experiments (n = 3).

20 24

0.3 pg/mL of GA, 10 pg/mL tunicamycin as a positive
control, for 4 and 8 h. Then total RNA from HeLa cells
was extracted by using TRIzol reagent (Invitrogen,
Carlsbad, CA). The ¢cDNA was reverse transcribed from
2 ug of total RNA with oligo (dT) and M-MLV reverse
transcriptase (Promega, Madison, WI). PCR was carried
out with KOD Plus polymerase (Toyobo, Osaka, Japan)
using a pair of primers corresponding to nucleotides
505-525 (AATGAAGTGAGGCCAGTGGCC) and 609~
629 (CCCATGGATTCTGGCGGTATT) of XBP1 ¢cDNA.
The amplified products were separated by electrophor-
esis on 8% polyacrylamide gel and visualized with eth-
idium bromide staining.

Real-time RT-PCR

For quantification, real-time PCR was performed with
SYBR Premix Ex Taq (Takara, Siga, Japan). The primers
used for amplification were as followed: GRP78, forward
5-GCTCGACTCGAATTCCAAAG-3" and reverse 5'-
GATCACCAGAGAGCACACCA-3'; CHOP, forward
5'-GCGCATGAAGGAGAAAGAAC-3" and reverse 5'-
TCACCATTCGGTCAATCAGA-3'; ERdj4, forward 5'-
AAAATAAGAGCCCGGATGCT-3’ and reverse 5'-CGC

31

TTCTTGGATCCAGTGTT-3"; GADD34, forward 5 -AA
ACCAGCAGTTCCCTTCCT-3' and reverse 5'-CTCTT
CCTCGGQCTTTCTCCT-3" and GAPDH, forward 5'-AG
GTCGGAGTCAACGGATTT-3" and reverse 5 -TAGTT
GAGGTCAATGAAGGG-3’

Nuclear morphology staining with Hoechst 33342

HeLa cells (2 x 10° cells/well in a six-well plate) were
treated with 0.3 pg/mL GA for 0, 8, 16 and 24 h. After
trypsinization, cells were washed with 1X PBS and
stained with 3 pg/ml of Hoechst 33342 (Molecular
Probes, Invitrogen, USA) for 15 min. Stained cells were
examined using fluorescence microscope (Olympus,
Tokyo, Japan) with an ultraviolet filter.

Western blot analysis

HelLa cells were incubated for different times in the
presence or absence of 0.3 pg/mL of GA, harvested and
washed once with ice cold PBS. Then, 2 x 10° cells were
lysed for 30 min on ice in 50 pl of RIPA lysis buffer
(50 mM Tris—HCl, pH 7.5, 5 mM EDTA, 250 mM
NaCl, 0.5% Triton X-100) containing complete mini
protease inhibitor cocktail (Roche Diagnostics GmbH,



Mannheim, Germany). Clear cell lysate supernatants
were prepared by centrifugation and the protein con-
tent was determined using Bio-Rad protein assay (Bio-
Rad Laboratories, USA). Proteins were separated by
12% SDS-PAGE and transferred onto polyvinylidene
fluoride (PVDF) membranes (Pall Corporation, USA)
for 1 h at 100 V with the use of a Mini Trans-Blot Cell®
(Bio-Rad). After blocking with TBST (10 mM Tris,
pH 7.5, 150 mM NaCl and 0.1% Tween 20) containing
5% nonfat milk, the blots were incubated overnight at
4°C with primary antibody (Cell Signaling Technology,
Beverly, MA.) The membranes were washed in TBST
and the appropriate secondary antibody conjugated
with horseradish peroxidase (Cell Signaling Technology,
Beverly, MA) was added for 1 h at room temperature.
Immunoreactive protein bands were detected by chemi-
luminescence using enhanced chemiluminescence re-
agent (ECL, Millipore, Bedford, MA). The membranes
were stripped and reprobed with B-actin antibody to as-
sess protein loading for each lane.

Statistical analysis

All values were represented as mean £ S.D. One way ana-
lysis variance (ANOVA) was used in multi comparisons
between groups. Statistical significance is accepted
at p <0.05.
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Results

GA decreases cell viability in HeLa cells

We first examined the effect of GA on the cell viability
of HeLa cells. The cells were treated with various con-
centrations of GA (0-3 pg/ml) for 4, 8, 12, 16, 20, 24 h.
The cell viability was then evaluated using trypan blue
exclusion method. The result showed that GA de-
creased cell viability in a time- and dose-dependent
manner (Figure 1B). GA concentration at 0.3 pg/ml was
used for subsequent experiments.

GA induces ER stress induction in Hela cells

In response to ER stress, IRE1 splices a 26 nucleotide long
intron of inactive unspliced XBP1 mRNA (XBP1u), gener-
ating an active and stable transcription factor XBP1s. To
access whether GA triggers ER stress, we analyzed XBP1
mRNA splicing in HeLa cells. The XBP1 ¢cDNA was amp-
lified by RT-PCR. Tunicamycin (Tm), a well-recognized
inducer of ER stress, served as a positive control in these
tests. The result showed GA induced XBP1 splicing at 4 h
and the XBP1 mRNA was elevated by approximately 6
fold compared to the level observed in control cells (0 h)
(Figure 2). In contrast to Tm, the expression of XBP1 spli-
cing was decreased following treatment with GA for 4 h
to 8 h.

Tm

Inactive form (125 bp) w1

of Oh)
o oo o
oM N oo
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w

Active Ratio
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@
N
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Figure 2 GA induces XBP1 mRNA splicing in Hela cells. Hela cells were treated with 10 ug/ml of tunicamycin (Tm) or 0.3 ug/ml of GA for
0, 4 and 8 h. mRNA was extracted and subjected to the RT-PCR. The active form was normalized to the inactive form at 0 h. Results are mean
values + SD of three independent experiments (n = 3). *p < 0.05; **p < 001 shows significant difference compared with 0 h; #p < 0.05, is significantly

Time (h)
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We further examined whether GA induced ER stress.
The mRNA expression levels of ER stress-associated
molecules (GRP78, CHOP, endoplasmic reticulum-
localized DnaJ homologues (ERdj4) and growth arrest
and DNA damage-inducible protein (GADD34)) were
investigated by real -time PCR. CHOP, also known as
GADD153, encodes a member of the CCAAT/enhan-
cer-binding protein family and acts as an inhibitor or
activator of transcription, leading to apoptosis [20].
ERdj4, which is a chaperone protein localized in the
ER, is a downstream gene of XBP1, while GADD34 is
downstream gene of elF2a. Figure 3 showed GRP78
was slightly increased at 8 h in cells treated with GA.
On the other hand, Tm showed obviously increased
GRP78 expression and the highest level at 8 h. In
addition, there was a large increase in CHOP and ERdj4
level between 4 and 8 h following exposure to Tm and
GA. It is noticed that GA increased GADD34 expres-
sion, while it had very little effect in cells treated with
Tm. All of these observations strongly imply that GA
induced ER stress in HeLa cells.

GA induce apoptosis through intrinsic and extrinsic
pathways in Hela cells

To observe the morphological effects of HelLa cells in a
time-dependent incubation of GA, cells were stained
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with Hoechst33342 and examined under a bright-field
and fluorescence microscope. It showed that GA-treated
cells which had nuclear condensation, membrane bleb-
bing, shrunken and became apoptotic body in a time-
dependent manner, while the control cells were of round
shapes (Figure 4). This result indicated that the morpho-
logical changes of Hela cells by GA were due to
apoptosis.

To examine whether GA can induce apoptosis in HeLa
cells, we examined the activation of caspases and Poly
(ADP-ribose) polymerase (PARP), a substrate of caspase
3, by Western blotting. As shown in Figure 5A, GA re-
duced procaspase-8, -9 and -3 protein levels and in-
creased active cleaved caspase-8, -9 and -3 and PARP
cleavage. These results demonstrate that GA is involved
in apoptosis induction in HeLa cells.

ER stress-induced apoptosis occurs in both intrinsic
and extrinsic apoptosis pathways. Bcl-2 family of pro-
teins such as Bcl-2, Bax and Bim are involved in regulat-
ing the intrinsic or mitochondrial apoptotic pathway.
Western blotting results revealed the decreased Bcl-2
level in GA-treated cells in a time-dependent manner
(Figure 5B). No significant change in Bax level was ob-
served upon GA treatment. Previous study reported that
Bim, a pro-apoptotic BH3-only member of the Bcl-2
family, is essential for ER stress-induced apoptosis [23].
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Figure 3 GA induces ER stress via up-regulation of GRP78, CHOP, ERdj4 and GADD34 mRNA. Hela cells were treated with 10 ug/ml of
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GA Treatment

Bright field Hoechst staining
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Figure 4 Effect of GA on cell morphological changes. Hela cells
were treated with 0.3 pg/mi of GA for 0, 8, 16 and 24 h. Cells were
stained with Hoechst33342 and examined under a bright-field and
fluorescence microscope (40X magnification). The arrows show cell
morphological changes of apoptotic cells.

In this study, GA increased Bim in a time-dependent
manner. These results demonstrate that the mitochon-
drial pathway is involved in GA-induced apoptosis in
HeLa cell.

DR5 expression can be regulated at the transcriptional
level through CHOP via binding to the CHOP-binding
site in the DR5 gene 5'-flanking region [20]. DR5 also
activates the downstream caspase-8 and the extrinsic
apoptotic pathway [24]. The result showed DR5 protein
level was increased in a time-dependent manner follow-
ing GA treatment (Figure 5C). Our data suggest that
DR5-mediated extrinsic apoptotic pathway is involved in
GA-induced HeLa cell death.

Effect of GA on MAPK pathway

MAPKs are important signaling members of serine/
threonine protein kinase family that control cellular pro-
liferation, differentiation, survival and apoptosis. Three
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major mammalian MAPK subfamilies, extracellular reg-
ulated protein kinase (ERK), c-Jun N-terminal kinase
(JNK) and p38, were activated through a specific phos-
phorylation cascade. In HeLa cells, GA decreased the
level of phosphorylated ERK1/2 but not the total form
(Figure 6). On the other hand, GA increased the level of
phosphorylated JNK but decreased the level of total JNK
protein after treatment with the compounds. In addition,
GA did not affect p38 activity. The results suggested that
GA may induce ER stress and apoptosis through the
ERK and JNK MAPK pathways.

Discussion

GA, the major active compound extracted from gam-
boge, has been shown to induce apoptosis and inhibit
cell growth in several cancer cell lines. However, this is
the first study showing that ER stress is involved in GA-
induced apoptosis in HeLa cells through up-regulaion
of CHOP and p-JNK. Our study shows that GA can in-
hibit proliferation of HeLa cells in a dose- and time-
dependent manner. GA concentration at 0.3 pg/ml was
used for subsequent experiments because it showed the
best results of ER stress but did not induce cell death at
4~8 h.

ER plays an important role in the maintenance of
intracellular calcium homeostasis, protein synthesis,
posttranslational modifications and protein folding. Re-
cently, the potential of ER stress in tumor is considered
important for regulating the balance between tumor cell
death and growth, and for developing the sensitivity of
chemotherapeutic agents [25]. ER stress is regulated by
transmembrane proteins; PERK, IRE1 and ATF6. All of
the three transmembrane proteins are activated through
dissociation with GRP78 when there is an imbalanced of
unfolded proteins and chaperones. The activation of
IRE1 promotes XBP1 splicing. Spliced XBP1 is an active
transcription factor that regulates the transcription of
many target genes including ER chaperones and genes
encoding the components of ER-associated degradation,
such as ERdj4. Upon removal of GRP78, PERK auto-
phosphorylates and activates in ER membrane. Activated
PERK phosphorylates and inactivates elF2a leads to the
translational up-regulation of specific mRNAs, such as
ATF4. ATF4 is a transcription factor that activates
the transcription of pro-apoptotic factors CHOP and
GADD34. Release of GRP78 frees ATF6 to translocate to
the Golgi apparatus where resident proteases cleave
ATF6, releasing this transcription factor into the cytosol
and allowing it to migrate into the nucleus and regulate
the gene expression [26].

The mechanisms underlying GA-induced ER stress are
unknown. In this study, it showed GA could induce
XBP1 splicing. However, it is notable that in response to
the treatment with tunicamycin the active:inactive XBP1
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Figure 5 GA induces apoptosis. {A) The expression of caspase-3, -8, -9, and PARP were analyzed by Western blotting. Hela cells were non
treated (NT) or treated with 0.3 pg/mi of GA for 24 h. Effect of GA on the expression of (B) Bcl-2 family and (C) DRS in Hela cells. Hela cells were
treated with 0.3 pg/mi of GA for the indicated time poinits and analyzed by Western blotting. The results from representative experiments were
expressed relative to the protein level at 0 h after normalization to $-actin signals.
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ratio increased, while in response to the treatment of
GA the ratio decreased after 8 h. This was due to cell
death induction by GA, resulting in decreased active:
inactive XBP1ratio, while tunicamycin did not. Further-
more, GA upregulated the mRNA levels of ER stress-
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h
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Figure 6 Effect of GA on MAPK pathway in Hela cells. Hel.a cells
were treated with 0.3 pg/mi of GA for the indicated time points. The
expression of phosphorylated and total ERK1/2, JNK and p38 were
analyzed by Western blotting and were expressed relative to the
protein level at 0 h after normalization to B-actin signals.

35

associated molecules, including GRP78, CHOP, ERdj4
and GADD34. GADD34 is a target gene of the UPR
and its induction in the early stress response promotes
subsequent dephospholylation of elF2« [27]. Tunicamy-
cin is a typical inducer of ER stress that induces XBP1
splicing and activation of IRE1 [28]. Interestingly,
GADD34 expression induced by GA was high, while it
was not induced by tunicamycin. This finding suggests
that GA induce ER stress in HeLa cells with different
mechanism from that observed for tunicamycin. The
modulation in the status of GRP-78 differs in response
to the treatment with TM and GA could be explained
according to Shinjo et al. [29]. The expression patterns
of nine UTP target genes induced by seven UTP-
inducing compounds including tunicamycin in HeLa
cells were reported. These compounds were classified
by hierarchical clustering analysis into two clusters;
cluster A (thapsigargin, tunicamycin, 2-deoxyglucose,
and dithiothreitol) and cluster B (brefeldin A, monen-
sin, and eeyarestatin I). Their study also showed that
the expression of GRP78 induced by brefeldin A is
lower than by tunicamycin. Therefore, the difference in
expression of UPR target gene profiles depends on the
mode of action of compounds.

Furthermore, previous studies about ER stress in can-
cer showed that GRP78 promoted cancer cell prolifera-
tion, and not only protects cancer cells from the impact
of microenvironment but also provides chemoresis-
tance. Knockdown of GRP78 can suppress cancer cell
growth and increase the sensitivity of cancer cells to
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chemotherapeutic agents [30]. On the other hand,
CHOP acts as an antagonist of GRP78 [31]. CHOP in-
duces proapoptotic effect when ER stress is too severe
to maintain cellular homeostasis. CHOP stimulates ex-
pression of GADD34 resulting in dephosphorylation of
elF2a and recovery of protein translation. High rates of
protein synthesis during ER stress lead to cell death
through the accumulation of misfolded proteins, which
would reduce tumor mass. Then CHOP and GADD34
induce oxidative protein folding. Induction of GADD34
can contribute to chronic stress resulting in exaggerated
toxicity and cell death. While suppression of CHOP and
GADD34 promoted tumor growth, invasiveness and
angiogenesis [32]. Therefore, GA showed little expression
of GRP78 but high expression of CHOP and GADD34
may mediate tumor-suppressive effects.

Previous studies showed that GA could induce apop-
tosis in many cancer cells [2-5]. Liu et al. [33,34] re-
ported that GA alone did not increase expression of
CHOP and GRP78 but the combination of GA and cal-
cium channel blocker verapamil or proteasome inhibi-
tors bortezomib, induced high expression of these two
proteins especially CHOP protein in human hepatoma
HepG2 and leukemia K562 cells. Interestingly, GA alone
did not induce apoptosis in both cell types but the com-
bination of GA and verapamil or GA and bortezomib
did, which is different from our results that only GA
could induce ER stress and apoptosis in Hela cells.
Thus, these results show GA could induce different
mechanism of ER stress and apoptosis pathways depend-
ing on cancer cell type.

This study also showed that GA induced apoptosis in
Hela cells via caspase-3, -8, -9 and PARP. ER stress
can also activate well-known general regulators of apop-
tosis, including caspases and the Bcl-2 family of proteins.
It has been known that Bcl-2 family members reside
in the ER membrane and function principally at the
mitochondrial outer membrane, so they may influence
homeostasis and apoptosis from the ER as well [35,36].
Anti-apoptotic Bcl-2 or Bel-X; ,targeted specifically to
the ER membrane, can block apoptosis induction by
pharmacological kinase inhibition or by pro-apoptotic
Bcl-2 family members. On the other hand, ER stress
can activate several BH3-only pro-apoptotic members
of the Bcl-2 family, including Bim, Bik, and Puma [37].
CHOP has been shown to promote apoptotic pathways,
downstream of ER stress, by transcriptionally down-
regulated the anti-apoptotic protein BCI-2 and up-
regulate DR5, a member of the death receptor protein
family [20]. We showed that GA could induce both in-
trinsic and extrinsic apoptotic pathways which involved
in down-regulation of Bcl-2 protein, up-regulation of
Bim protein as well as activation of caspase-8 and -9
and DR5.
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In mammals, MAPKs guide cellular maturation and
can induce inflammation and apoptosis. The MAPK
family includes ERKs, which are activated by mitogens,
and JNKs and p38 MAPKs that primarily activated by
cytokines and in response to cellular stress [38]. It has
been reported that ER stress caused the activation
of JNK signaling pathway through IRE1I-TRAF2 (TNF
receptor associated factor 2) -ASK1 (Apoptosis signal-
regulating kinase 1) pathway and up-regulated the pro-
apoptotic activity of DR5, Puma, and Bim leading to
apoptosis induction [39,40]. In this study, GA was
shown to up-regulate phosphorylated JNK after 8 h of
treatment. Furthermore, GA also showed down-regulated
phosphorylated ERK but not p38. Our result suggests
that GA induces apoptosis via up-regulation of JNK
and down-regulation of ERK signaling pathway.

Conclusion

Although cell death mechanism during ER stress re-
mains unclear, it seems that the death pathways depend
both on the cancer type and on the tumor microenvir-
onment. But in this study we have demonstrated for the
first time that GA induces apoptosis associated with
the ER stress response through up-regulation of JNK
and down-regulation of ERK in Hel.a cells. This finding
suggests that GA could be a potential anticancer agent
and these may offer further possibilities for alternative
treatment.
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