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Abstract

Human olfactory cells obtained by rapid nasal biopsy have been suggested to be a good surrogate
system to address brain disease-associated molecular changes. Nonetheless, whether use of this
experimental strategy is justified remains unclear. Here we compared expression profiles of
olfactory cells systematically with those from the brain tissues and other cells. Principal
component analysis indicated that the expression profiles of olfactory cells are very different from
those of blood cells, but are closer to those of stem cells, in particular mesenchymal stem cells,
that can be differentiated into the cells of the central nervous system.
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Comparison of expression and epigenetic profiles from biospecimens between patients and
controls is currently one of the major strategies to elucidate disease mechanisms and to
identify biomarkers (Cooper-Knock et al., 2012). A major barrier in applying this strategy

© 2013 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
Corresponding author: Akira Sawa, asawal@jhmi.edu 600 N Wolfe St Baltimore MD 21287, tel 410-955-4726, fax 410-614-1792.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Supplementary Figure Legend
Sources of variation in gene expression data from ANCOVA. We performed two-way ANCOVA and observed a mean F ratio with a
major contribution from tissue/cell type, with less influence of scan date and age.
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for brain disorders is the difficulty in accessing cells and tissues relevant to the disease
pathophysiology (Dolmetsch and Geschwind, 2011). Olfactory tissue obtained by nasal
biopsy has been suggested as a surrogate biospecimen for the brain (Borgmann-Winter et al.,
2009; Cascella et al., 2007; Feron et al., 1995; Feron et al., 1998; Girard et al., 2011; Gomez
et al., 2000; Hahn et al., 2005; Mackay-Sim et al., 2008; Murrell et al., 2005; Sawa and
Cascella, 2009; Talamo et al., 1989; Trojanowski et al., 1991). Nonetheless, the validity and
limitations of using olfactory tissues have not been systematically addressed. In this study,
we aim to address this question by comparing expression profiles among olfactory cells,
blood cells, stem cells, and brain tissues.

Lymphoblasts were generated according to a published protocol (Bader et al., 2012; Penno,
1993). Dissociated olfactory cells were purified from the olfactory epithelium, which was
obtained via rapid nasal biopsy under local anesthesia, as previously described (Kano et al.,
2013; Tajinda et al., 2010). Induced pluripotent stem cells and the neurospheres originated
from stem cells were generated according to a published protocol (Imaizumi et al., 2012).
The experimental details of cells in this study are summarized in Supplementary Table.
This study was approved by Institutional Review Boards at Johns Hopkins University
(NA00037204) and Keio University (20-16-18).

We conducted expression profile analysis using Affymetrix U133 Plus 2.0 GeneChip® with
standard protocols (Affimetrix), as published (Mao et al., 2005). These transcripts
corresponded to 22,500 human transcript sets. Raw data from U133A Gene-Chips were
normalized by using robust multi-array average (RMA) normalization (R version2.1.0) from
BioConductor, or GC-content correction RMA (GC-RMA) using Partek® Genome Suite
version 6.0 software. The results using either GC-RMA or RMA were very similar (data not
shown), and we used GC-RMA because of its ability to estimate probe affinity to non-
specific binding. In addition to the in-house expression data with biospecimens from healthy
subjects, the expression profiles of adult and fetal brain tissues, lymphocytes, lymphoblasts,
induced pluripotent stem cells, embryonic stem cells, and mesenchymal stem cells in healthy
controls were imported from Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/
geo/). We also compared the profiles of lymphoblasts and induced pluripotent stem cells
between in-house data and public databases, and confirmed the compatibility between these
two. In the overall analysis, we integrated all the data together.

Exploratory analyses by use of principal component analysis (PCA) was performed with
Partek® software (http://www.partek.com). For PCA, we used the covariance dispersion
matrix option. PCA allows visualization of highly dimensional data along principal
component axes. These axes reflect the degree of variance in the data allowing the
identification of groups of data having possible biological relevance (Kondo et al., 2013;
Mao et al., 2005). To test which biological functions contribute these distributions, we
applied Gene Ontology Consortium functional analysis (Wwww.geneontology.org) on the
TIBCO Spotfire DecisionSite analytic platform, according to the established protocol
(Tavazoie et al., 1999).

First, we examined the general landscape of expression profiles among entire tissues and
cells in this study (Fig. 1A). We obtained similar results using hierarchical clustering (data
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not shown). According to the PCA, the samples were separated into four groups; adult brain
tissue group (red), fetal brain tissue group (green), blood cell group (blue) consisting of
lymphoblasts and lymphocyte cells, and stem cell group (purple) that comprise embryonic
and induced pluripotent stem cells, neurosphere and neural progenitor cells derived from
these stem cells, and mesenchymal stem cells. Interestingly, olfactory cells belong to the last
stem cell group. Compared to the blood cells, the expression profiles of the stem cell group
were similar to those of the adult and fetal brain groups. The Gene Ontology biological
processes contributing to these differential distributions are shown in Fig. 1B. We also
performed Analysis of Covariance (ANCOVA) (data not shown). We acknowledge that
milder effects of age (fetal versus adult) and scan date, as is typical of microarray studies,
existed in addition to the major effects by cell type (Supplementary Fig.).

Next, we further characterized the expression profiles inside the stem cell group (depicted in
purple in Fig. 1.) (Fig. 2). We observed that expression profiles of the embryonic and
induced pluripotent stem cells-derived neurospheres are close to those of the fetal brain-
derived neurospheres. These neurospheres were plotted between the original stem cells and
the fetal brain tissues in the PCA, reflecting their developmental trajectory. In contrast, the
expression profiles of olfactory cells and mesenchymal stem cells were similar with each
other, but different from those of embryonic and induced pluripotent stem cells. The
processes contributing to these differential distributions are shown in Fig. 2B.

The main finding of the present study is the demonstration that expression profiles of
olfactory cells are similar to those of stem cells, differentiated neurons from these cells, and
the brain tissue, which is in contrast to those from peripheral lymphoblasts. Interestingly, a
closer look at expression profiles indicated more similarity of olfactory cells to
mesenchymal stem cells than to embryonic and induced pluripotent stem cells. These
observations are consistent with a recent report that miR382 expression is decreased in
olfactory cells from patients with schizophrenia compared with those from normal controls
(Mor et al., 2013), which is consistent with a decrease in the microRNA in the patient brains
(Wang et al., 2011). Even more importantly, the expression of miR382 was below detectable
levels in lymphoblasts (Mor et al., 2013). These results highlight an advantage of using
olfactory cells to study brain-relevant and disease-associated molecular changes. In contrast
to autopsied brains, olfactory cells can be used for functional assays: for example, it may be
very important to test whether and how disease-associated target molecules are dynamically
changed upon environmental stress.

The data in the present study show that the molecular profiles of olfactory cells are similar
to those of mesenchymal stem cells. It is well known that mesenchymal stem cells can be
good resources for generating mature neurons and glia (Neirinckx et al., 2013; Scuteri et al.,
2011). As far as we are aware, no group has demonstrated the generation of mature neurons
with action potential and mature cells of other glial lineage from human olfactory cells.
However, the molecular profiles shown here can support future endeavors to generate these
mature cells from olfactory cells obtained by nasal biopsy. Currently, induced pluripotent
stem cells are considered to provide a powerful strategy to obtain and characterize central
nervous system-relevant cells in vitro (Grskovic et al., 2011; Ito et al., 2012). However, this
experimental strategy is still very costly, time-consuming, and laborious. Furthermore, even
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if a methodology that excludes the integration of exogenous factors has been established,
artifacts elicited by robust reprogramming cannot be fully eliminated. Thus, olfactory cells
may provide an alternative opportunity to obtain central nervous system-relevant cells
without introducing exogenous factors and reprogramming to the stem cell stage.

Recent studies using olfactory cells and tissues have been reported to address molecular
changes associated with mental illnesses, such as schizophrenia (Fan et al., 2013; Kano et
al., 2013; Mor et al., 2013; Toritsuka et al., in press). The next question may be whether and
how olfactory cells and nasal biopsy can be used more easily in clinical settings, including
rapid diagnostic procedures, rather than remaining as methods for exploring biomarkers. A
recent brushing technique to obtain olfactory tissues may expand this possibility (Benitez-
King et al., 2011; Levy et al., 2004; Ono et al., 2012). Given the high potential of olfactory
tissues to detect brain-associated molecular changes, it will be important to develop means
for safer and easier acquisition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A) Sample distribution among various tissues obtained by principal component analysis
(PCA) in Partek Genomics Suite using a data set of gene expression from 279 experiments.
The ellipsoids represent two standard deviations beyond the mean of the centroid of each
tissue group. Data points correspond to samples (red, adult brains; green, fetal brains; blue,
blood cells; purple, stem cells and olfactory cells). B) Representative biological processes
that contribute to the distribution of PC#1 and PC#2 (p <1.0E-25) through gene ontology

assessment are depicted.
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Fig. 2.

A) Results of principal component analysis (PCA) from stem cell group samples. Data
points correspond to samples (green, fetal brains; light blue, neural stem cells from fetal
brains; orange, neural stem cells from embryonic and induced pluripotent stem cells; blue,
embryonic stem cells; gray, induced pluripotent stem cells; purple, mesenchymal stem cells;
and pink, olfactory cells).
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B) Representative biological processes that contribute to the distribution of PC#1 and PC#2
(p <1.0E-20) through gene ontology assessment are depicted.
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