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Abstract

Background—~Peripheral biomarkers for major psychiatric disorders have been an elusive target
for the last half a century. Dermal fibroblasts are a simple, relevant, and much underutilized model
for studying molecular processes of patients with affective disorders as they share considerable
similarity of signal transduction with neuronal tissue.

Methods—Cultured dermal fibroblast samples from patients with Major Depressive Disorder
(MDD) and matched controls (CNTR) (n=16 pairs, 32 samples) were assayed for genome wide
mRNA expression using microarrays. In addition, a simultaneous gPCR-based assessment of
>1,000 miRNA species was performed. Finally, to test the relationship between the mRNA-
miRNA expression changes, the two datasets were correlated with each other.
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Results—Our data revealed that MDD fibroblasts, when compared to matched controls, showed
a strong MRNA gene expression pattern change in multiple molecular pathways, including cell-to-
cell communication, innate/adaptive immunity and cell proliferation. Furthermore, the same
patient fibroblasts showed altered expression of a distinct panel of 38 miRNAs, which putatively
targeted many of the differentially expressed mRNAs. The miRNA-mRNA expression changes
appeared to be functionally connected, as the majority of the miRNA and mRNA changes were in
the opposite direction.

Conclusions—Our data suggest that a combined miRNA-mRNA assessments are informative
about the disease process, and that analyses of dermal fibroblasts might lead to the discovery of
promising peripheral biomarkers of MDD, which could be potentially used to aid the diagnosis

and allow mechanistic testing of disturbed molecular pathways.
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INTRODUCTION

There has been an intensive search for peripheral biomarkers of major psychiatric disorders
for the last half a century. These efforts encompassed gene expression profiling of peripheral
mononuclear cells (1, 2), biochemical evaluations of serum (3), urine (4), saliva (5), and
cerebrospinal fluid (6), gene association studies of DNA markers (7) and many other
approaches. More recently, inducible pluripotent stem cells (IPSCs) emerged as a very
promising model for studying neuronal lineage disturbances across various disorders (8-10).
Unfortunately, the complex diagnostic-phenotypic-genetic-etiologic heterogeneity continues
(11) to provide significant obstacles for identifying highly specific and sensitive peripheral
biomarkers of mental disorders.

Transcriptome profiling experiments of postmortem human brain tissue from subjects with
major depressive disorder (MDD) suggest evidence of local inflammatory, apoptotic,
oxidative stress and multiple other, non-brain specific molecular processes (12-17).
Emerging evidence argues that many of these changes might be, at least partially, driven by
altered expression of microRNAs (miRNAs): miRNA levels change during stress, in the
brain of animal models of depression, and in human postmortem brain of MDD subjects(18)
and depressed suicide subjects (19).

Importantly, peripheral biomarker studies of MDD over the last several decades revealed
that peripheral growth factors, pro-inflammatory cytokines, endocrine factors, and metabolic
markers all contribute to the disease pathophysiology (20). These combined data suggest
that MDD is not only a disease of the CNS, but affects the whole body (21, 22), and that
peripheral cellular-molecular events are strongly correlated with the disease pathology in the
CNS (23). Experimental data suggest that analyzing patient dermal fibroblasts is a simple,
relevant, and much underutilized model for studying processes of signal transduction in
patients with affective disorders (24-26). Dermal fibroblasts are easy to establish and
maintain in culture without transformation, and the majority of confounding factors (e.g. life
style or medication use) are virtually eliminated after several rounds of cell division.
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Furthermore, a recent study of fibroblasts obtained from MDD patients highlights the role
that oxidative stress might play in the pathophysiology of MDD (25), which has been
already well-established across multiple other research models and patient populations (27,
28). Thus, analyzing dermal fibroblast cultures from patients can give us meaningful
insights into the molecular effects of the combined genetic predisposition to the disorder.

It appears that biomarker panels hold a greater promise than single analyte molecules in
aiding the diagnosis, monitoring disease progression or therapeutic response in MDD (20).
As understanding non-neuronal changes in MDD can be informative of the overall disease
pathophysiology (23), we performed a combined mMRNA-miRNA profiling of dermal
fibroblasts from patients with MDD and matched controls.

METHODS AND MATERIALS

Participants in the study

The Study was approved by the Vanderbilt University Institutional Review Board (IRB).
Procedures for recruitment and diagnosis have been described previously (24, 25). All
participants were diagnosed with a current Major Depressive Episode according to the
Structured Clinical Interview for DSM-IV-TR (29) with an exclusion criteria of other
primary axis | DSM-IV diagnosis. A written informed consent was obtained from all
participants before collecting skin biopsy samples. Sixteen pairs of subjects with Major
Depressive Disorder (MDD) and healthy controls (CNTR) were matched by age, race and
sex. The average age of the MDD patients and CNTR were comparable (MDD=34.9,
CNTR=35.2), as were the sex (12F/4M in both groups) and race (12W/4AA), but there was
a significant difference in body mass index at the time of skin biopsy (25.4 in CNTR and
32.3in MDD, p=0.03) (Supplemental Table S1).

Human dermal fibroblasts

The skin biopsy was obtained from the lateral side of the upper arm (1 x 2 mm) according to
a protocol previously described in details (24, 25). The sample was put into regular
Dulbecco’s Modified Eagle’s Medium (DMEM, MediaTech, Manassas, VA, USA) without
serum and processed the same day. Briefly, biopsy sample was cut into several smaller
pieces with scissors and incubated in trypsin and collagenase mix at 37°C for 1 hr. Regular
medium was added [DMEM containing high glucose, L-glutamine, 10% fetal bovine serum
(FBS, ThermoScientific HyClone, Logan, UT, USA), and Penicillin/Streptomycin solution
(MediaTech)] and biopsy pieces with dissociated cells were pelleted by centrifugation. The
supernatant was discarded. Biopsy pieces with cells were resuspended in fresh regular
medium and transferred to 60 mm tissue culture plates. Cells were cultured in incubator at
37°C and 5% CO» concentration. Medium was changed 3 times a week. In about 2-3 weeks
the fibroblasts divided and became confluent. The fibroblasts were subcultured using 0.5%
Trypsin-EDTA (Invitrogen) as described elsewhere (30) and expanded for freezing in a
liquid nitrogen cell repository or expanded for experiments. Selected fibroblasts from
matching patient/control pairs were cultured simultaneously to ensure they grow under the
same conditions. Cell growth and proliferation were checked regularly during the whole
experiment. All cultured fibroblasts were less than passage 15. At the end of experiment, the
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fibroblasts were washed 2X with ice-cold PBS, collected with cell scraper, pelleted by
centrifugation and frozen on dry ice and stored at -80°C.

MRNA expression analysis by microarrays

Total RNA was isolated using the mirvVana™ miRNA Isolation Kit (Ambion, Foster City,
CA, USA) and RNA quality assessed by an Agilent 2100 Bioanalyzer (Agilent, Palo Alto,
California, USA). cDNA was generated using 2 ug of total RNA. cDNA synthesis,
amplification and labeling were performed using The Enzo Life Sciences Single-Round
RNA Amplification and Biotin Labeling System (Enzo Life Sciences, Famingdale, NY,
USA). 5 pg of the biotin labeled, fragmented aRNA were hybridized to a GeneChip HT HG-
U133+ PM Array Plate (Affymetrix Inc, Santa Clara, CA, USA) at the Vanderbilt
Microarray Shared Resource core facility.

Segmented images from each mircoarray were normalized and log, transformed using GC-
robust multi-array analysis (GC-RMA) (31). The normalized expression values were used in
all analyses. Average expression values for each group (MDD and CNTR) were calculated
for each gene probe. The magnitude of expression change was determined by the Average
Logarithmic Ratio (ALR=meany,pp - meancyTRr)- Student’s paired and grouped two-tailed
t-tests were used to test the significance of the difference in gene expression (32-36). A
gene was considered to be differentially expressed between MDD and CNTR when it met
the dual criteria of |JALR|>0.585 (50%) and both pairwise and groupwise p-values<0.05.

The differentially expressed genes were subjected to a two-way hierarchical clustering
analysis based on Pearson correlation using GenePattern software (37). Gene set enrichment
analysis (GSEA) based on pre-defined gene classes were carried out with the GenePattern
software (38). GSEA determines whether an a priori defined set of genes shows statistically
significant, concordant differences between our subject groups based on the BioCarta
defined molecular pathways. GSEA calculates a normalized enrichment score (NES), which
reflects the degree to which a gene set is overrepresented in the ranked list of genes and a
nominal p-value which estimates the statistical significance of the enrichment score for a
single gene set. BioCarta gene sets were considered differentially expressed at nominal p-
value <0.05.

MRNA data validation by gPCR

cDNA was generated with random primers using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). Primers for 13 genes (heparin-
binding EGF-like growth factor - HBEGF, major histocompatibility complex, class Il
invariant chain - CD74, major histocompatibility complex, class I, DP alpha 1 — HLA-
DPAL, glutathione S-transferase theta 1 - GSTT1, major histocompatibility complex, class
I1, DR alpha - HLA-DRA, major histocompatibility complex, class Il, DQ beta 1 - HLA-
DQB1, major histocompatibility complex, class 11, DP beta 1 - HLA-DPB1, major
histocompatibility complex, class Il, DQ alpha 1 - HLA-DQAL1, interleukin 11 - 1L11, Met
proto-oncogene - MET, protocadherin 10 - PCDH10, S100 calcium binding protein B -
S100B, tumor necrosis factor receptor superfamily, member 19 — TNF19) with efficiency
>85% were used in SYBR Green based PCR reactions. Each sample was tested in 4
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technical replicates on an ABI Prism 7300 thermal cycler (Applied Biosystems, Foster City,
CA). The cycle threshold (Ct) of the housekeeping gene Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) was used for normalization of all samples.

miRNome Arrays and qPCR validation

Small RNAs were isolated using the mirvVana™ miRNA Isolation Kit (Ambion, Foster City,
CA, USA), and cDNA was prepared from it with miScript 1l RT Kit (Qiagen, Valencia, CA,
USA) using miScript HiSpec Buffer. The individual sample cDNAs were pooled in equal
proportions into four groups based on gender and age (Supplemental Table S1). The levels
of 1008 miRNAs were assessed with Human miRNome miScript miRNA PCR Array
(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions and as previously
described (26). A 30% difference between the average ACt for MDD and CNTR (|AACt|
>0.3785) and a group-wise p-value generated by a ttest (p<0.05) were used to determine
differential expression for each miRNA.

Custom generated miScript miRNA PCR Arrays (Qiagen, Valencia, CA, USA) were used to
assay the level of seven miRNAs: hsa-miR-21, hsa-miR-377, hsa-miR-193a-3p, hsa-
miR-542-3p, hsa-miR-22, hsa-miR-103a, hsa-miR-185. This assessment was performed on
all individual samples (MDD n=16; CNTR n=16).

RESULTS

MRNA signature in MDD fibroblasts

The experimental design for our study is presented in Supplemental Figure S1. In the first
part of the study, cultured fibroblast samples from patients with Major Depressive Disorder
(MDD) and matched control (CNTR) subjects (n=16 pairs, 32 individuals) (Supplemental
Table S1) were assayed for differential gene expression using GeneChip HT HG-U133 Plus
PM 96 Array Plate (Affymetrix Inc, Santa Clara, CA). We identified 162 differentially
expressed gene probes (Supplemental Table S2) that reported > 50% change, and p<0.05 in
both pairwise and groupwise assessment. Of the 162 changed gene probes, representing 139
unique known genes, 25 showed increased expression and 114 had decreased levels in
MDD, suggesting a predominant loss of function, rather than induction of gene expression in
the diseased subjects. A two-way hierarchical clustering (genes x samples) of the expression
levels of these gene probes resulted in separation the majority of MDD samples to a distinct
class (Supplemental Figure S2).

Among the individual genes with the most prominent decrease were protocadherin 10
(PCDH10) (ALR=-1.73, ppval=0.00154, gpval=0.00057), tenascin XB (TNXB)
(ALR=-1.30, ppval=0.04545, gpval=0.02515), periplakin (PPL) (ALR=-1.34,
ppval=0.00556, gpval=0.02714), and hepatocyte growth factor receptor met (MET)
(ALR=-1.21, ppval=0.04474, gpval=0.0012), which are involved in cell-cell
communication/adhesion. Of these, due to its known effects on brain development and
function, MET attracted particular attention and we decided to assess the expression of
genes belonging to the MET intracellular cascade defined by Biocarta in a targeted fashion.
Overall, from the 37 genes 16 showed a significant difference (Figure 1) including
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phosphoinositide-3-kinase, regulatory subunit 1 (PIK3R1), hepatocyte growth factor (HGF),
GRB2-associated binding protein 1(GAB1), son of sevenless homolog 1 (SOS1), Rap
guanine nucleotide exchange factor 1 (RAPGEF1), signal transducer and activator of
transcription 3 (STAT3) protein tyrosine phosphatase, non-receptor type 11 (PTPN11), p21/
Cdc42/Racl-activated kinase 1 (PAK1), mitogen-activated protein kinase 1 (MAPK1), v-crk
sarcoma virus CT10 oncogene homolog like (CRKL), jun oncogene (JUN),
phosphoinositide-3-kinase, catalytic, alpha polypeptide (PTEN), member of RAS oncogene
family (RAPL1A) mitogen-activated protein kinase kinase 1 (MAP2K1), and v-Ha-ras
Harvey rat sarcoma viral oncogene homolog (HRAS). Furthermore, HGF/MET
morphogenic signaling synergizes with v-erb-b2 erythroblastic leukemia viral oncogene
homolog 2 (ErbB2) to enhance cell motility (39), and our data also revealed a significant
downregulation of ErbB2, further supporting the notion for a deficit in HGF/MET-mediated
signaling in MDD fibroblasts.

In addition to a targeted MET pathway analysis, we also performed an unbiased pathway
enrichment analysis using Gene Set Enrichment Analyses (38). Using this approach, we
identified 10 differentially expressed BioCarta gene sets, six of which were upregulated and
4 were downregulated in MDD samples (Table 1). Interestingly, most of these molecular
pathways were related to cell-to-cell communication and are known for their role in the
adaptive and innate immune system. These pathway analyses argue that the primary gene
expression disturbance in the fibroblasts of MDD patients is in the expression of immune
response genes, which has been also reported in the postmortem brain tissue of patients with
MDD (12).

gPCR validation of mMRNA signhature

Fourteen of the differentially expressed mRNA species were selected for further validation
by gPCR. The genes for validation were primarily chosen because of their involvement in
the immune system response, a process that has been previously implicated in the
pathophysiology of the disease. Twelve of fourteen selected transcripts showed similar,
significant expression differences between the control and MDD samples by the two
methods, with a high degree of correlation between the microarray-reported ALRs and
gPCR-obtained AACts (r=0.84) (Supplemental Figure S3), but did not show correlation with
body mass index in either dataset. qPCR-reported expression differences between the
control and MDD samples were as follows: CD74: AACt=2.29, p=0.012; HLA-DRA: AACt
=1.61, p=0.017; HLA-DQB1: AACt=1.31, p=0.018; IL11: AACt=1.13, p=0.017; HLA-
DPA1: AACt=1.08, p=0.011; S100B: AACt=1.05, p=0.031; HBEGF: AACt= 1.00, p=0.010;
HLA-DPB1: AACt=0.43, p=0.156; HLA-DQAIL: AACt=0.29, p=0.285; MET: AACt=-0.42,
p=0.043; PCDH10: AACt=-0.91, p=0.036; TNF19: AACt=-1.11, p=0.007 and GSTT1:
AACt=-3.77, p=0.007.

mMiRNA signature in MDD fibroblasts

miRNAs are important control elements in the fine-tuning of gene expression, and are
capable of regulating extensive transcriptional networks (26, 40). Therefore, we further
sought to determine if there was a disturbance of miRNA expression profile in MDD
fibroblasts. Small RNA species were isolated from each fibroblast culture, cDNA was
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generated, pooled in 4 groups according to gender and age, and then used to probe Human
MirNome arrays, containing assays for 1008 known human miRNAs (26). We observed that
approximately 50% (561) of the tested miRNAs were expressed in cultured dermal
fibroblasts. We used a dual expression-significance criteria (26) for determining differential
miRNA expression (>30% change, p<0.05). We detected 38 miRNAs with distinctly
different expression in MDD fibroblasts compared to healthy controls (Supplemental Table
S3). Of these, 17 miRNAs reported lower and 21 higher levels in MDD fibroblasts. Using
unsupervised two-way hierarchical clustering of expression levels, these 38 miRNAs
provided a clear separation basis of the MDD and CNTR samples (Figure 2).

Since the miRNA levels were assayed on 4 pooled sets of samples, we sought to validate the
observed differences in individual samples. For this purpose, we created custom qPCR
arrays containing assays for 7 differentially expressed miRNAs; hsa-miR-21*, hsa-miR-377,
hsa-miR-193a-3p, hsa-miR-542-3p, hsa-miR-22, hsa-miR-103a, hsa-miR-185. miRNA
expression levels for these 7 miRNA species showed an extremely high correlation (R? =
0.93, p<0.001) between the pooled sample and individual sample assessments, suggesting
that the observations made using the combined samples were not an artifact generated by the
pooling (Figure 3).

Cross-talk between miRNA and mRNA expression in MDD fibroblasts

Next, we tested if the miRNA signature can explain some of the mMRNA signature in MDD
fibroblasts. To achieve this, we identified all predicted target genes/smRNAs for each of the
38 miRNAs using miRDB online database for miRNA target prediction and functional
annotations (41),(42) and tested if the targeted MRNAS were enriched in the transcriptome
profile of MDD fibroblasts (Table 2). 32 out of 38 miRNAs (89%) had at least one target
mRNA that was differentially expressed between the MDD and control samples.
Furthermore, 51% of the differentially expressed mRNAs were targets of at least one of the
38 miRNAs that were differentially expressed in the MDD fibroblasts. These findings
suggest that the miRNA-mRNA expression signatures of MDD fibroblasts are strongly
interconnected.

miRNAs are most commonly considered negative regulators of mMRNA expression (44, 45),
so we hypothesized that the miRNA and their mMRNA targets will show expression changes
in the opposite direction. Indeed, we found that 28 (76%) of the miRNAs with altered
expression had mRNA targets changed in the opposite direction. Acknowledging the fact
that different prediction algorithms produce different sets of target genes, we also performed
a secondary identification of miRNA targets using TargetScan Release 6.2 (http://
www.targetscan.org/) (43). TargetScan identified miRNA targets (Supplemental Table S4)
that were somewhat different from the ones identified by miRDB, but strikingly similar in
terms of relating the miRNA and the mRNA changes in MDD; 65% (TargetScan) and 76%
(MiRDB) of the differentially changed miRNAs had mRNA targets that were changed in the
opposite direction. Regardless of these differences, the findings across the two databases
suggest a functionally interconnected miRNA-mRNA network disturbance in MDD
fibroblasts, where many (if not the majority) of the mRNA changes are miRNA driven.
Nevertheless, it remains challenging to establish which specific miRNA species control
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what individual mRNA transcripts, as 64% of the differentially expressed mRNAs in MDD
fibroblasts were hypothetically controlled by more than one miRNA.

DISCUSSION

Our data revealed that 1) MDD fibroblasts, when compared to matched controls, show a
strong mRNA gene expression difference in molecular networks known to engage in cell-to-
cell communication and innate/adaptive immunity; 2) the same patient fibroblasts showed
altered expression in a distinct panel of 38 miRNAs, which appeared to target many of the
differentially expressed mRNAs; 3) the miRNA-mRNA expression changes appeared to be
functionally connected, as the majority of the miRNA and mRNA changes were in the
opposite direction.

These findings have conceptual implications for our understanding of MDD
pathophysiology. Our findings reinforce the notion that MDD is not only a disease of the
brain, but molecular deficiencies in MDD patients are detectable in other peripheral organs
(28, 46), including dermal fibroblasts. In addition, it is important to note that the observed
mMRNA and miRNA changes in the patient fibroblasts are most likely driven by genetic
susceptibility to the disease, rather than effects of the environment and lifestyle: most of the
epigenetic changes, environmental influences and drug effects are likely to disappear over
time, as the fibroblasts continuously divide in the culture (25, 26). However, our
experiments cannot exclude the possibility that some of the extremely stable, cell-division-
resistant epigenetic factors might also contribute to the observed changes (47, 48). In
summary, the molecular changes observed in cultured fibroblasts of MDD patients can
provide us clues about lifestyle- and medication-independent, conserved disturbances in
MDD across the various tissue types.

An unexpected and interesting finding of this study is the strikingly different level of
expression of approximately half of the Biocarta defined hepatocyte growth factor receptor
met (MET) pathway genes. MET is a receptor tyrosine kinase activated by the hepatocyte
growth factor (HGF) and affecting cellular signaling pathways involved in control of
proliferation, matility, migration and invasion. Although the functions of MET have been
primarily studied in the context of cancer (49), MET signaling is also known to be important
in brain development (50) and the regulation of immune cells (51). Importantly, in a recent
study HGF was the most highly associated plasma analyte with depressive symptoms (52).
Furthermore, the met pathway facilitates adult neurogenesis (53), a process that is
significantly impaired in major depression (54).

Immune system disturbances in MDD appear to be an integral part of the disease process
(22, 55, 56). The overlap between symptoms of infectious diseases and common affective
manifestations (57) suggested a shared pathophysiology between these two systems, which
was investigated in a host of follow-up studies. Ultimately, the combined findings lead to
the formulation of the inflammatory and neurodegenerative (I&ND) hypothesis of MDD
(46), which states that MDD is a consequence of neurodegeneration and reduced
neurogenesis that arise from inflammation and cell-mediated immune activation. Today, this
view is supported by converging data obtained across different methods and systems. First,
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postmortem findings identified that MDD patients show a strong dysregulation of immune
system pathways in the brain, encompassing altered levels of pro- and anti-inflammatory
cytokine expression of IL-1q, IL-2, IL-3, IL-5, IL-8, IL-9, IL-10, IL-12A, IL-13, IL-15,
IL-18, IFN-y and lymphotoxin-a (12). Similarly, altered mRNA levels of immune system
genes were found in the neocortex of subjects who committed suicide (58, 59). Second, the
immune deficits appear to be systemic in patients with MDD, and that they are readily
detectable in the peripheral tissues (2). Inflammation and immune system biomarkers of
MDD might include C-reactive protein (CRP), cytokines (in particular tumor necrosis
factor-a (TNF-a) and interleukin-6 (IL-6)), neopterin and tryptophan catabolites (reviewed
by (28)). Third, while in the most recent genome-wide association study of MDD no SNPs
achieved genome-wide significance in the MDD discovery or replication phase (60),
candidate gene studies hint that genetic vulnerability in immune system genes might
predispose to MDD in a complex pattern (61-64). However, it is also clear that the immune
system genes are only partially responsible for the genetic vulnerability of MDD, as a recent
pathway analysis found that genetic elements regulating growth and organ development
might also represent vulnerability factors (65). Our results are also aligned with this overall
view: the disturbance in classic complement pathway, cell-to-cell communication and
innate/adaptive immunity suggest an integrated immune system and growth disturbance in
the patient population.

Several miRNAS have been already associated with treatment response or an increased risk
for major depression (18, 66-68). Recent reports suggest that polymorphism in the miR-30e
precursor is associated with major depressive disorder risk (69), and that miRNA expression
was significantly and globally down-regulated in prefrontal cortex of depressed suicide
subjects (19). In addition, abnormal processing of pre-miR-182 (a circadian clock
modulator) was found in major depression patients with insomnia (70). Unfortunately, due
to lack of replication, specific experimental design, differences in analyzed tissue and
variety of cohorts the data are challenging to interpret and combine into a comprehensive
view in a context of MDD. However, it is clear that miRNAs play a pivotal role in a vast
variety of MDD-relevant biological processes, including synaptic plasticity, neurogenesis,
and stress response (for a review, see (18)). Thus, it is worth pointing out that at least 8 of
the 38 differentially expressed miRNAs that we identified in our MDD-fibroblast screen
have been previously implicated in either pathophysiology of psychiatric disorders or
pathophysiological processes relevant to MDD: 1) miR-32 and miR-22 levels were altered
in both our and in a bipolar postmortem dataset (71), 2) miR-22 represses BDNF, serotonin
receptor 2C (HTR2C), monoamine oxidase A (MAO-A), and the regulator of G protein
signaling (RGS2) (72), 3) miR-196 plays an important regulatory role in schizophrenia (73),
4) miR-132 regulates neurite outgrowth and dendritic morphogenesis (74-76), 5) miR-16
acts as a central effector in 5-HT transporter regulation, mediating the adaptive response of
serotonergic and noradrenergic neurons to SSRI antidepressant treatment (77), 6) miR-7
expression is altered in the prefrontal cortex of schizophrenia patients (71), 7) miR-429 is
downregulated in response to repeated shocks in a rodent model (78), and 8) miR-107
associated with accelerated disease progression in Alzheimer’s disease through regulation of
BACE1 (B-site amyloid precursor protein-cleaving enzyme 1) (79).
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Still, in our study, the most promising miRNA candidate for diagnostic biomarker was hsa-
miR-122, with a 350% decrease in MDD cases at p<0.00004. Hsa-miR-122 is highly
expressed in the hippocampus (80) and has been implicated in regulation of fatty acid
metabolism (81, 82) and circadian rhythm (83). Unfortunately, its role in the central nervous
system has not been well established, and understanding its function in the brain requires
further studies.

In summary, we believe that a combined miRNA-mRNA analysis approach has a potential
to uncover reliable, disease-related panels of biomarkers. The mMRNA/miRNA panel
identified in this study represents a promising lead, but it will have to be further validated on
a different cohort of patients and across different experimental manipulations. Even through
in our data sets we did not observe an association between expression and body mass index
recorded at the time of the material harvest, we cannot exclude the possibility that some of
the observed MRNA/mMiRNA changes might be related to confounding factors such as life
style.

We wish to emphasize that dermal fibroblasts are an appealing experimental model. First,
they are easy to obtain and propagate. Second, they are not genetically modified and/or
immortalized, yet, the resource is not easily depleted. Third, due to their division in the cell
culture, many confounds and epigenetic changes disappear over time. Fourth, our current
and previous data suggests that the miRNA and mRNA expression profiles of the fibroblasts
from MDD patients are likely to be related to the changes that occur in the brain (25, 30, 84,
85). Fifth, this model is potentially well-suited for in vitro drug screening. Finally,
establishing this patient-derived model requires only minimal technical and financial
resources, and is ideally suited for smaller laboratories. In addition, should the need arise in
follow-up experiments, patient fibroblasts can be transformed into IPSCs that can be
differentiated into neuronal lineages (86).
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Gene Symbol

mRNA expression of HGF/MET signaling pathway genes

MET

PIK3R1

HGF

PTPN11

CRKL

JUN

GAB1

SOS1

STAT3

PAK1

PTEN

MAPK1
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RAP1A

HRAS

MAP2K1
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ALR (MDD - CNTR)

0.40

Figure 1. mRNA expression of HGF/MET signaling pathway genes is different between the
fibroblasts originating from MDD and CNTRL subjects

Y-axis depicts differentially expressed HGF/MET pathway transcripts as defined by
BioCarta/GSEA. X-axis denotes Average Log2 Ratio (ALR) between the MDD and CNTR
samples. Bars denote magnitude of change. Note that the vast majority of the genes within
this pathway were underexpressed in the MDD fibroblasts.
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Figure 2. Clustering of miRNAs that are differentially expressed between the MDD and CNTR
samples

miRNA levels were assessed in 8 pooled samples (4 CNTR + 4 MDD) using miRNome
PCR Arrays. 38 miRNAs reported differential expression between fibroblasts from MDD
patients and healthy controls. Unsupervised two-way hierarchical clustering of these miRNA
expression levels provided a clear separation between the MDD and CNTR samples.
Samples were clustered vertically, miRNAs were clustered horizontally. Each colored
square represents a normalized miRNA expression level, color coded for increase (red) or
decrease (blue) from the mean. Color intensity is proportional to magnitude of change. The
clustering resulted in a separation of the samples into two groups, perfectly matching the
two distinct diagnostic categories (vertical dendrogram: green - CNTR samples, purple —
MDD samples). For more detail, see Supplemental Figure S2.
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Correlation of miRNA levels in pooled and individual samples
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Figure 3. Differential miRNA expression in pooled MDD fibroblast samples validated on

individual samples

The expression levels of 7 miRNAs in pooled samples determined by miRNome arrays were
validated on individual samples using custom gPCR arrays (n=32, 16 MDD + 16 CNTR).
AACt from the pooled samples are plotted on the x-axis, AACts from individual samples are
denoted on the y-axis. Individual data points indicate the expression of 7 miRNA species.

Note that the two datasets were highly correlated (R2=0.93, p<0.001).
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