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Abstract
Recent evidence supports a role of microRNAs in cancer and psychiatric disorders such as

schizophrenia and bipolar disorder, through their regulatory role on the expression of multi-

ple genes. The rather rare co-morbidity of cancer and schizophrenia is an old hypothesis

which needs further research on microRNAs as molecules that might exert their oncosup-

pressive or oncogenic activity in the context of their role in psychiatric disorders. The ex-

pression pattern of a variety of different microRNAs was investigated in patients (N = 6)

suffering from schizophrenia termed control, patients with a solid tumor (N = 10) and pa-

tients with both schizophrenia and tumor (N = 8). miRNA profiling was performed on whole

blood samples using the miRCURY LNA microRNA Array technology (6th & 7th genera-

tion). A subset of 3 microRNAs showed a statistically significant differential expression be-

tween the control and the study groups. Specifically, significant down-regulation of the let-

7p-5p, miR-98-5p and of miR-183-5p in the study groups (tumor alone and tumorand

schizophrenia) was observed (p<0.05). The results of the present study showed that let-7,

miR-98 and miR-183 may play an important oncosuppressive role through their regulatory

impact in gene expression irrespective of the presence of schizophrenia, although a larger

sample size is required to validate these results. Nevertheless, further studies are war-

ranted in order to highlight a possible role of these and other micro-RNAs in the molecular

pathways of schizophrenia.
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Introduction
Schizophrenia and cancer share a broad spectrum of clinical phenotypes and a complex biolog-
ical background, implicating a large number of genetic and epigenetic factors [1]. Moreover,
these two conditions seem to share a suspected aetiology that includes the influence of several
transcriptomic components, suggesting that epigenetic regulation of gene expression through
the action of miRNAs may represent a central common feature in the low co-incidence of
schizophrenia and cancer [2]. There is an old hypothesis about the rather rare co-incidence of
schizophrenia and cancer. Previous, population-based studies have shown the decreased inci-
dence of carcinogenesis in schizophrenic patiens [3]. Since then, several speculations have been
made regarding the possible molecular basis for these observations, but no specific results have
been recorded so far.

There has been an increasing interest on the role of microRNAs as regulatory factors in the
aetiology and pathophysiology of major psychiatric disorders, such as schizophrenia, autism,
bipolar disorder etc [4–6]. MicroRNAs are a class of small, non-coding RNAs that play an im-
portant role in various biological processes [7], including both psychiatric disorders and carci-
nogenesis. miRNAs seem to have a post-transcriptional control of gene expression, resulting in
gene silencing or gene expression stimulation [8]. Recent studies have revealed specific roles of
miRNAs in brain development [9,10], in neurodevelopmental disorders [11] and in long-term
memory storage [12]. The role of miRNAs in carcinogenesis has also been established in a
large number of reports. It has recently been revealed that 98 out of 186 miRNA genes located
in cancer-associated genomic regions may frequently be found in different types of tumors,
whereas altered expression of let-7 and miR-155 in lung cancer was correlated with the survival
of patients [13,14].

There is no satisfactory evidence so far regarding the possible regulatory role of miRNAs in
the co-incidence and co-morbidity of schizophrenia and cancer. In our previous study, a signif-
icant down-regulation of miR-183 in a group of patients with both schizophrenia and cancer
was observed in comparison with schizophrenic patients, providing a first indication that miR-
183 may play a role in regulating the expression of other genes with onco-suppressor activity
[15]. In the present study, a larger sample size that now included another study group of pa-
tients with cancer only was investigated regarding expression of many different RNAs, in an at-
tempt to provide further insight about the possible molecular explanation of the low incidence
of cancer risk among schizophrenic patients.

Materials and Methods

Subjects
Twenty-four patients were recruited from the Psychiatric Hospital of Attica and from the On-
cology Outpatient Clinic of the “ATTIKON” University General Hospital from February 2011
till December of 2012. A schematic presentation of both control and study groups of patients is
shown in Fig 1, whereas more detailed clinical information is provided in Table 1. These pa-
tients were assessed by SCID-IV [16] and by Positive and Negative Syndrome subscales
(PANSS) [17]. Exclusion criteria included a history of any neurological disease and current
misuse or dependence in the preceding 6 months as defined by DSM-IV [18]. All patients were
in a stabilized psychological state and the medication was kept unchanged during the last 6
months at least. The diagnosis of cancer was made according to the medical records of
the patient.

The control group consisted of 6 patients (M/F: 2/4, age 48–78 years) suffering from chronic
schizophrenic disorder, which had no evidence of cancer disease (Fig 1). Inclusion criteria for
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the control group were body weights within 10% of an appropriate body mass index, no other
serious diseases except schizophrenia, no clinically significant abnormal laboratory values and
no pathological findings on thorough clinical examination. Additionally, all individuals in the
control group had no history of hypersensitivity (asthma, urticaria and eczema), autoimmune
disorders such as systemic lupus erythematosus, uncontrolled hypertension or serious heart,
lung, liver or renal condition.

The study group consisted of 18 patients (M/F: 8/10, age 49–87 years) suffering either from
both schizophrenia and cancer (N = 8), or cancer only (N = 10) (Fig 1). Exclusion criteria in-
cluded a history of any neurological disease and current misuse or dependence in the preceding
6 months, as defined by DSM-IV [18]. All patients were in a stabilized psychological state and
the medication was kept unchanged during the last 6 months at least. Diagnosis of cancer was
made according to the medical records of the patient. The patients suffering from cancer only
had no history of psychiatric symptoms and they had a negative familial history of any major
psychiatric disorder.

All schizophrenic patients were in a stabilized psychological state and their medication was
kept unchanged during the last 6 months at least. Smoking history but not recent history (>1
year) of alcoholism, recreational drugs or drug addiction were allowed in the inclusion criteria
for both groups. All female participants were tested and found not to be pregnant. All schizo-
phrenic patients were on regular medical treatment with antipsychotics. All participants were
able to communicate effectively, were informed about the nature of the study and provided

Fig 1. Control and Study groups of the study.No statistically significant difference was found between the mean ages of the control and the study groups
(student's t-test, p = 0.36).

doi:10.1371/journal.pone.0123522.g001
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written informed consent. The study was approved by the institutional review board and ethics
committee of both participating hospitals (University General Hospital “ATTIKON”, Psychiat-
ric Hospital of Attica) and was conducted in accordance with Good Clinical Practice principals
and applicable local regulations. The schizophrenic patients were clinically followed up for one
year after blood collection for the present study and showed no evidence of cancerous disease.

Sample collection and preservation
miRNA profiling for each patient was performed on whole blood samples. Preservation of the
gene expression status of the samples was achieved by collecting 500μl of whole blood from
each patient to an RNAprotect Animal Blood Tube (Qiagen, Hilden, Germany). Following gen-
tle inversion, the tubes were incubated for 2h at ambient temperature, according to the manu-
facturer's instructions, in order to allow for efficient cell lysis. All tubes were then stored at
-80°C prior to RNA purification.

Table 1. Clinical information about all patients with schizophrenia and/or cancer that were included in the present study.

Control Group Study Group (1)

Patient Sex Age Age of
Schizophrenia
Diagnosis

Patient Sex Age Age of Cancer
Diagnosis

Site of Cancer Stage at
Diagnosis

Stage of Cancer
During Sampling

No. 1 M 52 39 No. 1 F 67 63 Uterus Carcinoma I IV

No. 2 F 58 40 No. 2 F 76 74 Urothelial Cell
Carcinoma

II IV

No. 3 F 60 34 No. 3 F 67 61 Ovary Carcinoma IIIA IV

No. 4 F 58 38 No. 4 M 49 48 Prostate
Adenocarcinoma

IIA IV

No. 5 F 74 45 No. 5 M 65 60 Prostate
Adenocarcinoma

IIA IV

No. 6 M 78 41 No. 6 M 68 62 Prostate
Adenocarcinoma

IIB IV

No. 7 M 87 84 Squamous Cell Lung
Carcinoma

II III

No. 8 F 70 68 Endometrial Sarcoma II IV

No. 9 F 87 82 Breast
Adenoacrcinoma

II IV

No. 10 M 68 66 Non—Small Cell Lung
Carcinoma

II IV

Study Group (2)

Patient Sex Age Age of Schizophrenia
Diagnosis

Age of
Cancer

Diagnosis

Site of Cancer Stage at
Diagnosis

Stage of Cancer
During Sampling

No. 1 F 75 43 72 Colorectal Cancer IIIB IV

No. 2 F 72 45 69 Colorectal Cancer IIIA IV

No. 3 M 78 39 71 Prostate Carcinoma II III

No. 4 F 66 34 52 Breast / Thyroid Cancer IIA/I IV/I

No. 5 M 64 37 63 Urothelial Cell Carcinoma III IV

No. 6 F 58 39 56 Laryngeal Carcinoma II III

No. 7 M 49 47 42 Thyroid Cancer I I

No. 8 F 64 41 63 Lung Carcinoma III IV

doi:10.1371/journal.pone.0123522.t001
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RNA purification, quality control and miRNA array profiling
Total RNA purification that contained miRNA was carried out using the RNeasy Protect Ani-
mal Blood kit (Qiagen). All experiments that included sample RNA quality control, miRNA
profiling and analysis were conducted by Exiqon Services (Vedbaek, Denmark). Briefly, RNA
quality control and measurement were carried out using an Agilent 2100 Bioanalyzer and a
nanodrop instrument. 300ng of total RNA from both sample and reference were then labeled
with Hy3 and Hy5 fluorescent label, respectively, using the miRCURY LNA microRNA Hi-
Power Labeling Kit, Hy3/Hy5 (Exiqon, Denmark), following the procedure described by the
manufacturer. The Hy3-labeled samples and a Hy5-labeled reference RNA sample were mixed
pair-wise and hybridized to the miRCURY LNA microRNA Array 7th (Exiqon, Denmark),
which contains capture probes targeting all microRNAs for human, mouse or rat registered in
the miRBASE 18.0. The hybridization was performed according to the miRCURY LNA micro-
RNA Array Instruction manual using a Tecan HS4800 hybridization station (Tecan, Austria).
Following hybridization the microarray slides were scanned and stored in an ozone free envi-
ronment (ozone level below 2.0 ppb) in order to prevent potential bleaching of the fluorescent
dyes. The miRCURY LNAmicroRNA Array slides were scanned using the Agilent G2565BA
Microarray Scanner System (Agilent Technologies, Inc., USA) and the image analysis was car-
ried out using the ImaGene 9 (miRCURY LNA microRNA Array Analysis Software, Exiqon,
Denmark). The quantified signals were background corrected (Normexp with offset value 10)
[19] and normalized using the global Lowess (LOcally WEighted Scatterplot Smoothing) re-
gression algorithm. Spike-in controls were added in various concentrations in both the Hy3
and the Hy5 labeling reactions to evaluate the labeling reaction, hybridization, and the perfor-
mance of the array experiment.

Data analysis (unsupervised and expression analysis)
Principal Component Analysis (PCA) was applied in order to explore the naturally arising
sample classes based on the expression profile. A heat map diagram was produced that showed
the results of a two-way hierarchical clustering of microRNAs and samples. The clustering was
done using the complete-linkage method together with the euclidean distance measure.

The statistical significance of the relative expression of miRNAs between the control and
the study groups was determined using the Student's t-test. Furthermore, the Benjamini-Hoch-
berg multiple testing adjustment method was applied to the p-values for the control of possible
false positive results.

The results of the microarray analysis were submitted to Gene Expression Omnibus and as-
signed the accession number GSE65143.

Results
In total, 322 different miRNAs were analyzed by the miRCURY LNA miRNA Array. Fig
2shows a heat map diagram that depicts the expression of the 50 miRNAs with the highest
standard deviation on all samples. Statistical analysis of the results showed, first of all, that
there were no significant differences in the expression profiles between the 2 study groups (pa-
tients with schizophrenia and tumour formation and patients without schizophrenia but with
tumour formation), as also depsicted in the PCA plot of Fig 3.However, the analysis identified
let-7p-5p, miR-98-5p and miR-183-5p with a highly significant differentiation in their expres-
sion profile (p<0.05, following the application of the Benjamini-Hochberg multiple testing ad-
justment method) between the control group (patients with schizophrenia but without tumour
formation) and both study groups (patients with/without schizophrenia, but with tumour
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Fig 2. Heat map diagram showing the expression of the 50 miRNAs with the highest standard deviation in all samples. The color scale illustrates the
relative expression level of miRNAs and specifically, red color represents an expression level below the reference channel, whereas green color represents
an expression higher than the reference. Each row represents a microRNA and each column represents a sample. The microRNA clustering tree is shown on
the left. The control and study groups are clearly indicated with different colours. Samples S9-S13, S16, S18 & S19 correspond to the study group of patients
with schizophrenia and tumor formation, whereas samples S21-S30 correspond to the study group of patients with tumor formation only. The 3 miRNAs, the
expression of which was found to be significantly higher in the samples of the control group of patients, are also indicated.

doi:10.1371/journal.pone.0123522.g002
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formation). These 3 differentially expressed microRNAs were down-regulated in both study
groups, as shown in Fig 2.

Discussion
It is generally known that cancer cells show a decrease in apoptosis levels, whereas neurodegen-
erative diseases, such as schizophrenia, are marked by an increase in apoptosis. During the
present study there was an attempt to determine whether the possibly poor association between
cancer and schizophrenia may be associated with certain miRNA expression profiles. These
data provided preliminary insight about the differential expression of 3 miRNAs in correlation
with cancer only and not with both schizophrenia and cancer, contrary to what was initially ex-
pected, although a greater sample size of patients with schizophrenia and/or cancer is still
needed in order to obtain more representative conclusions. Specifically, a statistically signifi-
cant down-regulation of the let-7g-5p, miR-98-5p and miR-183-5p in the study group of pa-
tients (patients with solid tumors and patients with schizophrenia and tumor) was observed
(p<0.05), providing an indication about their role in the incidence of cancer. High expression
levels of these miRNAs may lead to high levels of apoptosis and, thus, enable the incidence of
schizophrenia. However, the observed low levels of expression of the same miRNAs in a certain
group of patients with schizophrenia and cancer, possibly causing a decrease in apoptosis levels
and thus, making them prone to the development of malignant tumors, may indicate develop-
ment of schizophrenia due to alterations in molecular pathways independent of these miRNAs.
Additionally, the neurodevelopmental and neurotoxicity theory has a dominant role on their

Fig 3. PCA plot of the different sample classes. The principal component analysis was performed on all samples, and on the top 50 microRNAs with the
highest standard deviation. The normalized log ratio values have been used for the analysis. The features have been shifted to be zero centered, (i.e. the
mean value across samples is shifted to 0) and scaled to have unit variance (i.e. the variance across samples is scaled to 1) before the analysis. Samples
C2-C5, C7 & C13 correspond to the control group of patients, whereas sample codes beginning with S correspond to the 2 subsets of the study group,
designated and colored separately as in Fig 2.

doi:10.1371/journal.pone.0123522.g003
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pathophysiology and thus, down-regulation of let-7, miR-98 and miR-183 may provide a possi-
ble molecular explanation.

Let-7 is a miRNA that has never been studied in relation to neurological disorders, such as
schizophrenia. However, regarding Parkinson’s Disease (PD), it is mentioned that in a Caenor-
habditis elegansmodel let-7 is down-regulated in strains bearing a typical mutation in alpha-
synuclein gene (A53T) and in strains with mutations in the pdr-1 gene [20]. Moreover, in-
creased levels of let-7 were found to attenuate pathogenic LRRK2 effects, a molecule which is
very frequently mutated in both familial and sporadic PD [21]. In Alzheimer’s disease (AD),
APP-like-1 expression was shown to be modulated by the activity of let-7 family [22]. In anoth-
er study, let-7 was found to activate Toll-like receptor 7 and subsequently cause neurodegen-
eration [23]. Regarding the implication of let-7 in cancer, it has been mentioned that this
miRNA inhibits cell invasion and migration in non small cell lung cancer (NSCLC) [24]. More-
over, a recent study highlights the implication of let-7 in sensitized fluorouracil-resistant
human hepatoma cells [25]. Furthermore, low expression of let-7 predicts poor prognosis in
patients with multiple cancers [26]. According to another study, let-7 downregulates STAT3
phosphorylation in pancreatic cancer cells by increasing SOCS3 expression [27].

miR-183 is a miRNA that has never been correlated with neurodegenerative diseases in the
past, with the exception of a recent study where the possible suppressive role of miR-183 in the
neurobiological pathways involved in schizophrenia was highlighted [15]. Mir183 has recently
been implicated in modulation of different apoptotic and autophagic stages through regulation
of apoptosis and autophagy-related genes [28–30]. In specific, knock-down of mir-183 expres-
sion can induce autophagic cell death in medullary thyroid cancer, through regulation of some
tumor suppressive signaling pathways, indicating that mir-183 may be an attractive therapeutic
target [31]. The oncogenic role of miR183 has also been revealed in a recent study by targeting
the transcription factor EGR1 and promoting tumor cell migration in different types of cancer,
such as sarcomas and colon tumors [32]. Therefore, it seems that mir-183 in the present study
might have played a rather tumor suppressor role, by probably activating the expression of
tumor suppressor genes that control cell differentiation or apoptosis, as previously described
[33].

The expression profile, as well as the functional role of miR-98 in neurological diseases,
such as schizophrenia, has not been elucidated yet. The only reference to such an association
has been made in a recent study, where expression of miR-98 was up-regulated in cases of pre-
natal stress altering, thus, the inflammatory responses in the brain [1]. In AD, miR-98 dis-
played significantly different expression levels in patients compared with controls [34]. miR-98
has also been shown to target molecules that have been associated with different forms of can-
cer, such as HMGA2, which exerts a transforming effect on lung cancer cells [35], IRS2, a pro-
tein that is up-regulated in colorectal cancer that leads to an increase in wnt signaling [36] and
IGF2BP which has been documented to promote hepatocellular carcinoma [37]. Other mole-
cules that are involved in tumorigenesis and are targeted by miR-98 include N-Ras [38],
SNAP23 [39], IMPDH1 [40] and many others.

As previously stated, the rather small sample size possibly constitutes a limiting factor of the
present study. However, it must be stated that, in the light of the severe difficulty to recruit pa-
tients exhibiting schizophrenia and cancer as a comorbidity, this was the first clinical study
that attempted to provide some preliminary insight about the possible low risk of cancer in
schizophrenic patients by analysing a large number of miRNAs in patients with both diseases
and patients with either schizophrenia or cancer only. Moreover, the level of expression of
miRNAs was analyzed in blood and not in the brain, representing, thus, an indirect analysis of
brain miRNAs expression levels and as a consequence, data about a general genetic
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predisposition about the implication of let-7, miR-98 and miR-183 in the co-morbidity of
schizophrenia and cancer were collected.

In conclusion, the present study further reinforced the important role of let-7, miR-98 and
miR-183 in carcinogenesis, but no miRNAs were found to be involved in the co-incidence of
cancer and schizophrenia, as was the objective. Further studies with larger sample sizes are still
warranted in order to investigate the role of miRNAs and other molecular pathways in the
rather low co-incidence of cancer and schizophrenia.
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