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Abstract

MicroRNAs (miRNAs) are small, non-coding RNAs acting as post-transcriptional regulators of 

gene expression. Though implicated in multiple CNS disorders, miRNAs have not been examined 

in any psychiatric disease state in anterior cingulate cortex (AnCg), a brain region centrally 

involved in regulating mood. We performed qPCR analyses of 29 miRNAs previously implicated 

in psychiatric illness (major depressive disorder (MDD), bipolar disorder (BP) and/or 

schizophrenia (SZ)) in AnCg of patients with MDD and BP versus controls. miR-132, miR-133a 
and miR-212 were initially identified as differentially expressed in BP, miR-184 in MDD and 

miR-34a in both MDD and BP (although none survived multiple correction testing and must be 

considered preliminary). In silico target prediction algorithms identified putative targets of 

differentially expressed miRNAs. Nuclear Co-Activator 1 (NCOA1), Nuclear Co-Repressor 2 

(NCOR2) and Phosphodiesterase 4B (PDE4B) were selected based upon predicted targeting by 

miR-34a (with NCOR2 and PDE4B both targeted by miR-184) and published relevance to 

psychiatric illness. Luciferase assays identified PDE4B as a target of miR-34a and miR-184, while 

NCOA1 and NCOR2 were targeted by miR-34a and 184, respectively. qPCR analyses were 

performed to determine whether changes in miRNA levels correlated with mRNA levels of 

validated targets. NCOA1 showed an inverse correlation with miR-34a in BP, while NCOR2 
demonstrated a positive correlation. In sum, this is the first study to demonstrate miRNA changes 

in AnCg in psychiatric illness and validate miR-34a as differentially expressed in CNS in MDD. 

These findings support a mechanistic role for miRNAs in the regulation of stress-responsive genes 

disrupted in psychiatric illness.

Introduction

Known as melancholia at the time of Hippocrates, ‘depression’ is a general term that 

encompasses a large number of mood disorders. Two of these particularly debilitating 

disorders—major depressive disorder (MDD, or unipolar depression) and bipolar disorder 

(BP; bipolar depression)—are also extremely common, with a lifetime prevalence of 16.6% 

and 3.9%, respectively (Kessler et al., 2005). Though a genetic component has been 

established (due in part to a high degree of heritability (Bierut et al., 1999, Burton et al., 

2007, Lohoff, 2010, McGuffin et al., 2003, Sklar et al., 2011, Smoller and Finn, 2003)), the 

genomic architecture of these disorders remains poorly understood.

In recent years, however, microRNAs (miRNAs)—small, 21–23 nt RNAs that canonically 

act as post-transcriptional regulators of gene expression—have become an increasing focus 

for understanding CNS processes. Greater than 40% of all protein-coding transcripts are 

predicted to be regulated by miRNAs (Tan et al., 2009, Xie et al., 2005). MiRNAs are also 

highly enriched within the CNS, with greater than two-thirds of identified miRNAs 
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expressed in brain (Bak et al., 2008, Cao et al., 2006, Sempere et al., 2004). MiRNAs are 

also key governors of CNS processes at both the cellular level (e.g. synaptic plasticity, 

neuronal differentiation and neuronal migration (Cui et al., 2012, Makeyev et al., 2007, 

Morgado et al., 2014, Schratt et al., 2006)) and the systems level, with miRNAs linked to the 

regulation of HPA axis glucocorticoid negative feedback and complex behaviors such as 

responses to both acute and chronic stress as well as mood and anxiety (Bahi et al., 2014, 

Haramati et al., 2011, Honda et al., 2013, Katsuura et al., 2012, Muinos-Gimeno et al., 2011, 

Vreugdenhil et al., 2009).

The role of miRNAs in the regulation of stress responses is of particular interest given that 

chronic stress is not only a precipitant of mood and affective disorders (Breslau and Davis, 

1986, Ilgen and Hutchison, 2005) but HPA axis disruption is one of the most commonly 

observed pathophysiologies in MDD patients, with symptomatic severity correlating with 

extent of hypercortisolemia (Gibbons and Mc, 1962, Vythilingam et al., 2004). Intriguingly, 

a number of studies have directly demonstrated dysregulation of the miRNA regulatory 

network in patients with a variety of mood and affective disorders, with the vast majority 

focusing on schizophrenia (SZ) (Beveridge et al., 2010, Beveridge et al., 2008, Kim et al., 

2010, Miller et al., 2012, Moreau et al., 2011, Perkins et al., 2007, Santarelli et al., 2011, Shi 

et al., 2012, Smalheiser et al., 2014, Wan et al., 2015). Absent from these studies, however, 

has been analysis of the anterior cingulate cortex (AnCg), a brain region centrally involved 

in the regulation of mood, affect and cognition (Drevets et al., 2008, Ebert and Ebmeier, 

1996, Mayberg et al., 1999, Posner and DiGirolamo, 1998). Alterations in AnCg function 

have been increasingly linked to mood disorders with AnCg activity previously 

demonstrated to differentiate patients with unipolar versus bipolar depression (Diler et al., 

2014) and also to predict successful pharmaceutical and cognitive treatment response 

(Fujino et al., 2015, Mulert et al., 2007, Pizzagalli et al., 2001, Salvadore et al., 2009). 

Further work has also established alterations in various systems within AnCg in MDD and 

BP disorders, including dysregulation in the fibroblast growth factor (FGF) system and clock 

genes (Bunney et al., 2015, Cheng et al., 2007, Evans et al., 2004).

In the present study we assessed miRNA expression in the AnCg of both MDD and BP 

patients compared to controls. As miRNAs exert their regulatory effects by targeting mRNA 

transcripts, we employed bioinformatics approaches to identify mRNA targets of miRNAs 

whose expression varied due to disease and validated several mRNAs as direct targets. 

Finally, we examined the steady-state levels of a subset of validated mRNA targets and 

identified two that vary as a function of affective disease.

Materials and Methods

Postmortem brain tissue and RNA extraction

RNA samples derived from human post-mortem AnCg tissue were provided by the Pritzker 

Neuropsychiatric Research Consortium. The initial acquisition of tissue, microdissection of 

AnCg and subsequent RNA extraction that generated these samples is described in detail in 

(Evans et al., 2003). Briefly, brains were extracted during autopsy and sliced into coronal 

slabs approximately 0.75 cm thick. Slabs were then snap-frozen and stored at −80 degrees C 

until subsequent dissections. Anterior cingulate cortex (AnCg, corresponding to Brodmann’s 
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Area 24) was identified and dissected from left hemisphere, with all dissections being 

performed with tissue slabs on dry ice. Following dissection, total RNA was extracted from 

each sample using TRIzol (Invitrogen).

Patient demographics and information—including gender, brain pH, post-mortem interval, 

medication history and agonal factor status—are listed in Supplementary Table 1. A total of 

37 patients (n=8, BP; n=15, MDD; n=14, Control) were used for all miRNA and mRNA 

qPCR experiments. Patient diagnoses were based on criteria from the Diagnostic and 

Statistical Manual of Mental Disorders, 4th Edition, and were obtained from medical 

examiners, medical records and a family member. Patient samples were matched on two 

primary criteria, brain pH and agonal factor score. Given that our group has previously 

observed the significant impact of low brain pH on gene expression (Li et al., 2004) all 

patients were noted to have a brain pH ≥ 6.55 to mitigate gene expression variance. 

Additionally, as a prolonged agonal state (e.g. coma, multiple organ system failures, 

respiratory arrest, etc.) tended to be associated with lower brain pH, all patients included in 

this study had no agonal factors.

MicroRNA selection, reverse transcription and detection

29 MicroRNAs (Supplementary Table 2) were selected for qPCR analyses. These miRNAs 

were based upon several criteria including prior published association with psychiatric 

illness(es) at the time of miRNA selection, shared dysregulation between multiple 

psychiatric illnesses (e.g. SZ, BP and/or MDD), abundant expression and prior literature 

validating interactions with mRNAs previously implicated in mental illness (outlined in 

Supplementary Table 2). Total human RNA (7.5 ng) was reverse transcribed with the High 

Capacity RNA to cDNA Kit (Applied Biosystems Inc., Carlsbad, CA) as per manufacturer’s 

instructions using custom pooled RT primers corresponding to miRNAs selected for 

analysis. Following reverse transcription, first-strand cDNA was subjected to 

preamplification per manufacturer’s instructions (Applied Biosystems Inc., Carlsbad, CA) 

using custom pooled preamplification primers. The resulting preamplified material was 

diluted 1:4 in 0.1× TE buffer before being subjected to qPCR. qPCR was performed using 

custom TaqMan Low-Density Array (TLDA) cards (Applied Biosystems Inc., Carlsbad, 

CA). Each TLDA card accommodated 4 biological samples and measured 29 miRNAs, as 

well as RNU48 as a control, in technical triplicate. RNU48 showed no significant variability 

between patient cohorts (CTRL, MDD and/or BP). qPCR reactions were run and measured 

on a ViiA7 thermocycler (Applied Biosystems Inc., Carlsbad, CA) using the following 

conditions: 2 minutes at 50 C, 10 minutes at 95 C (1 repeat); 15 seconds at 95 C, 1 minute at 

60 C (40 repeats). Following detection, miRNAs were analyzed for differential expression 

using the 2−ΔΔCT method (Livak and Schmittgen, 2001).

In silico target prediction and vector construction

Putative mRNA targets of dysregulated miRNAs were identified based on predicted 

targeting in miRanda (Betel et al., 2010) (August 2010 Release) and/or TargetScan (Lewis et 

al., 2005) (Release 6.2) in silico target prediction algorithms using default parameters. A 

gene ontology analysis of predicted targets of miR-34a was performed using DAVID 

Bioinformatics (Huang da et al., 2009a, b) using default parameters (Supplementary Table 
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3). Following this, candidate mRNA targets were narrowed to those associated with terms in 

the top-scoring functional clusters. Targets were subsequently selected for validation based 

upon 1) a direct association (based upon prior literature) with neuropsychiatric illness and/or 

2) function in a biological process implicated in the pathophysiology of mental illness (e.g. 

glucocorticoid signaling, synaptic plasticity, transcriptional regulation). Target genes were 

amplified via end-point PCR (Supplementary Table 4) and subsequently cloned into a 

previously described US2 plasmid expression vector encoding firefly luciferase driven by 

the human UBC promoter (US2-Luc) (Yu et al., 2008). Putative miRNA binding sites were 

identified via the aforementioned prediction algorithms and subsequently mutagenized using 

the QuikChange XL kit (Agilent Technologies, Santa Clara, CA) following manufacturer’s 

protocol. Mutagenesis primers (Supplementary Table 4) were designed using the web-based 

QuikChange Primer Design software (Agilent Technologies, Santa Clara, CA).

Cell culture, transfection and luciferase assays

96-well plates were coated for 15 minutes in 0.1 mg/mL poly-L-lysine (ThermoFisher 

Scientific, Waltham, MA) and washed with 1X PBS to aid in cell adherence. HEK293 cells 

were plated at 70–90% confluence in 75 µl DMEM media (Invitrogen, Carlsbad, CA) 

containing Pen-Strep (Life Technologies, Carlsbad, CA) and 10% FBS (ThermoFisher 

Scientific, Waltham, MA) per well. Cells were maintained at 37 C at 5% CO2.

24 hours following plating HEK293 cells were transfected with 0.5 µl Lipofectamine 2000 

(Invitrogen, Carlsbad, CA), 300 ng US2-Firefly Luciferase (US2-Luc) plasmid containing 

the 3’ UTR of a gene of interest, 300 ng US2-Renilla Luciferase (US2-RL) plasmid and 

either 0.5 pmol miRNA mimic (MISSION MicroRNA Mimic) (Sigma-Aldrich, St. Louis, 

MO) (miRNA treated) or 1 µl sterile saline (vehicle treated) in 50 µl OPTI-MEM media 

(Life Technologies, Carlsbad, CA) per well (n=6 per treatment group). Cells were allowed to 

incubate for 24 hours before proceeding to luciferase assays.

Immediately prior to luciferase assays, OPTI-MEM media was aspirated and replaced with 

75 µl of DMEM media per well. Protein lysates were prepared by adding 75 µl of Dual-Glo 

Luciferase Assay Reagent (Promega, Madison, WI) per well and transferring the resulting 

lysate to a 96-well microassay plate (Sigma-Aldrich, St. Louis, MO). Luciferase assays were 

then performed following manufacturer’s instructions (Dual-Glo® Luciferase Assay System 

(Promega, Madison, WI)). Luminescence was measured on a FluoStarOptima (BMG 

Labtech, Germany) with renilla luciferase serving as a transfection efficiency control.

Messenger RNA reverse transcription and qPCR detection

The same RNA samples used for the miRNA expression analyses were used for messenger 

RNA studies. Briefly, RNA samples (25 ng per sample) were converted to cDNA with 

random hexamer priming using SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, 

CA) following manufacturer’s instructions. The resulting cDNA was diluted 1:4 in sterile 

water before use in subsequent qPCR studies.

Individual TaqMan gene expression assays (Applied Biosystems Inc., Carlsbad, CA) were 

used to measure gene expression for NCOA1 (Assay ID# HS00186661_m1), NCOR2 
(Assay ID# HS00196955_m1) and PDE4B (Assay ID# HS00963643_m1) with beta actin 
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(Assay ID# HS99999903_m1) serving as a reference control. Messenger RNA qPCR 

detections were run on a ViiA7 thermocycler (Applied Biosystems Inc., Carlsbad, CA) using 

the previously described thermocycler conditions. All samples were run in technical 

triplicate and were analyzed for differential expression using the 2−ΔΔCT method (Livak and 

Schmittgen, 2001).

Data Analysis

For miRNA expression values, raw P-values were generated using a two-tailed Student’s T-

test. Multiple correction testing was performed with the Benjamini-Hochberg False 

Discovery Rate (FDR; Benjamini and Hochberg, 1995) with FDR set at 15%. Luciferase 

assays were assayed for significance using a two-tailed Student’s T-test with significance set 

at p < 0.05.

Results

Differential expression of a subset of miRNAs in AnCg of patients with MDD or BP disorder

Following qPCR detection 3 miRNAs—miR-33a, miR-144 and miR-431*—were excluded 

from analysis due to high variability among technical replicates and cycle threshold values 

>30. After exclusion, 26 miRNAs were examined for differential expression in BP and 

MDD cohorts versus controls. Of these, 5 miRNAs—miR-132, miR-133a and miR-212 in 

the BP cohort; miR-184 in the MDD cohort, and miR-34a shared between cohorts—

exhibited raw p-values < 0.05 (Figure 1) (although none passed multiple correction testing, 

e.g. FDR > 0.15).

Intriguingly, these miRNAs were dysregulated in a unidirectional fashion: all dysregulated 

miRNAs were repressed compared to control patients. While it also failed to achieve 

significance, miR-195—previously linked to regulation of brain-derived neurotrophic factor 

(BDNF) (Mellios et al., 2008)—exhibited a trend towards repression in both BP and MDD 

cohorts (p=0.10 and p=0.09, respectively). We note that three of these miRNAs—miR-132, 

miR-212 and miR-34a—have previously been shown to be dysregulated in PFC of SZ 

patients (Kim, Reimers, 2010, Miller, Zeier, 2012). These results suggest the shared 

dysregulation of several miRNAs across several neuropsychiatric conditions, with miR-34a 
serving as a consistently dysregulated miRNA in MDD, BP and SZ. Given this, along with 

the large number of validated miR-34a targets previously linked to multiple mood and 

affective disorders (Table 1), we elected to focus primarily on miR-34a for subsequent 

analyses.

In silico target prediction analyses of dysregulated miRNAs

Following the identification of miR-34a as differentially expressed, we performed a gene 

ontology analysis on the 655 putative miR-34a targets identified by the TargetScan 

algorithm (Lewis, Burge, 2005). Based upon the enriched terms in the two most significant 

GO clusters— specifically, ‘Synapse’ (Cluster 1) and ‘Transcription Regulator Activity’ 

(Cluster 2) (Supplementary Table 3)—we were able to identify 3 putative targets of miR-34a 
based upon our previously described selection criteria. Prior work has shown that two of 

these genes (NCOA1 and NCOR2) modulate the transcriptional activity of the 
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glucocorticoid receptor (van der Laan et al., 2008), while PDE4B—a genetic risk factor for 

mental illness (Fatemi et al., 2008, Millar et al., 2005, Numata et al., 2009, Pickard et al., 

2007)—regulates cAMP signaling and is enriched at the synapse (Bradshaw et al., 2008, 

Millar, Pickard, 2005). Further sequence analysis indicated that, in addition to putative 

miR-34a binding sites, both NCOR2 and PDE4B possess putative miR-184 binding sites, 

potentially indicating common regulatory targets for both miRNAs disrupted in MDD 

patients.

Target validations of dysregulated miRNAs

Following the identification of NCOA1, NCOR2 and PDE4B as putative mRNA targets of 

dysregulated miRNAs, luciferase vectors containing their respective 3’ UTRs were 

generated as previously described (Yu, Chung, 2008). HEK293 cells transfected with US2-

Luc plasmids containing a wild-type 3’ UTR from PDE4B (PDE4B WT 3’ UTR) and either 

a miR-34a mimic or a miR-184 mimic yielded reduced luciferase values relative to control 

(Fig. 2a) (n=6 per treatment group). Similarly, HEK293 cells transfected with NCOA1 or 

NCOR2 WT 3’ UTR yielded reduced luciferase activity when transfected with miR-34a or 

miR-184 mimics, respectively (Fig. 2b and 2c). Though it exhibited a strong trend, treatment 

of HEK293 cells transfected with NCOR2 WT 3’ UTR and miR-34a did not result in a 

statistically significant repression of luciferase activity (Fig. 2c). The specificity of these 

mRNA/miRNA interactions were demonstrated when mutating predicted miR-34a or 

miR-184 binding sites (34a-MUT or 184-MUT, respectively) was sufficient to relieve 

repression in the presence of miRNA mimics (Fig. 2a–c). These findings demonstrate the 

direct regulation of these genes of interest by miRNAs dysregulated in BP and MDD 

patients.

qPCR of validated miRNA targets

As one way that miRNAs can exert their regulatory influence is via the degradation of 

mRNA transcripts, we employed qPCR methodologies to examine steady-state levels of our 

validated targets of miR-34a and/or miR-184 (Fig. 3). Consistent with miRNAs’ canonical 

role as negative regulators of gene expression, we observed a significant increase in NCOA1 
mRNA levels in the BP cohort but not the MDD cohort. In contrast, we observed a 

significant decrease in NCOR2 mRNA levels specific to the MDD cohort. Neither BP nor 

MDD cohorts showed significant alterations in PDE4B mRNA expression. Taken together, 

these results suggest the possibility that the reduction in miR-34a levels may influence 

steady-state levels of NCOA1 in BP patients.

Discussion

Given their enrichment in the brain, their regulation of key CNS processes, their widespread 

regulation of protein-coding transcripts and their dysregulation in a number of illnesses, 

miRNAs are uniquely positioned to play a key role in the pathology of psychiatric illness. In 

this study we examined the expression of 26 miRNAs in the AnCg of MDD and BP patients 

versus controls. From this, we identified 5 miRNAs—3 in BP, 1 in MDD and 1 shared across 

both cohorts—that were differentially expressed in patients with psychiatric illness. 

Intriguingly, fold changes were unidirectional with all differentially expressed miRNAs 
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reduced in MDD or BP versus controls. Additionally, we examined a subset of putative 

targets for differentially expressed miRNAs, and were able to validate NCOA1 as a target of 

miR-34a, NCOR2 as a target of miR-184 and PDE4B as a target of both miR-34a and 

miR-184. mRNA levels of NCOA1 showed an inverse correlation with miR-34a in the BP 

cohort, while mRNA levels of NCOR2 showed a positive correlation with miR-34a and 

miR-184 in the MDD cohort (with PDE4B showing no expression change in either). While 

we note that it is possible that repression may occur at the level of translation rather than 

transcription (Wilczynska and Bushell, 2015), patient samples were not initially processed 

for protein examination; as such, we were unable to investigate this line of inquiry. While we 

recognize that the observed changes in miRNA expression levels are relatively modest, we 

feel it important to note that cooperative repression by a miRNA in combination with other 

miRNAs or RNA-binding proteins allows a non-linear relationship between miRNA 

expression and extent of mRNA target repression (Broderick et al., 2011, Jacobsen et al., 

2010, Mukherji et al., 2011), potentially allowing even minor changes in miRNA levels to 

act as ‘switches’ rather than simply fine-tuning gene expression.

These data add to our understanding of potential mechanisms underlying psychiatric 

disorders. While miRNA expression has been examined across a multitude of psychiatric 

illnesses, encompassing several brain regions, cell types and blood (Bavamian et al., 2015, 

Fan et al., 2014, Kim, Reimers, 2010, Miller, Zeier, 2012, Moreau, Bruse, 2011, Sun et al., 

2015, Walker et al., 2015), to our knowledge this is the first work to examine miRNAs 

dysregulated as a function of psychiatric illness in AnCg. Additionally, comparing prior 

work examining miRNA dysregulation in the DLPFC—another brain region of intense 

interest in the pathology of mental illness—of BP and MDD patients to our results in AnCg, 

we see little overlap in the specific miRNA species dysregulated as a function of anatomy 

(e.g. brain region). Potential explanations for this lack of overlap across studies include the 

usage of different cohorts of patients across multiple studies (including our own which, in 

turn, severely limits our ability to draw parallels between miRNA expression between brain 

regions in the present study) and the heterogeneity of neuropsychiatric illness. However, 

given prior work revealing that the complement of transcripts dysregulated in mental illness 

is highly dependent on brain region, the notion of region-specific patterns in miRNA 

disruption is consistent with current knowledge.

Of further note is that this specificity extends not only to miRNA species (e.g. miR-34a 
versus miR-132) but also to individual miRNA isoforms. In a prior study, miR-133b was 

differentially expressed in DLPFC of BP patients (Kim, Reimers, 2010). In contrast, while 

miR-133b levels did not change in our cohort of MDD and BP patients versus controls, 

miR-133a (encoded by a different gene than miR-133b) was differentially expressed in the 

AnCg of our cohort of BP patients (Fig. 1). As the canonical mature forms of miR-133a and 

b differ in only one nucleotide (a U versus a G, respectively, at the final 3’ residue), this 

single-nucleotide difference could represent a more subtle (but potentially significant) shift 

in target recognition between the two isoforms. However, as canonical miRNAs represent 

one of several abundant isoforms of the mature miRNA (each of which may have different 

nucleotides at the 5’ and 3’ ends), this hypothesis remains speculative.
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While miR-132 and miR-212 have been previously identified as differentially expressed in 

the DLPFC of SZ patients (Kim, Reimers, 2010, Miller, Zeier, 2012), we have identified 

these miRNAs—which are co-transcribed in the same primary transcript—as differentially 

expressed in a cohort of BP patients. This finding is intriguing as BP and SZ may share 

familial and genetic risk factors (Berrettini, 2003, Kim et al., 2015, Purcell et al., 2009, 

Shepherd et al., 2015) including miRNAs (Kim, Reimers, 2010, Miller, Zeier, 2012, Walker, 

Rybka, 2015) and, given the seed sequences of miR-132 and miR-212 are identical, these 

miRNAs may share a number of targets. Additionally, as miR-34a expression levels are 

dysregulated in cohorts of both SZ and BP patients (in DLPFC and cerebellum, respectively) 

(Bavamian, Mellios, 2015, Kim, Reimers, 2010), our finding that miR-34a is significantly 

differentially expressed in a cohort of patients with MDD identifies miR-34a as the first 

miRNA to be differentially expressed in the CNS across 3 psychiatric illnesses—BP, MDD 

and SZ. Unfortunately, the lack of SZ patients in the present study precludes the possibility 

of identifying whether miR-34a is regulated across BP, MDD and SZ specifically in AnCg: 

an intriguing possibility given the postulated linkage between BP and SZ (Berrettini, 2003, 

Purcell, Wray, 2009) and several shared symptoms of BP and MDD.

Given prior evidence that suicide may be a strong factor in influencing miRNA expression 

(Smalheiser, Lugli, 2014) we also performed miRNA expression analyses specifically in the 

suicide subgroups of our MDD and BP cohorts. Analyses of miRNA expression in the 

suicide subgroups of MDD and BP mirrored the directionality, magnitude of fold-change 

and disease specificity compared to entire patient populations. For example, miR-184 
demonstrated a linear fold change of 0.84 and 0.85, while miR-34a exhibited a linear fold 

change of 0.78 and 0.76 (both in suicide- and non-suicide MDD patients, respectively). 

While these miRNA expression analyses using only non-suicide patients revealed trends in 

the directionality of fold change and disease specificity identical to both suicide-subgroup 

and whole-group analyses, these changes also failed to achieve statistical significance. We 

note, however, that the total number of patients in the non-suicide groups are extremely 

small (n=2, BP; n=5, MDD) and, as such, we are unable to definitively conclude whether 

suicide defined a subgroup of BP or MDD subjects.

miR-34a and miR-184’s respective regulation of NCOA1 and NCOR2—which, in turn, can 

alter the glucocorticoid receptor’s (GR) transcriptional activity (Lachize et al., 2009, van der 

Laan, Lachize, 2008)—is intriguing for several reasons. NCOA1 has been identified as 

necessary for proper stress responses (Lachize, Apostolakis, 2009, Winnay et al., 2006) 

while prior literature demonstrates both NCOA1 and NCOR2 modulate the GR-mediated 

transcription of corticotropin releasing hormone (CRH), a psychiatric risk factor linked to 

MDD pathology (van der Laan, Lachize, 2008). Prior work has demonstrated the direct 

transcriptional repression of miR-184 by the psychiatric risk factor methyl CpG binding 

protein 2 (MeCP2) (Nomura et al., 2008). Additionally, the miR-34 family (including 

miR-34a) has previously been linked to stress (Haramati, Navon, 2011) and is strongly 

induced by the TP53 gene, a key cell-cycle control gene that also regulates expression of the 

mood-stabilizing Wip1 gene (Rokavec et al., 2014, Ruan et al., 2015). Chronic stress is 

thought to act as a precipitating environmental factor for a host of mental illnesses and 

induces chronic elevations in circulating glucocorticoids (e.g. hypercortisolemia). Altered 

HPA axis activity—particularly hypercortisolemia—is one of the most consistently observed 
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pathophysiologies in MDD patients (Gibbons and Mc, 1962) and is observed in both BP and 

SZ (Altamura et al., 1999, Daban et al., 2005, Jakovljevic et al., 1998). As glucocorticoids 

exert powerful transcriptional effects through the GR (with GR mRNA level significantly 

reduced in MDD versus control patients in a prior study (Qi et al., 2013)) and miR-34a 
exerts influence over a GR cofactor, these findings suggest a role for miR-34a in the 

transcriptional response to stress. The authors acknowledge the limitations inherent to 

proposing direct linkages between miRNA and mRNA function. Specifically, we note that 

the polygenic and heterogeneous molecular architecture of depressive illnesses make it 

extremely difficult to couple the impact of an individual miRNA with a specific mRNA. 

While our hypotheses are consistent with our present data, future studies are of the utmost 

importance to characterize the prospective impact(s) of miRNAs dysregulated in disease.

The shared regulation of PDE4B by miR-34a and miR-184 is also of note given PDE4B’s 

linkage to MDD, BP, SZ and anxiety (Fatemi, King, 2008, McGirr et al., 2015, Millar, 

Pickard, 2005, Numata, Iga, 2009, Padmos et al., 2008, Pickard, Thomson, 2007, Yuan et al., 

2011). In addition to PDE4B binding to and being regulated by the psychiatric risk factor 

Disrupted in Schizophrenia 1 (DISC1) (Millar, Pickard, 2005), pharmacological inhibitors of 

PDE4B activity have previously been tested as atypical antidepressants (Fleischhacker et al., 

1992, Zeller et al., 1984). While these drugs were never widely deployed (due primarily to 

negative side-effects at therapeutic dosage), the directionality suggested by this 

pharmacological treatment—i.e. that increased PDE4B is correlated with MDD—is 

substantiated by prior work demonstrating an increase in levels of PDE4B protein in 

cingulate cortex of MDD patients versus controls (Yuan, Tragon, 2011). This prior work is 

also consistent with our current data, in which decreases in miR-34a and miR-184 (Fig. 1)—

which can negatively regulate PDE4B (Fig. 2)—should lead to an increase in PDE4B protein 

levels. While PDE4B mRNA levels were unchanged in either BP or MDD cohorts of the 

present study, it is important to note that miRNAs can exert their regulatory influence 

through translational inhibition as well as via mRNA degradation (reviewed in (Wilczynska 

and Bushell, 2015)).

We note that—in addition to the work presented here—several groups have validated 

additional targets of miR-34a that are either directly dysregulated or indirectly implicated in 

biological processes thought to be disrupted in psychiatric disease (Table 1). Given that 

mental illnesses are noted for their heterogeneity of causes, symptoms and treatments, it is 

noteworthy that miR-34a—representing the only shared miRNA dysregulated in MDD, BP 

and SZ—targets transcripts implicated in the pathology of all three of these illnesses (Table 

1). Intriguingly, miR-34a has been linked to acute responses to stress while another miR-34 
isoform—miR-34c—was differentially expressed in animal models of both acute and 

chronic stress (Haramati, Navon, 2011). As stress-induced HPA axis dysfunction is a 

common precipitating event for mood and affective disorders—and our work presented here 

identifies miR-34a as a regulator of NCOA1, itself previously identified as a key modulator 

of both stress responses and HPA axis activity (Lachize, Apostolakis, 2009, Winnay, Xu, 

2006)—these findings suggest miR-34a as an attractive target for further investigation.

Finally, we note several additional limitations and caveats in our study. We note that none of 

the miRNAs we identified as differentially expressed have passed multiple correction testing 
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and, as such, must be regarded as preliminary. Limitations when using the Student’s T-test in 

modest sample sizes (such as those employed here) have also been well described, including 

poor reliability and reproducibility (reviewed in Halsey et al, 2015). We also acknowledge 

that, as we employed an in vitro model system using HEK293 cells engineered to express 

both the 3’ UTR of our mRNA target and our miRNA(s) of interest, future studies 

employing human neural cell types will be necessary to assess the biological relevance of 

the interactions.

In sum: due to their enrichment in the brain, regulation of key CNS processes and the fact 

one miRNA can regulate hundreds of mRNA targets, miRNAs are hypothesized to play a 

key role in mood and affective disorders. While we acknowledge several caveats and 

limitations, this current work sheds light on (albeit prelimnary) putative miRNA 

dysregulation in AnCg (a brain region central to the regulation of mood and cognition) as 

well as the mRNA targets of these dysregulated miRNAs. We also identify miR-34a in 

particular as a miRNA dysregulated across multiple psychiatric illnesses and across multiple 

cortical brain regions known to participate in affect and whose role in the molecular 

architecture of these disorders remains to be fully described.
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Figure 1. A subset of miRNAs validate as differentially expressed in AnCg of BP and/or MDD 
patients
Vertical axis represents linear fold change in BP or MDD cohorts versus control patients 

(BP: n=8; MDD: n=15; Control: n=14). Expression levels were measured using Taqman-

chemistry-based qPCR using individual assays. Three miRNAs (miR-132, 133a and 212) 

were dysregulated in BP, one (miR-184) was dysregulated in MDD and one miRNA—

miR-34a, previously linked to schizophrenia—was dysregulated in both groups. All samples 

were run in technical triplicate with the snoRNA RNU48 serving as a reference control. (*: 

P < 0.05, #: P ≤ 0.10; error bars represent SEM.)
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Figure 2. PDE4B, NCOA1 and NCOR2 are targets of miRNAs dysregulated in psychiatric illness
HEK293 cell cultures were plated and cotransfected with a miRNA mimic (either miR-34a 
or miR-184) and a firefly luciferase vector (Yu, Chung, 2008) containing either a wild-type 

3’ UTR (WT 3’ UTR) or a 3’ UTR mutagenized at a predicted miRNA binding site (34a-

MUT or 184-MUT 3’ UTR) (n=6/group). A vector encoding renilla luciferase was used to 

normalize luciferase activity. Significant reductions in luciferase activity were observed for 

PDE4B when cotransfected with either miR-34a or miR-184 (Fig. 2a), NCOA1 when 

cotransfected with miR-34a (Fig. 2b) and NCOR2 when cotransfected with miR-184 (Fig. 
2c). Mutagenesis of the predicted binding sites was sufficient to relieve these 3’ UTR 

constructs of miRNA-induced inhibition. Mutagenesis of sites in the NCOR2 3’ UTR was 

not performed since this UTR showed no significant repression by miR-34a. (*: P < 0.05, #: 

P ≤ 0.10 ; error bars represent SEM.)
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Figure 3. Steady-state mRNA levels of validated targets are altered in BP and MDD patients
The mRNA levels of NCOA1 and NCOR2 were dysregulated specifically in the BP and 

MDD cohorts, respectively. The same patient cohorts were used in both miRNA and mRNA 

expression analyses (BP: n=8; MDD: n=15 ; Control: n=14). Vertical axis represents linear 

fold change in BP or MDD patients versus controls. mRNA expression levels were analyzed 

using single-tube TaqMan qPCR assays specific to the genes of interest. Bars represent 

linear fold changes in BP and MDD cohorts compared to control patients with error bars 

representing SEM. (*: P < 0.05, #: P ≤ 0.10)
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Table 2

Validated mRNA targets of miR-34a with linkage to neuropsychiatric illness. Gene names in bold represent 

novel mRNA targets.

Gene Gene Description

GRM7 Metabotropic Glutamate 
Receptor 7

Synaptic transmission GWAS (BP)(Fleischhacker et al., 1992, Zhou et 
al., 2009)

ANK3 Ankyrin G Actin/spectrin adaptor protein GWAS (BP)(Bavamian et al., 2015)

CACNB3 Voltage-Dependent L-Type 
Clacium Channel Subunit 
Beta-3

Synaptic transmission GWAS (BP)(Bavamian et al., 2015)

VEGFA Vascular Endothelial Growth 
Factor A

Growth factor signaling Dysregulation of mRNA and protein levels, 
linkage analysis (MDD)(Berent et al., 2014, Tsai 
et al., 2009)

NCOA1 Nuclear Receptor Co-Activator 
1

Modulation of gene transcription via 
glucocorticoid receptor

Dysregulation of mRNA levels (BP), modulation 
of stress responses and HPA axis activity. (Lachize 
et al., 2009, Winnay et al., 2006)

NCOR2 Nuclear Receptor Co-Repressor 
2

Modulation of gene transcription via 
glucocorticoid receptor

Dysregulation of mRNA levels (MDD)

PDE4B cAMP-specific 3',5'-cyclic 
Phosphodiesterase 4B

Regulates synaptic transmission via 
controlling cAMP levels

Dysregulation of protein levels (MDD), SNP (SZ 
and BP)(Fatemi et al., 2008, Pickard et al., 2007, 
Yuan et al., 2011)

SIRT1 Sirtuin 1 Histone deacetylase Dysregulation of mRNA levels (BP, MDD)(Abe, 
2011)
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