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Abstract 41 
Genetic factors underlie a substantial proportion of individual differences in cognitive 42 
functions in humans, including processes related to episodic and working memory. While 43 
genetic association studies have proposed several candidate "memory genes", these currently 44 
explain only a minor fraction of the phenotypic variance suggesting that additional genetic 45 
factors are involved. Here, we performed genome-wide screening on 13 episodic and working 46 
memory phenotypes in up to 1,318 participants of the Berlin Aging Study II (BASE-II) aged 47 
60 years or older. The analyses highlight a number of novel single nucleotide polymorphisms 48 
(SNPs) associated with memory performance, including one marker located in a putative 49 
regulatory region of microRNA (miRNA) hsa-mir-138-5p (rs9882688, P-value = 7.8x10-9). 50 
Expression quantitative trait locus analyses on next-generation RNA-sequencing data 51 
revealed that rs9882688 genotypes show a significant correlation with the expression levels of 52 
this miRNA in 309 human lymphoblastoid cell lines (P-value = 5x10-4). In silico modeling of 53 
other top-ranking GWAS signals identified an additional memory-associated SNP in the 3' 54 
untranslated region (3'UTR) of DCP1B, a gene encoding a core component of the mRNA 55 
decapping complex in humans, predicted to interfere with hsa-mir-138-5p binding. This 56 
prediction was confirmed in vitro by luciferase assays showing differential binding of hsa-57 
mir-138-5p to 3'UTR reporter constructs in two human cell lines (HEK293: P-value = 0.0470; 58 
SH-SY5Y: P-value = 0.0866). Finally, expression profiling of hsa-mir-138-5p and DCP1B 59 
mRNA in human post-mortem brain tissue revealed that both molecules are expressed 60 
simultaneously in frontal cortex and hippocampus, suggesting that the proposed interaction 61 
between hsa-mir-138-5p and DCP1B may also take place in vivo. In summary, by combining 62 
unbiased genome-wide screening with extensive in silico modeling, in vitro functional assays, 63 
and gene expression profiling, our study identified miRNA-138 as a potential molecular 64 
regulator of human memory function. 65 
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1. Introduction 66 
Interindividual variations of memory performance in humans are regulated by genetic and 67 
non-genetic factors. Early estimates from twin studies suggest that approximately half of the 68 
phenotypic variance is attributable to heritable factors, while the remainder reflects shared 69 
and non-shared environmental factors (McClearn et al. 1997). These estimates have since 70 
received broad support from studies using different designs and analysis approaches (for 71 
recent review see Goldberg Hermo et al. 2014). For measures of general cognitive ability, the 72 
presumed genetic effects appear to increase across the lifespan, that is, from childhood to 73 
adulthood and late life (McClearn et al. 1997), suggesting that searching for genes in this 74 
domain may be most powerful in data sets of aged individuals (see also Lindenberger et al. 75 
2008). 76 
 77 

A number of candidate genes that may affect various aspects of memory performance in 78 
humans have been proposed to date (for review see Papassotiropoulos and de Quervain 2011). 79 
As is the case for many other genetically complex traits in humans, the most convincing of 80 
these have only recently emerged in the context of genome-wide association studies (GWAS; 81 
see NHGRI’s “GWAS catalog” for an up-to-date overview; URL: 82 
http://www.genome.gov/gwastudies/; Welter et al. 2014). Among the most prominent 83 
findings are common polymorphisms (i.e. single nucleotide polymorphisms [SNPs]) in 84 
WWC1 (WW and C2 containing 1, a.k.a. KIBRA for kidney and brain expressed protein; 85 
Papassotiropoulos et al. 2006) and CTNNBL1 (catenin, beta like 1). WWC1 is located on 86 
chromosome (chr) 5q34 and was identified nearly a decade ago in a GWAS on episodic 87 
memory in ~300 subjects in which the lead SNP (rs17070145) showed evidence for genome-88 
wide significant association (Papassotiropoulos et al. 2006). Since the original study, a 89 
number of follow-up studies have been published, albeit with mixed results (Milnik et al. 90 
2012). The other lead “memory gene”, CTNNBL1 (located on chr 20q11.23) was identified by 91 
the same group in a more recent GWAS (Papassotiropoulos and de Quervain 2011). Thus far, 92 
no reports have been published confirming this latter finding independently. In addition, a 93 
number of other candidate genes have been tested in non-GWAS association studies, some 94 
suggesting evidence for an increased effect sizes when comparing older vs. younger adults (Li 95 
et al. 2013; Papenberg et al. 2014). 96 
 97 

A second – and thus far largely independent – line of genetic experiments suggests that 98 
memory performance, and likely a large number of other cognitive domains, may be 99 
influenced by the action of microRNAs (miRNAs). MiRNAs are short (i.e. typically between 100 
18 and 24 nucleotide long), non-coding RNA molecules that are involved in regulating 101 
protein expression post-transcriptionally. This is achieved by binding to the target messenger-102 
RNAs (mRNAs), thereby directly or indirectly interfering with mRNA translation. The last 103 
decade of research has shown that miRNAs are involved in a broad range of cellular 104 
functions, including the development, differentiation, proliferation, apoptosis, and metabolism 105 
of neurons and many other cell types in humans (Satoh 2012). Some estimates suggest that 106 
the expression of up to 50% of all human proteins may be affected by the action of one or 107 
more of the >2500 miRNAs currently believed to exist (URL: http://mirbase.org/index.shtml; 108 
Griffiths-Jones et al. 2006). One important factor determining the extent of miRNA-mediated 109 
expressional regulation is the binding affinity between miRNAs and their target mRNAs. This 110 
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is largely influenced by sequence complementarity between the respective interacting regions 111 
on both molecules (Peterson et al. 2014). Naturally occurring DNA sequence variants, e.g. 112 
trait associated SNPs, within the binding domains of either of these interactants can thus be 113 
expected to interfere with miRNA-to-mRNA binding either by decreasing (disruption of 114 
complementary sites) or increasing (creation of complementary sites) binding affinity. 115 

 116 
In this study, we specifically searched for memory-associated DNA sequence variants 117 

predicted to affect miRNA-to-mRNA binding using a similar strategy as described previously 118 
by our group (Lill et al. 2014). Genetic associations, with measures of both working and 119 
episodic memory functions were assessed via genome-wide screening as part of an ongoing 120 
GWAS in participants of the Berlin Aging Study II (BASE-II). Associated SNPs were 121 
evaluated for their potential effects on miRNA-to-mRNA binding in silico using a 122 
bioinformatic prediction tool developed by our group. SNPs showing association with 123 
memory performance and predicted to directly alter miRNA-to-mRNA binding were further 124 
followed up using a range of in vitro experiments involving luciferase reporter assays in two 125 
human cell lines, as well as miRNA and mRNA expression profiling in human brain autopsy 126 
material from three adult individuals. Our analyses uncovered three memory-associated SNPs 127 
which potentially manifest their molecular effects by interfering with miRNA function. 128 
Intriguingly, two of these SNPs, by independent mechanisms, affect hsa-mir-138-1, a miRNA 129 
long known to be crucial in CNS development and function in mammals (Miska et al. 2004, 130 
Siegel et al. 2009) but hitherto not specifically linked to cognitive performance in humans.  131 
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2. Methods 132 
 133 
2.1. Genome-wide association study (GWAS) of episodic and working memory 134 
performance in humans. 135 
Participants. All GWAS participants were part of the Berlin Aging Study II (BASE-II), a 136 
multidisciplinary project investigating factors involved in ‘healthy’ vs. ‘unhealthy’ aging 137 
(Bertram et al. 2013). In addition to genetics, BASE-II covers a broad range of functional 138 
domains critical for understanding aging investigated in a multidisciplinary assessment 139 
protocol that includes measures from internal medicine, immunology, psychology, as well as 140 
sociology and economics. The behavioral test battery applied to each BASE-II participant 141 
includes an extensive coverage of cognitive abilities, including detailed assessments of 142 
working and episodic memory. At baseline, BASE-II includes 2,200 participants of Caucasian 143 
ancestry recruited from the greater Berlin area. The cohort is split into a subgroup of 1,600 144 
older adults aged 60 to 80 years, mean 66.76 years at baseline, and 600 younger adults aged 145 
20 to 35 years, mean 27.32 years. Both groups consist of equal numbers of males and 146 
females. The analyses presented here are limited to participants of the "old" stratum for whom 147 
genotype and cognitive data were available at the time of analysis (n = 1,318). Written 148 
consent was provided by all BASE-II individuals before participation. The study was 149 
approved by the institutional review boards of each relevant participating research unit prior 150 
to participant recruitment.  151 

 152 
Assessment of memory performance. This study is based on 13 different quantitative 153 

measures (i.e., 2 and 11 respectively) of working memory (WM) and episodic memory (EM) 154 
were selected, assessed either at the Center for Lifespan Psychology at the Max Planck 155 
Institute for Human Development (MPIHD; n = 1,318 individuals with cognitive testing 156 
completed at time of analysis) or at the Charité Research Group on Geriatrics (CRGG; n = 157 
961 with cognitive testing completed at time of analysis) at Charité University Hospital. At 158 
MPIHD, six participants from the same age group were tested simultaneously in two separate 159 
group sessions one week apart. In addition, we utilized test results from the CERAD Plus 160 
battery (Morris et al. 1989; Fillenbaum et al. 2008,), which was carried out individually to 161 
each participant at CRGG. See Supplementary Table 1 and Supplementary Methods for more 162 
detailed information on the type of WM and EM assessments used here. 163 

 164 
Genotyping and genetic association analyses. Details on genotyping and analysis 165 

procedures can be found in the Supplementary Methods. In brief, DNA from all BASE-II 166 
participants was extracted from whole blood using standard procedures and then subjected to 167 
microarray-based SNP genotyping using the "Genome-Wide Human SNP Array 6.0" 168 
(Affymetrix, Inc.), followed by an extensive quality control and genome-wide imputation of 169 
unobserved genotypes using whole genome sequence data from the 1000 Genomes Project 170 
(Abecasis et al. 2010). Association analyses were carried out using the EM or WM variables 171 
as quantitative traits assuming an additive linear model, adjusted for age, sex, and years of 172 
education and to the first three principal components to account for potential population 173 
stratification. Association analyses were performed using SNPTEST v.1.3 (Marchini and 174 
Howie 2010), which accounts for uncertainty of imputed genotype calls via missing data 175 
likelihood tests. Overall, in this study we tested a total of 12,607,232 high-quality SNPs for 176 
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genetic association with the memory traits in 1,318 (MPIHD) and 961 (CRGG) subjects from 177 
the BASE-II subgroup aged 60-80 years. 178 
 179 
2.2. In silico predictions of miRNA-to-mRNA binding and potential SNP effects. 180 
To systematically assess the potential impact of SNP allele-status on miRNA-to-mRNA 181 
binding, we utilized a bioinformatic tool recently developed by our group described in detail 182 
elsewhere (Schilling 2011, Schilling 2013). In brief, this entailed a prediction of potential 183 
miRNA binding sites for 3’UTRs of all known protein-coding transcripts (downloaded from 184 
Ensembl Genes 71, http://www.ensembl.org/biomart/martview) using miRanda v.3.38, 185 
TargetScan 5.09 and PITA and v19 of the mirBASE database (http://www.mirbase.org). Only 186 
SNPs displaying strong linkage disequilibrium (LD; i.e. r2 of 0.8; estimated from whole 187 
genome sequence data of the 1000 Genomes phase 1 CEU reference panel; Abecasis et al. 188 
2010) with GWAS SNPs were considered further. For these SNPs, we finally estimated the 189 
potential effects on miRNA-to-mRNA binding using a modified version of the support vector 190 
regression (SVR) method developed by Betel (Betel et al. 2010).  191 
 192 
2.3. In vitro assessment of SNPs predicted to affect miRNA-to-mRNA binding. 193 
Cell culture and construct transfection. Experiments were performed as previously described 194 
(Lill et al. 2014). Custom made reporter plasmids (pLightSwitch_3UTR) containing the 195 
appropriate 3’UTR sequence and the miRNA mimics were purchased from SwitchGear 196 
Genomics (Menlo Park, CA, USA). The desired 3’UTRs were subcloned in the 197 
pLightSwitch_3UTR vector downstream of the Renilla luciferase gene. The UTR constructs 198 
containing the reference allele were used as a template to generate point mutations via site 199 
directed mutagenesis. All constructs were verified by Sanger sequencing. 3'UTR constructs 200 
were transfected into naïve human embryonic kidney (HEK293) and human neuroblastoma 201 
(SH-SY5Y) cells, which were cultured in DMEM GlutaMax (Invitrogen, Darmstadt, 202 
Germany) media with 10% FBS (Biochrom, Berlin, Germany) for HEK293 or 15% FBS for 203 
SH-SY5Y cells, with an additional 1% Penicillin/Streptomycin (Biochrom). The cells were 204 
grown in standard conditions (37°C, 5% CO2). Transfection was carried out in 96-well plates 205 
(TPP, Trasadingen, Switzerland) at a cell confluency of about 50% using Dharmafect 206 
(ThermoScientific) following manufacturer´s instructions. 50ng of vector with the desired 207 
3’UTR and 50nM of corresponding miRNA mimic or scrambled non-binding miRNA were 208 
co-transfected in the cells per well. The scrambled miRNA was used as a negative control in 209 
combination with all 3’UTR constructs and in all experiments. After 24 hours, HEK293 and 210 
SH-SY5Y cells were collected by freezing the culture plates directly on dry ice to enhance 211 
cell lysis. The plates were then thawed on ice and the resuspended cell lysates used for the 212 
luciferase assays. The LightSwitch Assay reagents (SwitchGear Genomics) were used 213 
following manufacturer´s instructions. Assay reagents mixed with the same volume of cell 214 
lysate were transferred to a white 96-well plate (Costar, Washington, D.C., USA). An end 215 
point read of Renilla luciferase intensity values was taken using the POLARStar Omega 216 
(BMG Labtech, Ortenburg, Germany) plate reader with three seconds integration time and 217 
3,500 gain per well. Five to seven independent experiments per cell line and experimental 218 
condition were performed, using independent transfection mixes and/or different cell batches. 219 
For each independent experiment, six replicates were performed.  220 
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Statistical analysis of luciferase data. The analysis of the luciferase assay results were 221 
performed using R, an open-source language and environment for statistical computing and 222 
graphic (URL: http://www.r-project.org). We observed no outliers defined as deviating more 223 
than three standard deviations from the mean luciferase luminescence per experimental 224 
condition in each independent experiment. For each independent experiment, the mean 225 
luciferase activity of the 3'UTR reporter construct (i.e. containing either the reference or the 226 
alternative allele) co-transfected with a functional miRNA was divided by the baseline mean 227 
luciferase activity of the corresponding reporter construct co-transfected with the scrambled, 228 
non-targeting miRNA as negative control. To assess binding of the miRNAs to their predicted 229 
target sites irrespective of allele status, normalized luciferase activity of either 3'UTR reporter 230 
construct (i.e. either containing the reference or the alternative allele) co-transfected with the 231 
functional miRNA was compared to the control condition using the non-binding miRNA by 232 
one-sample t test (P-values reported for this analysis are one-tailed). Changes in Renilla gene 233 
expression levels in 3'UTR constructs containing the reference vs. alternative alleles were 234 
assessed based on the t test statistic for two independent samples (P-values reported for this 235 
analysis are two-tailed).  236 
 237 
2.4. Analysis of expression levels of miRNA and mRNA molecules in human post-238 
mortem brain tissue. 239 
Tissue preparation and RNA extraction. Human brain tissue was collected post-mortem from 240 
hippocampi and frontal cortices from three deceased individuals without history of 241 
neuropsychiatric diseases at the Charité university hospital (Berlin, Germany). After 242 
collection, brain samples were stored (at -20°C) in RNAlater® solution (Applied Biosystems, 243 
Forster City, CA, USA) to avoid degradation. We used the miRVANATM miRNA Isolation 244 
Kit (Life Technologies, Darmstadt, Germany) to extract small and total RNAs from tissue 245 
samples following manufacturer´s instructions. Prior to extraction, all samples were 246 
homogenized using TissueLyser (QIAgen, Hilden, Germany) by shaking each sample twice in 247 
Lysis/Binding buffer for two minutes at 20Hz. 248 

 249 
Assessment of miRNA expression levels. The quantification procedure comprises two steps: 250 

reverse transcription from RNA to cDNA followed by the amplification via quantitative PCR 251 
(qPCR). Specific primers for reverse transcription and qPCR were based on pre-made 252 
TaqMan® Small RNA Assays (Applied Biosystems). Reverse transcription was performed on 253 
10ng RNA using the Taqman® MiRNA Reverse Transcription Kit according to the 254 
manufacturer’s protocol (Applied Biosystems). The qPCR reaction was conducted using 255 
TaqMan® Small RNA Assays following the manufacturer’s protocol (Applied Biosystems). In 256 
short this entailed: For reverse transcription 10ng of the extracted RNA was used in a reaction 257 
mix containing Reverse Transcription Buffer, 15mM dNTPs, 50U/µl MultiScribeTM Reverse 258 
Transcriptase, 20U/µl RNase Inhibitor, and Primer in a final volume of 15µl. The protocol in 259 
384-well format for all reactions was as follows: 16°C for 30 min, 30 min at 42°C and a final 260 
step of 85°C for 5 min. The qPCR reaction was conducted in TaqMan® Universal PCR 261 
Master Mix II, TaqMan® Small RNA Assay (both Applied Biosystems) and 1.33µl of the RT-262 
PCR product in a final volume of 20µl. The cycling protocol was: 10 min at 95°C, 15 sec at 263 
95°C, 60 sec at 60°C for overall 50 cycles. The reactions were run and visualized on a 264 
QuantStudioTM 12K Flex Real-Time PCR System (Applied Biosystems). 265 
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 266 
Assessment of mRNA expression levels. Reverse transcription was performed using the 267 

High Capacity RNA-to-cDNA Kit (Applied Biosystems) on 0.2µg of total RNA following the 268 
manufacturer´s instructions. The reactions were run on the Thermo Cycler PTC-240 (MJ 269 
Research, Waltham, MA, USA). Expression of the resulting DCP1B cDNA was assessed via 270 
PCR primers 5’-CCAGGGTCTCCTCACAACAT-3’ (forward) and 5’-271 
TCTTTTTCATGGCTGCTTGA-3’ (reverse). Primers were designed to lead to a ~850bp 272 
cDNA amplicon vs. a 6.9kb gDNA amplicon. PCR conditions were using 1.5µM of each 273 
primer, approximately 60ng of cDNA template, 0.25nM dNTPs, 10mM MgCl2, 30% Q 274 
solution (QIAgen) and 0.25U Taq polymerase in a final volume of 10µl. Reactions were 275 
carried out in 96-well format on PTC-240 thermal cyclers at 94°C (3 min), followed by 40 276 
cycles of 94°C (45 sec), 60.5°C (90 sec), and 72°C (60 sec), and a final extension step of 277 
72°C (6 min). PCR amplicons were visualized by ethidium bromide stained gel 278 
electrophoresis in 1% agarose (Sigma Aldrich, Taufkirchen, Germany).  279 
 280 
2.5. Expression quantitative trait locus (eQTL) analyses of hsa-mir-138-5p using next-281 
generation sequencing data. 282 
eQTL analyses on the potential role of rs9882688 in expression of hsa-miR-138-5p were 283 
performed using next-generation small RNA sequencing data of peripheral lymphoblastoid 284 
cell line (LCL) samples generated by the Genetic European Variation in Health and Disease 285 
(GEUVADIS) consortium (for a description of sequencing methods and data preparation see: 286 
Lappalainen et al. 2013). For the eQTL analyses here, we downloaded normalized expression 287 
data of hsa-miR-138-5p for four populations of European descent (i.e. Utah Residents with 288 
Northern and Western European Ancestry (CEU), Finns (FIN), British (GBR), Toscani (TSI)) 289 
as released by the GEUVADIS project database (URL: 290 
http://www.ebi.ac.uk/arrayexpress/files/E-GEUV-2/GD452.MirnaQuantCount.1.2N.50FN. 291 
samplename.resk10.txt). Subject-level genotypes for rs9882688 in the same individuals were 292 
obtained from the 1000 Genomes database (URL: http://browser.1000genomes.org/ 293 
index.html; Abecasis et al. 2010). The resulting data set included 333 individuals of European 294 
descent with both hsa-miR-138-5p expression data and rs9882688 genotypes. Statistical 295 
analyses of these data were performed using R. MiRNA expression values that fell 1.5x the 296 
interquartile range (IQR) below the first quartile or 1.5x the IQR above the third quartile were 297 
defined as outliers and excluded from further analysis (24 samples). Expression levels of hsa-298 
miR-138-5p showed a symmetrical, approximately normal distribution in the effective sample 299 
size of 309 individuals (as determined by the Shapiro-Wilk test implemented in R [P = 0.548] 300 
and quantile-quantile plotting, Suppl. Figure 1). Subsequent eQTL analyses on these 309 301 
samples were based on an additive model using linear regression. Association results were 302 
adjusted for sex and population of origin. Due to the low frequency of homozygote carriers of 303 
the G allele (n = 2), sensitivity analyses were performed upon exclusion of those individuals. 304 
Statistical significance for these analyses is expressed as two-tailed P-values. 305 

 306 
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3. Results 307 
 308 
3.1. GWAS of episodic and working memory performance in humans. 309 
The GWAS analyses on 13 episodic and working memory traits in up to 1,318 individuals 310 
from the subgroup of BASE-II participants aged 60 years or older revealed 28 distinct 311 
genomic regions (or: loci) showing association P-values at 1x10-6 or below (Supplementary 312 
Table 2), indicating that at least some of these are genetically linked to human memory 313 
performance. Notably, these did not include SNPs in WWC1 (KIBRA) or CTNNBL1 (Liu et al. 314 
[under review]), suggesting that the analyzed traits are not significantly influenced by SNPs 315 
in these genes in our study population. The three most significant findings showed association 316 
P-values at or below 1x10-7 and were observed with SNPs rs9882688 (P = 7.8x10-9 on chr 317 
3p21.32) for trait “WL_save” (part of the CERAD cognitive battery measuring the proportion 318 
of learned words vs. recalled words), with rs1016365 (P = 9.7x10-8 on chr 8q13.3) for 319 
“ItemItem” (associative episodic memory task where probands were asked to learn and recall 320 
words irrespective of their pairing with other words), and with rs113948889 (P = 9.9x10-8 on 321 
chr 12p13.33) for “TFEUWC” (a spatial working memory paradigm combined with tasks 322 
testing frontal executive control; sSee Supplementary Material for more information on these 323 
and all remaining traits). All of these signals were flanked by multiple additional SNPs 324 
showing association P-values at or below 1x10-5 indicating that they do not reflect technical 325 
artifacts (see Supplementary Figure 2-4 for Manhattan and Q-Q plots for GWAS results of 326 
these three traits). Only the signal with rs9882688 on chr 3 surpassed the threshold for 327 
genome-wide significance (i.e. P-values at or below 5x10-8, a value cutoff frequently used in 328 
the context of GWAS, see McCarthy et al. 2008). This SNP, which itself does not map to any 329 
known open reading frame, is located approx. 20kb upstream from the 5’ end of miRNA hsa-330 
mir-138-1 and, thus, potentially within active upstream regulatory elements of this miRNA. 331 
This interpretation is supported by the fact that rs9882688 is located within an ENCODE 332 
DNase I hypersensitivity cluster and within a known H3K27Ac mark, two features typically 333 
characterizing active regulatory elements (ENCODE Project Consortium et al. 2012). The 334 
second leading GWAS signal was elicited by SNP rs1016365, which is located approx. 6 kb 335 
3’ of EYA1 (Homo sapiens eyes absent homolog 1 [Drosophila]) a member of the eyes absent 336 
(EYA) family of proteins. The third best associated SNP in our GWAS (rs113948889) maps 337 
to an intron of DCP1B (encoding decapping mRNA 1B), which is a core component of the 338 
mRNA decapping complex, a key factor in the regulation of mRNA decay. Focusing on these 339 
top GWAS findings, we next performed a number of different in silico and in vitro 340 
experiments to assess their potential role on miRNA function. 341 
 342 
3.2. In silico predictions of miRNA-to-mRNA binding and potential SNP effects. 343 
Using a bioinformatic tool recently developed in our group (Schilling 2011, Schilling 2013), 344 
we predicted the potential role of the GWAS SNPs on chr 3p21.32, 8q13.3, and 12p13.33 345 
(and their proxies, i.e. other SNPs in strong LD [r2 ≥0.5] and mapping within ±1 Mb) on their 346 
potential to interfere with miRNA-to-mRNA binding. These analyses did not identify any 347 
such effects for the GWAS signals on chr 3 or 8, but several potentially relevant predictions 348 
for the memory associated SNPs on chr 12p13.33 (Table 1). All of the SNPs predicted to 349 
interfere with miRNA binding were proxies of rs113948889 with r2 values of 1 and suggested 350 
a potential up-regulation of protein expression conferred by the respective non-reference 351 
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alleles. The strongest effect was estimated for rs112215626, predicted to interfere with the 352 
binding of hsa-miR-4775 to the 3’UTR of DCP1B mRNA (see miRNA-to-mRNA alignment 353 
in Figure 1a). The second strongest effect was estimated for rs1044950, which was predicted 354 
to interfere with the binding of hsa-miR-138-5p to the 3’ UTR of another DCP1B transcript 355 
(Figure 1b). Interestingly, the same SNP is located within the coding sequence of alternative 356 
DCP1B transcripts where it is predicted to elicit an amino acid change from alanine to valine 357 
at the respective residues (i.e. Ala273Val, Ala249Val, Ala375Val; Supplementary Table 2). 358 
However, this missense substitution is not predicted to significantly alter protein function in 359 
any of the affected DCP1B transcripts (Supplementary Table 23) in silico based on estimates 360 
from PolyPhen2 (Adzhubei et al. 2010) or SIFT (URL: http://sift.bii.a-star.edu.sg/), indicating 361 
that the presumed effects on miRNA-to-mRNA binding may represent the overarching 362 
functional mechanism underlying the GWAS signal at this locus. Hence, we selected to 363 
follow-up the two leading potential DCP1B miRNA SNPs (i.e. rs112215626 and rs1044950) 364 
in vitro. 365 
 366 
3.3. In vitro assessment of SNPs predicted to affect miRNA-to-mRNA binding. 367 
We conducted luciferase reporter assays in naïve HEK293 cells and SH-SY5Y cells using two 368 
different 3’UTR constructs (containing either the reference or non-reference alleles) of 369 
DCP1B transcripts ENST00000540622 and ENST00000541700 predicted to bind hsa-mir-370 
138-5p and hsa-mir-4775, respectively. In HEK293 cells, co-transfections of the resulting 371 
3’UTR Renilla vectors and hsa-mir-138-5p showed significant reductions of luciferase 372 
luminescence in comparison to co-transfections with the non-binding miRNA control (Pone-373 
tailed ≤ 0.000191), confirming our predictions that this miRNA binds to the corresponding 374 
3'UTR in vitro (Figure 2a). Analyses comparing luciferase luminescence with respect to allele 375 
status at rs1044950 revealed a consistent and significant increase in normalized luciferase 376 
expression in constructs containing the minor A-allele (n = 7, P = 0.0470; Figure 2a). While 377 
co-transfection of the same reporter constructs with hsa-mir-138-5p to SH-SY5Y cells 378 
generally showed similar effects pointing in the same direction, the difference in luciferase 379 
expression between constructs containing the G- vs. A-allele was not statistically significant 380 
(n = 9, P = 0.0866, Figure 2a). Thus, in both cell lines the non-reference (minor) A-allele of 381 
SNP rs1044950 increased luciferase expression as compared to the reference (major) G-allele 382 
by 11.8% (HEK293) and 10.5% (SH-SY5Y). These findings are in line with our in silico 383 
predictions, which suggested stronger binding of hsa-mir-138-5p in 3’UTR sequences 384 
containing the reference (G) allele compared to the alternative (A) allele. In contrast, we did 385 
not observe a significant reduction of Renilla expression upon co-transfecting either reporter 386 
construct containing DCP1B transcript ENST00000540622 with SNP rs112215626 and hsa-387 
mir-4775 compared to the non-binding miRNA in control experiments in neither HEK293 nor 388 
SH-SY5Y cells (n = 7 and 6, respectively, Pone-tailed ≥ 0.05, Figure 2b). This suggests that this 389 
miRNA, as opposed to hsa-mir-138-5p, does not bind to the corresponding DCP1B transcript, 390 
at least under these experimental conditions. In summary, the results of the luciferase reporter 391 
experiments suggest that SNP rs1044950 elicits allele-specific effects on the expression of 392 
constructs containing the corresponding DCP1B 3'UTR in the presence of hsa-mir-138-5p in 393 
vitro. 394 
 395 
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3.4. Analysis of expression levels of hsa-mir-138-5p and DCP1B mRNA in human post-396 
mortem brain tissue. 397 
While both hsa-mir-138-1 (Landgraf et al. 2007) and transcripts of DCP1B (URL: 398 
http://human.brain-map.org/) were previously shown to be expressed in both hippocampus 399 
and frontal cortex in humans, no data exist as to whether this expression actually occurs at the 400 
same time, a prerequisite condition for the interaction effects observed in vitro to also be 401 
relevant in vivo. To address this question, we obtained three different post-mortem 402 
hippocampus and frontal cortex specimen, which were profiled for both miRNA and mRNA 403 
expression patterns. qPCR of hsa-mir-138-5p revealed high expression of this miRNA in both 404 
hippocampal and frontal brain slices for all three individuals (Figure 3a). Hsa-mir-138-5p 405 
expression levels were comparable to those observed for hsa-miR-let-7b, a miRNA 406 
ubiquitously expressed in many human tissues including brain (and used here as positive 407 
control miRNA), in the same specimen (data not shown). Semi-quantitative PCR of DCP1B 408 
mRNA in the same brain samples revealed a more variable expression pattern (Figure 3b). 409 
Using this method DCP1B mRNA was only detectable in two of the three human brain 410 
samples (probands 2 and 3 in Figure 3b). Further, in both of these probands DCP1B mRNA 411 
expression levels were higher in frontal cortex as compared to hippocampus (owing to the 412 
semi-quantitative nature of the experiments, these differences could not be assessed for 413 
statistical significance). Regardless of the observed interindividual and regional expression 414 
differences, these experiments clearly demonstrate that both hsa-mir-138-5p and DCP1B 415 
mRNA are co-expressed simultaneously in both the hippocampi and frontal cortices in human 416 
brain, setting the temporal and spatial stage for an interaction of these two RNA molecules in 417 
vivo. 418 
 419 
3.5. Expression quantitative trait locus (eQTL) analyses of hsa-mir-138-5p using next-420 
generation sequencing data. 421 
Although the lead GWAS signal (elicited by rs9882688) identified in this study was not 422 
predicted to interfere with miRNA-to-mRNA binding in silico, this SNP maps into a potential 423 
regulatory site 20kb upstream of miRNA hsa-mir-138-1. The primary transcript of this 424 
miRNA is processed into two different mature products hsa-mir-138-5p and hsa-mir-138-1-425 
3p, which are both expressed in humans (Landgraf et al. 2007). Notably, hsa-mir-138-5p is 426 
the same miRNA whose binding to DCP1B is also potentially affected by the presence of 427 
SNP rs1044950, as suggested by the in silico and in vitro experiments outlined above. Thus, a 428 
potential effect of rs9882688 on the expression of hsa-mir-138-5p could be indicative of a 429 
more systematic involvement of this miRNA in human memory performance. To this end, we 430 
performed eQTL analyses on NGS-based small-RNA sequencing data in over 300 human 431 
lymphoblastoid cell line (LCL) samples from the GEUVADIS project (Lappalainen et al. 432 
2013). The results of these analyses revealed a significant dose-dependent effect of this SNP 433 
on hsa-mir-138-5p expression in these peripheral cell lines. Specifically, the presence of the 434 
minor G-allele of rs9882688 was associated with increased hsa-miR-138-5p expression levels 435 
(n = 309, beta = 80.87, standard error [SE] = 23.00, P-value = 0.000504, Figure 4). This 436 
finding was not solely driven by the two G-allele homozygotes in this dataset as evidenced by 437 
eQTL results after exclusion of these individuals (n = 307, beta = 77.35, SE = 25.56, P = 438 
0.00270). These data suggest that the same SNP showing association with episodic memory 439 
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performance in humans, also significantly correlates with changes in hsa-mir-138-5p 440 
expression in human peripheral cell lines.  441 
 442 
 443 
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4. Discussion 444 
We investigated the potential role of common DNA sequence variants associated with human 445 
memory performance in miRNA-mediated regulation of gene expression. A GWAS analysis 446 
on 13 memory traits in up to 1,318 individuals aged 60 years or older revealed a number of 447 
potential association signals in both working (“TFEUWC” with rs113948889) and episodic 448 
memory (“WL_SAVE” with rs9882688 and “ItemItem” with rs1016365) domains. Among 449 
these were SNPs predicted to be involved in the expression and function of hsa-mir-138-5p, a 450 
miRNA known to be important in brain development and function. Specifically, genotypes at 451 
SNP rs9882688 (which represented the lead memory GWAS signal in this study) were shown 452 
to correlate significantly with the expression of this hsa-mir-138-5p in human LCLs 453 
lymphoblastoid cell lines using next-generation small-RNA sequencing data collected as part 454 
of the GEUVADIS project. In addition, we found that SNP rs1044950 (as proxy of another 455 
top memory-associated GWAS signal) leads to allele-specific changes in the expression of 456 
reporter constructs containing the 3’UTR sequence of DCP1B transcripts predicted to contain 457 
binding sites for hsa-mir-138-5p in both peripheral (HEK293, P = 0.047) and neuronal (SH-458 
SY5Y, P = 0.0866) human cell lines. Finally, expression profiling of both hsa-mir-138-5p and 459 
DCP1B mRNA in post-mortem human frontal cortex and hippocampus brain tissue revealed 460 
that both putative interactants are co-expressed in brainthe same tissue at the same time. In 461 
summary, in this study various lines of independent evidence (i.e. genetic, functional, gene 462 
expression) converge on the notion that hsa-mir-138-5p may play a significant role in 463 
processes related to human episodic memory performance. 464 

 465 
The data from our study are in line with previous research on the potential role of mir-138 466 

in mammalian brain function. For instance, Miska (Miska et al. 2004) showed that mir-138 467 
expression levels increase with age in the developing rat brain reaching their peak in juvenile 468 
and adult rats. Landgraf (Landgraf et al. 2007) later showed that mir-138 was also highly 469 
expressed in adult human brain samples, including frontal cortex and hippocampus. More 470 
recently, mir-138 was identified as part of a functional screen for dendritic miRNAs that 471 
regulate spine morphogenesis in rats (Siegel et al. 2009). In that study, mir-138 was found to 472 
act as a negative regulator of dendritic spine size possibly by tuning the activity of 473 
antagonistic signaling pathways (e.g. those regulated by rat acyl protein thioesterase 1 474 
[APT1]) that regulate the actin cytoskeleton in spines. In a review on the same topic Schratt 475 
hypothesized that “Given the crucial role of the spine actin cytoskeleton in long-term 476 
potentiation, it is tempting to speculate that activity-dependent regulation of these miR-477 
138RNA-related pathways might also contribute to long-lasting forms of synaptic plasticity 478 
[...]” (Schratt 2009). Our data, in which we observed multiple converging lines of genetic 479 
evidence suggesting a potential role of hsa-mir-138-5p in episodic memory performance, 480 
provide some first independent support of this hypothesis and extend it to humans. In addition 481 
to DCP1B, hsa-mir-138-5p is predicted to target a large number of different human transcripts 482 
in silico (ranging between a few hundreds to a few thousands depending on the prediction 483 
algorithm used). In the GWAS results generated here, genes containing hsa-mir-138-5p 484 
targets identified by three or more of the prediction algorithms show a significant (P <0.05 485 
based on 100,000 permutations) enrichment for memory-associated SNPs as compared to 486 
genes not targeted by this miRNA (Supplementary Table 4X), further supporting the notion 487 
that hsa-mir-138-5p represents a potential molecular regulator of human memory function. 488 
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 489 
The gene DCP1B encodes “decapping mRNA 1B” which is a core component of the 490 

mRNA decapping complex, a key factor in the regulation of mRNA decay. Decapping and 491 
mRNA degradation takes places in P-bodies (processing bodies), cytoplasmic foci visible by 492 
light microscopy in somatic cells of vertebrates and other organisms (Kulkarni et al. 2010). 493 
Importantly, P-bodies have been suggested to be one of the predominant sites of miRNA-494 
mediated mRNA degradation, a process that is inhibited upon depletion of the decapping 495 
DCP1:DCP2 complex (Behm-Ansmant et al. 2006). Thus, DCP1B and mir-138 function 496 
within the same general pathway, i.e. the degradation of mRNAs bound by miRNAs, likely 497 
including those targeted by hsa-mir-138 itself.  498 

 499 
While the novel experimental data generated as part of this projecthere support the 500 

hypothesis that hsa-mir-138-5p plays an important role in physiological mechanisms involved 501 
in human memory performance, we note the following potential limitations of that need be 502 
considered when interpreting our findings. First and foremost, the functional genetic 503 
experiments implying a role of rs1044950 in interfering with miRNA-to-mRNA binding are 504 
based on in vitro experiments using reporter constructs. While it is tempting to speculate that 505 
these effects are also relevant in vivo, no direct experimental proof of this interpretation 506 
currently exists. In humans, however, this type of evidence is difficult to come by owing to 507 
the fact that molecular mechanisms in the living human brain cannot be monitored at 508 
sufficient resolution with current technologies. In order for the hypothesized effects to take 509 
place in vivo, both interactants need to be co-expressed in the same tissue at the same time. 510 
Our RNA-profiling experiments using human frontal cortex and hippocampus samples clearly 511 
demonstrate that this is the case for hsa-mir-138-5p and DCP1B. Second, another major 512 
conclusion of this study is that memory-associated SNP rs9882688 is involved in the 513 
regulation of hsa-mir-138-5p expression. While this could be shown in LCLs lymphoblastoid 514 
cell lines, it remains unclear whether these effects are also relevant in human brain. This 515 
question could be addressed by genotyping and miRNA profiling a sufficiently large 516 
collection of small-RNA extracts from post-mortem human brain tissue (e.g. n~300, similar to 517 
the LCL sample size used here), a data set currently not available to us. Third, linking the 518 
GWAS results for rs9882688 to this SNP's eQTL effects on hsa-mir-138-5p suggests that the 519 
same (i.e. G) allele increasing miRNA expression is associated with worse episodic memory 520 
performance (indicated by the negative beta-coefficient in Supplementary Table 1). Increased 521 
miRNA abundance is typically interpreted to lead to an increase in mRNA target repression 522 
and, as a consequence, reduced target gene expression. For SNP rs1044950, however, the 523 
minor (A) allele, associated with worse memory performance, leads to a decrease in miRNA-524 
to-mRNA binding in vitro. This latter finding would suggest an increased target gene 525 
expression, i.e. an effect opposite to what can be expected from the eQTL results with 526 
rs9882688. One possible explanation for these different effect directions is the involvement of 527 
competing endogenous RNAs (ceRNAs). Such ceRNAs were recently proposed to exist, e.g. 528 
generated from transcribed pseudogenes, long noncoding RNAs, or stable RNAs (Salmena et 529 
al. 2011, Helwak et al. 2013). Here they could lead to increased levels of hsa-mir-138-5p in 530 
A-allele carriers of rs1044950, i.e. similar to what is observed for rs9882688-G. Finally, it 531 
needs to be emphasized that the GWAS results reported here represent preliminary findings 532 
that need to be replicated in independent data sets. However, even if these were to reveal 533 
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smaller effect estimates than those reported here (a situation not uncommon in the context of 534 
genetic association findings and often referred to as thee.g. as a result of the "winner's curse 535 
phenomenon"; Kraft 2008), this should have no bearing on the functional genetic and 536 
expression profiling results of our study. In addition to generating independent genetic 537 
association data, future work will need to extend our eQTL findings to the CNS, confirm the 538 
regulatory role of hsa-mir-138-5p on endogenous expression of DCP1B and other target 539 
genes and their corresponding proteins (in particular those potentially involved in human 540 
memory function, such as WWC1 [KIBRA]), and assess the role of this miRNA on their 541 
putative targets in vivo. 542 

 543 
In summary, by combining unbiased genome-wide screening with extensive in silico 544 

modeling, in vitro functional assays, and gene expression profiling, our study identified hsa-545 
mir-138-5p as a potential molecular regulator of human memory function. Future work is 546 
needed to assess the relevance of these findings in vivo and to explore other regulators and 547 
targets of this highly abundant miRNA, in particular their connection to memory and other 548 
cognitive domains.  549 
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Figure Legends 683 

 684 
Figure 1: Predicted miRNA binding sites in the DCP1B transcripts. (a) Rs112215626 is 685 
located in the seed region of hsa-miR-4775. The alternative (G) allele of rs112215626 686 
(highlighted in red) may alter binding affinity of hsa-miR-4775 to the DCP1B 3'UTR and 687 
therefore alter protein levels. (b) Rs1044950 is located in the seed region of hsa-miR-138-5p. 688 
The alternative T allele of the rs1044950 (highlighted in red) may alter binding affinity of 689 
hsa-miR-138-5p to the DCP1B 3'UTR and subsequently alter protein levels. 690 
 691 
Figure 2: In vitro effects of rs1044950 and rs112215262 on miRNA-to-mRNA binding and 692 
gene expression. The bar charts show the normalized Renilla luciferase expression in 693 
constructs containing DCP1B 3'UTR and corresponding SNP alleles. Depicted are the mean 694 
Renilla luciferase intensities and the standard errors relative to the control luciferase 695 
intensities of the construct co-transfected with the non-targeting miRNA control 696 
(corresponding to the horizontal line): (a) for transcript ENST00000541700 containing the 697 
reference (G) or alternative (A) allele of rs1044950 and co-transfected with has-miR-138-5p 698 
into HEK293 and SH-SY5Y cells. The relative mean luciferase luminescence of the construct 699 
containing the G and the A allele was 0.585 (±0.0335) and 0.703 (±0.0417) in HEK293 700 
cells, and 0.880 (±0.0256) and 0.985 (±0.0513) in SH-SY5Y cells. (b) for transcript 701 
ENST00000540622 containing the reference (T) or alternative (C) allele of rs112215626 and 702 
co-transfected with hsa-miR-4775 into HEK293 and SH-SY5Y cells. The relative mean 703 
luciferase luminescence of the construct containing T and the C allele was 0.903 (±0.0692) 704 
and 0.931 (±0.0382) in HEK293 cells, and 1.056 (±0.0582) and 1.041 (±0.0185) in SH-SY5Y 705 
cells.  706 
 707 
Figure 3: Expression profile of hsa-miR-138-5p and DCP1B in autopsy brain tissues of three 708 
deceased human probands. (a) Amplification plot of qPCR experiments in three frontal 709 
cortices (highlighted in purple) and three hippocampi (highlighted in green). Hsa-miR-138-5p 710 
was expressed in both frontal cortex (FC) and hippocampus (HC; CT ~19). One of two NTCs 711 
(non template control, highlighted in red) showed amplification at CT > 45, where the other 712 
one did not show any amplification. (b) Ethidium bromide stained gel electrophoresis in 1% 713 
agarose displays the semi-quantitative levels of DCP1B cDNA (expected and observed at 714 
~850bp) in post-mortem human brain tissues. No expression was detected in proband 1 (P1). 715 
The DCP1B cDNA levels were higher in the FC, compared to HC of proband 2 (P2) and 716 
proband 3 (P3). A gDNA amplicon band (expected and observed at ~6.9kb) could be detected 717 
and no band in the NTC. 718 
 719 
Figure 4: Box plot of the distribution of hsa-miR-138-1-5p expression levels in 720 
lymphoblastoid cell lines dependent on the rs9882688 genotype in 308 individuals of 721 
European descent. Horizontal lines represent median values, boxes represent interquartile 722 
ranges, and whiskers extend to 1.5x the interquartile range; values outside this range are 723 
depicted as circles. Carriers of the rs9882688 G allele showed an increase in hsa-miR-138-1-724 
5p expression levels. 725 
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Table 1: SNPs in LD with memory-associated SNP rs113948889 and predicted to affect miRNA-to-mRNA binding in silico. 726 
 727 

GWAS SNP miRNA target 
site SNP CHR BP Distance to 

GWAS SNP 
miRNA target 

site SNP 
LD 
R2 microRNA Target 

gene Target transcript 
rs113948889 rs112215626 12 2,059,337 44,833 G/A 1 hsa-miR-4775 DCP1B ENST00000540622 

rs113948889 rs1044950 12 2,061,982 42,188 T/C 1 hsa-miR-138-5p DCP1B ENST00000541700 

rs113948889 rs34730825 12 2,064,602 39,568 C/T 1 hsa-miR-3147 DCP1B ENST00000543381 

rs113948889 rs111963484 12 2,102,086 2,084 C/A 1 hsa-miR-4270 DCP1B ENST00000535873 

rs113948889 rs111963484 12 2,102,086 2,084 C/A 1 hsa-miR-4441 DCP1B ENST00000535873 

rs113948889 rs111963484 12 2,102,086 2,084 C/A 1 hsa-miR-505-5p DCP1B ENST00000535873 

rs113948889 rs112637373 12 2,102,271 1,899 G/T 1 hsa-miR-2909 DCP1B ENST00000535873 

rs113948889 rs34730825 12 2,064,602 39,568 C/T 1 hsa-miR-92a-1-5p DCP1B ENST00000543381 

 728 
Legend: Predicted miRNA target site SNPs in linkage disequilibrium with GWAS SNP rs113948889 listed in descending order of predicted effect 729 
on miRNA-to-mRNA binding. Minor alleles are listed first in "SNP allele" column. CHR = chromosome; BP = base-pair position on CHR; LD = 730 
linkage disequilibrium. Genomic annotations based on human genome (hg) build 19, transcript IDs according to ENSEMBL v.75. Shaded entries 731 
highlight SNPs assessed in vitro. 732 
 733 
 734 
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