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ABSTRACT 
Altered miRNA expression in various disease states have been identified, but their global 
targets contributing to the collective regulatory power to promote or attenuate pathology 
remains poorly defined. Here we applied a combination of hi-throughput RNA profiling 
techniques, including AGO CLIP, miRNAseq, RNAseq and ribosomal profiling, to develop an 
unbiased and comprehensive view of miRNA:mRNA functional interactions following 
ischemia/reperfusion (IR) injury in the mouse brain. Upon acute I/R insult miR-29 family 
members were most prominently lost, with corresponding de-regulation of their global target 
sites. This leads to a dynamic, cascading mode of miR-29 target transcript activation, 
orchestrated by an initial translational activation and subsequent increase in target mRNA 
levels. Unexpectedly, activated genes include factors essential for glutamate signaling and re-
uptake, indicating a fundamental role for this regulatory network in modulating critical 
endogenous neuroprotective programs to restore brain homeostasis. We integrated this data 
with human brain AGO CLIP profiles to infer target site variants that determine miRNA binding 
and to explore the role of non-coding site polymorphisms in stroke. Together these results 
establish a new strategy for understanding RNA regulatory networks in complex neurological 
disease. 
 
INTRODUCTION 
Divergent post-transcriptional gene regulation in the brain is indispensable to achieve its highly 
specialized and diverse functions. An aspect of this control is mediated by miRNAs, small non-
coding RNAs that fine-tune gene expression by base pairing to mRNAs’ 3’ ends (Baek et al., 
2008; Bartel, 2009). A single miRNA can have multiple targets, providing coordinate 
governance over a network of genes. Their dynamic regulatory capacity, including precise 
temporal responses to external cues (Ebert and Sharp, 2012) and spatial-specific targeting of 
localized mRNAs (Leung and Sharp, 2006) provide an elegant molecular solution to meet the 
brain’s unique physiological demands. Ablation of the miRNA processing machinery, Dicer, 
leads to neuronal loss, memory/behavior deficits, neurodegenerative phenotypes akin to 
Parkinson’s Disease (PD) and even enhancement of poly-glutamine toxicity (Bilen et al., 2006; 
Kim et al., 2007; Davis et al., 2008). Although substantial research has determined a 
requirement of miRNAs for proper function, the identities, targets, and collective roles of their 
regulatory network in disease remain largely unknown.   
The development of high-throughput approaches to capture and identify cellular RNAs has 
catapulted the search for miRNA master regulatory networks. These unbiased, highly sensitive 
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and quantitative technologies have been especially useful for identifying miRNA with divergent 
expression patterns in a given disease (Kim et al., 2007, Minones-Moyano et al., 2011, 
However, despite expanding our knowledge database, these studies are limited by their 
inability to define precise gene regulatory networks impacted from varying miRNA expression 
levels. HITS-CLIP combines rigorous biochemical methods with hi-throughput sequencing 
technology to identify bona fide RNA:protein interactions (Licatalosi et al., 2008).  When 
applied with RNA-induced silencing complex (RISC) factor Argonaute (AGO), AGO HITS-CLIP 
allows for empirical mapping of miRNA targeting events through isolation of endogenous 
AGO:miRNA:mRNA (ternary) complexes (Chi et al., 2009, Moore et al., 2014).  Application of 
AGO HITS-CLIP was instrumental for the discovery of novel miRNA mechanisms in unique 
biological contexts, including coordinate control of viral latency, viral sequestration of host 
miRNAs, viral genome propagation by 3’UTR targeting (Riley et al., 2012; Luna et al., 2015; 
Scheel et al., 2016), and cell invasion networks in cancer (Bracken et al., 2014).  Recent 
modification of CLIP (CLEAR-CLIP) utilizes covalent ligation of RNAs within AGO ternary 
complexes to garner miRNA-target chimeras for the precise identification of in vivo miRNA 
targeting events in mammalian tissues (Moore et al., 2015).  Also, similar approaches using 
exogenous AGO expression have been used to study AGO complexes in model organisms 
(Helwak et al., 2013, Grosswendt et al., 2014).  These methods provide powerful tools to 
facilitate genome-wide discovery of miRNA function in disease with potential to uncover new 
targets for therapy.   
Here, we employed AGO HITS-CLIP for transcriptome-wide mapping of altered miRNA 
targeting events in an I/R injury model of stroke.  Differential profiling of AGO bound RNA 
distinguished over one thousand miRNA:mRNA events changing in response to stroke.  
Detailing the global molecular events lead by a single family of robustly down-regulated 
miRNAs, miR-29s, unveiled a coordinate cascade of target gene activation mediating a 
dynamic, endogenous neuroprotective responses to I/R brain injury. Unexpectedly, many of 
the functional miRNA binding events relied on non-canonical seed pairing events, 
underscoring the importance of empirically identified targets over informatic predictions.  
Moreover, stroke miRNAs impacted mRNA translation as an early event, prior to effects on 
steady state levels of mRNA targets.  We extend these findings to provide new insights to the 
regulation of specific protein targets impacted in stroke, and to regulatory site polymorphisms 
as potential determinants of disease outcome.  Collectively, our approach reveals a 
transcriptome-wide regulation of a miRNA network acutely altered in I/R brain injury and merge 
empirical findings in an animal model with human genetics to introduce a novel strategy toward 
understanding human stroke disease.   
 
RESULTS	  
Identification of AGO:RNA interactions in stroke response  
To model human ischemic stroke, we used the mouse middle cerebral artery occlusion 
(MCAO) model (Figure 1A). This procedure relies on the transient occlusion of the middle 
cerebral artery (MCA), the artery most often occluded in stroke patients, and further model the 
molecular events of reperfusion that follow (Casals et al., 2011, Jackman et al., 2011). We 
chose an early time point of 3hrs (post I/R injury) in order to distinguish direct molecular 
consequences of stroke injury from indirect events involving secondary phenomena such as 
major cell death and infiltration of blood-borne inflammatory cells (Iadecola and Anrather, 
2011).   
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For differential analysis of AGO-associated RNA, we compared data from ‘Stroke’ hemisphere, 
containing the ischemic territory, to the contralateral or ‘Control’ hemisphere (Figure 1A).  
Sham surgery animals were also assessed to rule out general affects caused by surgical 
anesthesia (Figure S1A). We focused our biochemical analysis on cortical tissues surrounding 
the center of the ischemic territory (ischemic core), and including the “ischemic penumbra,” a 
region at risk for infarction targeted by intrinsic neuro-protective mechanisms (Figure 1A, Kunz 
et al, 2007, Iadecola and Anrather, 2011). The AGO CLIP protocol on these samples was 
executed as previously described (Chi et al., 2009, Moore et al., 2014) (Figure 1B), using 
stringent methods to isolate UV-crosslinked AGO:RNA complexes by immunoprecipitation and 
gel purification. Autoradiograms of cross-linked RNAs revealed no difference in the amount of 
purified complexes in the stroke samples with respect to controls (Figure S1B). The isolated 
AGO-bound mRNAs and miRNAs were sequenced using high-throughput sequencing 
platforms and mapped to the mouse reference genome for peak definition, using a previously 
reported peak calling strategy (Chi et al., 2009, Moore et al., 2014), and to the miRBase 
reference of miRNAs (Kozomara and Griffiths-Jones, 2010).  
Differential bioinformatic analysis of mapped sites was performed to reveal stroke-specific 
AGO binding patterns (Figure 1B). CLIP sequencing reads across 4-5 biological replicates had 
high correlations (average Pearson correlation coefficients of ~0.7 to 0.9 for CLIP’d miRNAs, 
and ~0.6 for CLIP’d mRNAs (Figure S1C-D). Differential analysis of binding events 
reproducible in at least 3 replicates (biological complexity, BC3 or greater) (Moore et al., 2014) 
identified 123 miRNAs with altered AGO association in stroke, of which 61 showed a 
significant increase while 62 showed a significant decrease (Figure 1C, Supplementary Table 
1). The most notable changes in AGO-bound miRNAs were observed with all three members 
of the miR-29 family, miR-29a, -29b, -29c, each significantly reduced in AGO binding in stroke 
(Figure 1C). Difference analysis of the two negative controls, ‘Sham’ and ‘Control,’ 
demonstrated minimal resemblance to ‘Stroke’ comparison (Figure S1E). 
For the investigation of AGO-CLIP mRNAs, identified peaks were assigned to AGO footprints 
of 80 nt relative to peak midpoints, slightly wider than previously defined peak width (Chi et al., 
2009), in order to balance the peak widths across all reproducible binding events.  Only peaks 
containing tags from 3 out of 5 biological replicates were considered (BC≥3). Using this 
approach, we identified 18,285 reproducible AGO peaks, out of which 1,190 were differentially 
bound by AGO in stroke condition (determined by binomial testing and applying p-value cut off 
of p < 0.05). Among these ‘stroke peaks’, 430 showed increased binding while 760 showed a 
significant decrease (Figure 1D, Supplementary Table 1). Although canonical miRNA targeting 
is at the 3’UTRs of mRNAs, previous AGO-CLIP studies have shown miRNA guided AGO 
binding also occurs within coding sequences, 5’UTRs and in introns of mRNAs (Chi et al., 
2009, Moore et al., 2014). To assess whether the transcriptome-wide location of AGO 
targeting is altered in stroke brain, we determined the distribution of 1,190 stroke-associated 
peaks among annotated transcript regions.  As expected, the majority (45%) of AGO regulated 
sites in stroke were identified within annotated 3’UTR regions, with smaller fractions residing in 
introns (29%) and in coding sequences (18%). Additionally, we saw no difference in the 
distribution of stroke peaks among transcript locations against ‘all’ AGO binding events (Figure 
1E). The proportion of 3’UTR peaks was even higher (49%) when indeterminate peaks, also 
found in ‘Sham’ vs ‘Control comparisons, were filtered out (Figure S1F-G). Finally, we 
performed a 6-nucleotide motif enrichment analysis of altered peaks (p<0.05) in 3’UTRs to 
identify associated miRNAs (Figure 1F). Among AGO binding events up-regulated in stroke, 
we found seed matched sequences of miR-3112, -135ab, -669f, -743ab, -466f, and -34abc.  
The top motifs enriched in down-regulated peaks were seed matches of miR-29abc, -667*, -
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149, -466bc, -181b, and -291ab, many of which have been previously implicated in stroke 
(Jeyaseelan et al., 2008a, Dharap et al., 2009, Liu et al., 2015, Liu et al., 2009). Since our 
primary interest was to identify activated targets of miRNA regulation, we emphasized on 
down-regulated miRNAs for this study.  

miR-29 family of miRNAs are down-regulated in stroke  
AGO HITS-CLIP data showed members of miR-29 family were all robustly altered, and 
unanimously down-regulated in I/R injury (Fig1C, 1F).  To confirm this we used an orthogonal 
approach, measuring mature miRNA levels using small RNA sequencing. Although the global 
correlation of changes in AGO-bound miRNAs and steady-state level changes was poor 
(Pearson correlation coefficient = -0.1), the assessment showed the loss of AGO facilitated 
miR-29 regulation was due to a reduction in mature miRNA levels (Figure 2A, S2, 
Supplementary Table 2). This was further corroborated by qPCR quantification of each miR-29 
family member (Figure 2B). Additionally, the loss of miR-29 was not detected in the sham 
surgery condition (Figure 2B, S2A), ruling out confounding effects of general anesthesia and 
surgical manipulation.  Next, we determined if AGO binding to miR-29 targets are also lost at 3 
hours after I/R.  To define cognate miR-29 sites in our data, we examined stroke altered peaks 
with TargetScan (Lewis et al., 2005; Grimson et al., 2007) and more precisely with empirically 
identified sites by brain CLEAR-CLIP (Moore et al., 2015). This network of miR-29 targets was 
assessed for AGO binding changes in stroke versus control brain. Cumulative distribution 
function (CDF) plots of fold changes in CLIP showed a significant global reduction in AGO 
binding to the miR-29 targets. This was observed relative to a number of controls, including 
AGO binding to the targets of the top 10 brain most abundant miRNAs and to let-7 targets 
(Figure 2C). CLIP fold changes between sham surgery and control comparison for miR-29 
targets showed no difference to those of control miRNAs, suggesting down-regulation of miR-
29 targets is specific to I/R injury (Figure 2D).  Collectively, these data demonstrate a loss of 
miR-29 targeting of its regulatory network following I/R injury.   

Acute de-repression of miR-29 targets occurs mainly by translational activation 
To assess the functional consequences resulting from the loss of AGO-miR-29 targeting in 
acute I/R injury response, we considered whether the relief in miR-29 repression after stroke 
occurred by stabilizing target mRNAs or by activating their translation (Bartel, 2009). 
Surprisingly, RNAseq analysis of miR-29 target mRNA levels did not show noticeable changes 
in stroke conditions with respect to genes targeted by other miRNAs (ie. let-7) (Figure 3A).  
This was unexpected, as mechanistic studies using global approaches report miRNAs act 
mainly through deadenylation and mRNA decay (Guo et al., 2010; Eichhorn et al., 2014), and 
thus hypothesized miRNA loss will result in transcript stabilization. We next examined 
translational effects corresponding to the loss of AGO-miR-29 targeting, using a modified 
ribosomal profiling (RPF) approach (Ingolia et al., 2009) (Figure S3A) to quantify ribosome 
protected mRNA fragments in I/R injured brain.  Stroke or control brain cortex (3hr post I/R) 
was treated with cycloheximide to stabilize ribosomes on translating RNAs. Following nuclease 
digestion, 80S monosomes were fractionated on sucrose gradients, further purified by 
immunoprecipitation using antibodies specific to the large ribosomal subunit, and monosome-
associated mRNA tags cloned and analyzed by high-throughput sequencing. We saw no 
alterations in the amount of available monosomes, distribution of monosome-associated tags 
in stroke condition relative to controls, or RPF tag coverage across start and stop codons 
(Figure S3B-E). In contrast, differential analysis of stroke RPF footprint densities revealed over 
400 transcripts with significant changes in ribosome association (Figure S3F, Supplementary 
Table 3), many without detectable changes in mRNA levels (Figure 3B).  
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These results suggested that in the acute regulatory environment of I/R injury, translational 
regulation dominates mRNA stability in determining physiological outcomes. Indeed, analysis 
of RPF fold change distribution of miR-29 targets showed a robust increase relative to the 
entire translatome, whereas control transcripts (the targets of let-7 or of the top-10 expressed 
brain miRNAs) did not (Figure 3C). Furthermore, calculating translational efficiency (TE), or the 
ratio of ribosome footprint density to mRNA abundance (Ingolia et al., 2009), showed even 
greater activation among miR-29 targets (Figure 3E). This observation was specific to stroke 
and not influenced by general surgery procedures, as comparison between sham and control 
revealed insignificant differences (Figure 3D, 3F). Taken together these data reveal 
translational activation is the predominant functional consequence of miR-29 loss and hence a 
distinct mechanism of miRNA target activation in I/R brain injury, and further suggest a role for 
activated miR-29 targets in facilitating coordinated responses of neuro-protection and cell 
death.    

RNA levels of miR-29 targets increase at later times following stroke 
The cellular response to I/R injury is a complicated and dynamic process, involving many 
factors that generate influence at various times. Moreover, miRNAs mediating this process are 
highly variable, their expression and physiological impact are likely to rely on duration of 
ischemia, severity of injury, and time after reperfusion (Kalogeris et al., 2012).  We asked 
whether the down-regulation of miR-29 and the concomitant activation of its targets are 
restricted to the initial acute phase following injury. We examined the cortical transcriptome at 
additional reperfusion time points (6, 12, 24hrs) to generate a time-course RNA profile of both 
miRNA and mRNAs. Time-dependent miRNAseq revealed that the loss of miR-29 persists and 
is enhanced through 24hrs following injury. This expression pattern was consistent among all 
three miR-29 family members, while another equally abundant brain miRNA, let-7a, equally 
abundant to miR-29a, showed no significant changes (Figure 4B). Time-course mRNA profiling 
illustrated activation of canonical factors, ie. heat shock proteins and inflammatory cytokines, 
across all time points (Figure S4A-B, Supplementary Table 4). Interestingly, while mRNA 
profiling at 3hrs showed no changes in the abundance of miR-29 target transcripts (Figure 3A), 
we observed accumulations of miR-29 target mRNA levels at reperfusion time-points of 6, 12, 
and 24hrs (Figure 4C-E). Transcript accumulation correlated with increasing time after I/R, 
reflecting the precipitous loss of miR-29 over time  (Figure 4B).  This expression pattern was 
seen exclusively in the RNAseq fold change distribution of miR-29 targets and not of control 
miRNA targets (let-7, top 10 brain miRNA). Taken together, the observations from this time-
course expression profile, combined with the CLIP and RPF results, illustrate the dynamic 
mechanism of miRNA associated post-transcriptional gene regulation in brain injury response: 
the dramatic and persistent down-regulation of miR-29 following stroke initiates a temporally 
distinct cascade of target activation, exclusively by translational up-regulation at first followed 
by a steady increase in mRNA levels.  

Loss of miR-29 is required for activation of its targets 
To determine whether the miR-29 loss directly activate miR-29 target transcripts, we turned to 
an established in vitro model system for cerebral ischemic injury.  Cultured mouse cortical cells 
(consisting of ~70% cortical neurons, ~30% astrocytes, and a few microglia cells) were 
exposed to oxygen-glucose deprivation (OGD). After OGD, the cultures were replenished with 
full growth media and re-oxygenated to simulate reperfusion (Tasca et al., 2014). This culture 
system allows for direct quantification of gene expression and is readily accessible to 
manipulation of cellular miRNA levels for functional testing. Using this approach, we observed 
miR-29 loss after OGD exposure, as measured by independent qPCR of family members, -
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29a, -29b, and -29c (Figure 5A). Global activation of miR-29 targets was also readily observed, 
as CDF plots of RNAseq fold change distributions (OGD vs control) show a collective increase 
of miR-29 targets relative to global transcriptome and to non-targets (Figure 5B).   
Multiple studies reveal miRNA target recognition can include interactions beyond traditional 
seed matched pairing (Grimson et al., 2007, Lal et al., 2009, Loeb et al., 2012, Chi et al., 2012, 
Helwak et al., 2013, Moore et al., 2015). We examined miR-29 target activation as a function 
of target discovery using informatically predicted canonical sites (TargetScan, 7-8mer seed 
matched, highly conserved), or by an unbiased assessment of empirically defined sites 
(CLEAR-CLIP, include both canonical and non-canonical interactions). Activated targets were 
more enriched in empirically defined sites compared to targets exclusively defined by 
TargetScan (Figure 5C). While we observed significant changes in all 3’UTR seed types bound 
by miR-29, the largest increase was among sites with 7-8mer seeds and, unexpectedly, 
among those with non-canonical seed sites (Figure 5D). These observations indicate 
significant roles mediated by non-canonical miR-29 targeting in ischemic brain injury. In 
summary, brain CLEAR-CLIP data proved an important resource to elucidate miRNA targets in 
studying the role of miRNAs following ischemia.  

To address the requirement of miR-29 loss in activating downstream targets in ischemia, we 
used a lenti-viral gene delivery approach to rescue the miRNA impairment in OGD-induced 
cultures. Quantitative PCR for miR-29 in OGD cortical cultures showed effective restoration of 
mature miRNA levels with infection by miR-29 encoding lenti-virus but not by empty virus 
control (Figure 5E). Accordingly, RNAseq analysis revealed that this restoration was sufficient 
to suppress the global miR-29 target activation to below baseline levels in the presence of 
OGD (Figure 5F). These data establishes the loss of miR-29 in I/R injury as a necessary event 
for the global activation its targets, and that its corresponding impact on the transcriptome is 
rescued by restoring miR-29. 

miR-29 down-regulation activates a gene network governing brain homeostasis and 
neuro-protection. 
In order to gain insight into the physiological roles played by activated miR-29 targets in I/R 
injury response, we performed pathway enrichment analysis of CLIP identified miR-29 targets 
(Figure 6A). The top pathways included fundamental stress responses to deficits of oxygen 
and ATP synthesis, such as hypoxia inducible factor (HIF1α) signaling, eNOS signaling, and 
p53 signaling. In addition, cytokine and growth factor signaling by Interleukin (ILK) and VEGF, 
along with corresponding intracellular effectors, CREB and PI3K/Akt, were enriched. The most 
significantly enriched pathway was glutamate receptor-signaling, in response to excitotoxicity, 
a primary cause of tissue damage elicited by ischemia and reperfusion stress (Iadecola and 
Anrather, 2011). Genes under miR-29 control in this pathway included glial enriched glutamate 
transporter, Slc1a2 (GLT-1), as well as synonymous glutamate receptors Gria3 (Glur3) and 
Grm3 (mGluR3).   
We directly tested miR-29’s ability to influence extracellular glutamate levels in in vitro stroke.  
Over-expression of miR-29 by lentivirus exacerbated OGD-dependent increase in extracellular 
glutamate concentrations, relative to control expression of an empty virus (Figure 5E, 6B).  
Taken together, these results indicate that dysregulation of miR-29 plays a fundamental role in 
counteracting ischemic damage by dampening toxic glutamate levels. 
In the brain, miR-29 is predominantly expressed by astrocytes, with moderate levels detected 
in neurons (Smirnova et al., 2005), suggesting that a major role for miR-29 in regulating 
astrocyte physiology. Therefore, we examined miR-29 targets whose expression is also 
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restricted to astrocytes. We ranked our down-regulated AGO peaks by their relative 
enrichment in astrocytes, using a published reference for brain cell-type transcriptomes (Zhang 
et al., 2014) (Figure 6D). The top astroctytic miR-29 direct targets included transcripts 
encoding key players of ischemic responses established by our GO analysis (Figure 6A), 
Grm3, Slc1a2, and Vegfa, glutamate signaling and HIF1α responders. The most significant 
gene aquaporin 4 (Aqp4), is enriched in astrocytic end-feet abutting cerebral microvessels and 
plays a key role in water balance, edema, blood brain barrier permeability and subsequent 
neuroinflammation in stroke (Fukuda and Badaut, 2012), and has been suggested to be a 
target of miRNA control (Sepramaniam et al., 2010; Wang et al., 2015). The discovery of a 
known response factor, Aqp4, by AGO CLIP, supports our strategy to define miRNA regulatory 
networks relevant to stroke physiology.  
We directly examined the regulation and expression of these top miR-29 regulated genes in 
stroke, including the key players of glutamate signaling (Grm3, Slc1a2, Gria3), known hypoxia 
and ischemic stroke responders (Vegfa, Aqp4), in addition to downstream effectors of 
activated signaling (Akt3, Gsk3b). We observed decreases among AGO peaks at 
corresponding miR-29 sites within conserved and non-conserved regions (Figure 6C, S5B).  
Moreover, quantitative expression analysis of protein levels demonstrated elevated expression 
in stroke brain (Figure 6E), with varying kinetics in steady-state protein levels over reperfusion 
time (Figure S5A). Importantly, the activation of 6 of these 7 targets was rescued by miR-29 
lenti-viral expression, reverting their RNA levels to near baseline in OGD modeled ischemic 
conditions (Figure 6F, S5C). Taken together, the data reveal a master regulatory network 
exists to restore essential brain homeostatic functions activated by a loss of miR-29 family of 
miRNAs in stroke.  

Identification of human genetic polymorphisms in stroke-associated miR-29 sites 
To apply our findings from model systems to human stroke, we intersected our differential 
CLIP sites identified in mouse I/R injured brain with human brain AGO CLIP data to look for 
orthologous, stroke-associated, miRNA regulatory events in human brain. We generated AGO 
CLIP data using post-mortem medial prefrontal cortex tissues from 6 individuals, and, to 
increase biological complexity for robust peak calling, merged our data with an existing human 
AGO CLIP resource (Boudreau et al., 2014), generated from motor cortex and cingulate gyrus 
of 17 individuals. Together, these data defined 23,662 reproducible (peak height >50) human 
AGO brain peaks. 999 mouse stroke peaks (out of 1,190, Figure 1D) re-mapped to 
orthologous human sites, out of which 429 sites intersected with human AGO CLIP peaks 
(Figure 7A), representing a cohort of stroke-associated human miRNA regulatory sites.   
Evaluation of these peaks for miRNA binding motifs revealed enrichment of target sites for 
multiple human brain miRNAs, including miR-29 and another stroke and hypoxia associated 
miRNA, miR-181 (Figure 7B) (Ouyang et al., 2012, Zhang et al., 2012), providing an important 
resource to further our understanding of miRNA regulation in complex brain disease.    
The human genome contains thousands of variants that can potentially alter miRNA binding.  
Allele specific polymorphisms in miRNA binding sites have been shown to vary miRNA 
function and play essential roles in complex human diseases, including cancer, diabetes, and 
Alzheimer’s diseases (Brewster et al., 2012, Zhao et al., 2013, Delay et al., 2011). We 
implemented an informatic analysis to identify single nucleotide polymorphisms within the 429 
stoke-associated miRNA target sites. We relied on existing SNPs previously submitted to 
NCBI’s dbSNP resource and intersected them with 7-8mer seed containing, miRNA binding 
sites within our 429 cohort. We identified 332 unique single nucleotide variations among 165 
miRNA binding sites representing 222 miRNAs across 117 genes (Supplementary Table 5).  
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Notably, we identified 6 SNPs that modify miR-29 target sequences. The alternative alleles 
among these 6 sites represent both rare and common variants within the human population. 5 
out of the 6 variants have the potential to disrupt miR-29 binding, while 1 may enhance miR-29 
seed pairing (Figure 7C, S6).  Some SNPs fell within a single 3’UTR, such as rs147077348 
and rs574793836, polymorphisms for two distinct miR-29 binding sites in SPARC, and 
rs191276899 and rs757907139, altering distinct nucleotides within a single miR-29 seed 
binding sequence of WASF1 3’UTR. Interestingly, we identified a SNP within a validated stroke 
target, AQP4, rs760955838.  This rare G>A variant (rs760955838), with a higher predicted 
binding energy coefficient, has the potential to markedly weaken miR-29 seed pairing and 
affect AQP4 gene expression (Figure 7D). These observations illustrate a strategy to reveal 
human stroke-associated miRNAs and their target site variations that may be associated with 
clinical stroke outcome.  The datasets utilized in this study thus provide a rich resource and 
approach to investigating disease relevant polymorphisms altering miRNA functions.  
 
DISCUSSION 
Empirical investigation of unique biological and pathological states is imperative for elucidating 
mechanisms underlying relevant physiology. AGO-HITS CLIP affords the power to 
systemically identify, quantify and compare miRNA:target interactions in normal and disease 
brain, prevailing  informatic predictions.  Strictly informatic strategies currently use data made 
from pooled, often irrelevant tissue types, and rely on evolutionary constraints for 
interpretation. Several reports using this strategy have found primary effects of miRNA 
perturbations impact mRNA levels (Guo et al., 2010; Eichhorn et al., 2014).  In this study, 
AGO-CLIP allowed us to find that down regulation of miR-29 in the brain after I/R leads to an 
acute, strong translational effect with minimal impact on mRNA levels.  Such divergent miRNA 
actions, limited to distinct physiological circumstances, have been previously described, as in 
the observation that translational effects precede mRNA turnover in exerting miR-430 control 
during early phases of zebrafish development (Bazzini et al., 2012). Additionally, reminiscent 
of molecular responses seen underlying axonal regeneration and repair upon neuronal injury 
(Jung et al., 2012; Rishal and Fainzilber, 2013), the immediate translational activation of miR-
29 targets maybe the most pertinent response to modulate the acute and rapid cellular 
responses required for counteracting ischemic insult (Iadecola and Anrather, 2011). 
Unexpectedly, AGO-CLIP, interpreted together with brain CLEAR-CLIP data, revealed that 
non-canonical seed pairing events contributed to many functional miR-29 targeting events.  
Auxiliary target interactions at miRNA’s 3’ ends give distinction among miRNA family members 
with shared seeds (Brennecke et al., 2005; Moore et al., 2015, Broughton et al., 2016), and 
could compensate imperfect seed pairing for miRNAs with AU-rich seed motifs (Moore et al., 
2015).  Although miR-29 seed sequence is not AU-rich, further characterization of 
compensatory pairings among identified seedless interactions may yield mechanistic insights 
distinct from canonical miRNA targeting, and help delineate gene ‘sub-networks’ playing 
disparate roles in I/R brain injury.   
Altered miR-29 levels in animal models of stroke have been previously reported, however, with 
varying conclusions depending on the experimental model and brain region being examined 
(Yuan et al., 2010, Ouyang et al., 2013), with limited follow-up studies on global molecular 
consequences.  Discrepancies may be attributed to brain region-specific regulation of miR-29 
levels, or to distinct miR-29 target transcriptomes present in different regions.  Although not 
identified in this study, the proposed molecular events causing loss of miR-29 include ischemia 
activated 12-lipoxygenase (Khanna et al., 2013), and suppression by transcriptional repressor, 
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REST, activated by global ischemia.  Over-expression of individual miR-29 family members 
has shown to improve stroke outcome in animal models by reducing infarct volume (Pandi et 
al., 2013, Wang et al., 2015, Khanna et al., 2013), and enhance post-stroke sensorimotor 
function  (Khanna et al., 2013).  The proposed mechanism of neuroprotection for each of these 
studies differ, and include the activation of DNA methyltransferase, DNMT3a, upon miR-29c 
loss (Pandi et al., 2013) and attenuating blood brain barrier disruption and subsequent 
vasogenic edema formation through relieving miR-29b repression of AQP4 (Wang et al., 
2015).  These studies, however insightful, by isolating a single miRNA:target interaction and 
considering an individual miR-29 family member at a time, covey a limited perspective of the 
gross systems-wide response.   
We uncovered a novel regulatory network of direct miR-29 targets that together counteract the 
deleterious effects of glutamate excitotoxicity.  The accumulation of extracellular glutamate is a 
cardinal event contributing to cell death and pathology after ischemia (Benveniste et al., 1984, 
Choi and Rothman, 1990, Moskowitz et al., 2011).  Excitatory amino acid transporters (EAATs) 
play a paramount role in maintaining homeostatic levels of glutamate by its rapid uptake from 
extracellular space. We find that GLT-1 (EAAT2), a major glutamate transporter in the brain, 
responsible for more than 90% of total glutamate uptake (Maragakis et al., 2004) is a miR-29 
target. Studies modifying GLT-1 gene expression levels in stroke indicate a protective role of 
over-expression in animals, associated with reduced levels of extra-cellular glutamate (Harvey 
et al., 2011). mGluR3, another direct miR-29 target identified in this study, is a member of 
group-II metabotropic glutamate receptors, activated by glutamate neurotransmitter and 
enriched in adult astrocytes (Sun et al., 2013).  mGluR agonists show potent neuroprotective 
activity in both in vitro and animal models of ischemic injury (Flor et al., 2002). Though 
mechanisms of how mGluR agonists exert neuroprotection remain unclear, it is enhanced by 
the presence of glial cells (Kingston et al., 1999), suggesting a direct role of astrocytic 
mGluR3.  Direct targeting of miRNA regulatory sites of glutamate signaling effectors identified 
in this study may be a precise and feasible therapeutic approach to modulate their expression 
levels and mitigate accumulation of toxic glutamate concentrations in I/R brain injury.  
Stroke-relevant miR-29 target sites identified with AGO CLIP not only revealed thousands of 
targets important for underlying mechanism of I/R brain injury, but provide a powerful reference 
for determining genomic variants likely associated with disease.  Interestingly, loss of miR-29 
has also been observed in more archetypal neurodegenerative diseases, such as Alzheimer’s 
and Huntington’s brains, in vitro model of spinocerebellar ataxia 17, and in sciatic nerve injury 
response (Hébert et al., 2008, Shioya et al., 2010, Johnson et al., 2008, Roshan et al., 2012, 
Verrier, et al., 2009), suggesting an expansive and crucial role for miR-29 in brain 
homeostasis.  A comprehensive, unbiased characterization of miR-29 targets in these 
pathological states, integrated with our findings in stroke, will provide powerful insights into 
both common and distinct pathological gene networks, help elucidate universal miR-29 target 
site variants associated with risk or outcome across multiple neurodegenerative diseases, and 
allow elegant designs for therapeutics of broad benefit.   
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FIGURES  
              

                 
 
Figure 1.   Identification of stroke-associated AGO:RNA interactions using CLIP. (A) Mouse brain coronal 
slice illustrating MCAO model. The contralateral hemisphere analyzed as ‘Control,’ while MCAO performed 
hemisphere analyzed as ‘Stroke.’  Cortical ‘periphery’ (light blue) is distinguished from ‘ischemic core’ (dark blue) 
within the ischemic territory. (B) Stroke AGO HITS-CLIP schema. 1) UV-crosslink brain AGO to interacting RNAs, 
2) IP and purify AGO:RNA complexes, 3) proteinase digest AGO for isolation of RNA tags, 4) library generation 
and hi-throughput sequencing, 5) mapping to reference genome and difference analysis. (C) Volcano plot 
depicting AGO-bound miRNAs increasing (orange) or decreasing (purple) in stroke condition. The two vertical 
lines indicate log2 fold change cut-off, >|0.2|, the horizontal dotted line indicates p-value cut-off, p<0.05, 
determined by binomial testing.  Table lists top 6 miRNAs differentially bound by AGO in stroke, ranked by p-
values. (D) Scatter plot of peak height intensities of 18,285 AGO-bound mRNA peaks found in either control or 
stroke. Difference analysis used to determine increased (orange) and decreased (purple) binding peaks using a 
p-value cut-off of p<0.05. (E) Distribution of peaks among annotated genomic regions, for peaks changed in 
stroke and for all identified peaks. (F) Motif enrichment analysis of 3’UTR peaks, increased (top) or decreased 
(bottom) in stroke. All stroke samples collected after 3hr reperfusion following MCAO. See also Figure S1. 
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Figure 2.  A global loss of miR-29 regulation upon acute I/R insult.  (A) Scatter plot of log2 fold change in 
miRNA abundance (x-axis: miRNAseq) vs. differences in AGO-binding (y-axis: CLIP). Dark red dots indicate 
miRNAs that met p-value cut-off of p<0.05, binomial testing, for both assays.  Arrows highlight miR-29 family 
members, -29a, -29b, -29c.  R indicate Pearson’s correlation coefficient. (B) Quantitative PCR show abundance of 
miR-29a, -29b, and -29c miRNAs in control, stoke or sham cortical tissues normalized to levels in control. P-
values generated using Student’s t test. Error bars represent ±SD.  Cumulative density function (CDF) plot of 
AGO-bound mRNA (CLIP) log2 fold changes in (C) stroke, or in (D) sham. Curves represent collective CLIP peak 
height changes among miR-29, let-7 or top 10 brain miRNA target sites. Same distribution plotted as box plot 
(insets), and depicts distribution mean fold changes (black notches). P-values calculated using Mann-Whitney-
Wilcoxon test, miR-29 distribution to all. All stroke samples collected after 3hr reperfusion following MCAO. See 
also Figure S2. 
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Figure 3.  Functional consequences 
of miR-29 down regulation at an 
early time point after injury.  (A) CDF 
plot illustrate distributions of mRNA 
abundance changes in stroke assayed 
by RNAseq. Curves represent 
collective log2 fold changes among 
genes with miR-29, let-7, or top10 
brain target sites. Distributive plot also 
plotted as box plots (inset), and depicts 
distribution mean fold changes (black 
notches). P-value calculated using 
Mann-Whitney-Wilcoxon test 
comparing miR-29 subset distribution 
to all genes. (B)  Stroke log2 fold 
change RNA abundance (∆RNAseq) 
plotted against log2 fold change 
ribosomal association (∆RPF), R 
indicate Pearson’s correlation 
coefficient. Diagonal line denotes linear 
regression. (C-F) CDF as in (A) plotting 
changes assayed by RPF in (C) stroke, 
or (D) in sham, and TE calculation for 
(E) stroke, (F) sham. All stroke 
samples collected after 3hr reperfusion 
following MCAO. See also Figure S3.	  
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Figure 4.  Time-course expression profiling following stroke. (A) RNAseq time-course experiment used 
samples collected at defined time points after MCAO and reperfusion. Time-course data relative to AGO-CLIP, 
RPF, Fig3 RNAseq data generated using 3hr reperfusion time point. (B) Log2 fold changes, relative to control, of 
miR-29a, -29b, -29c, and let-7a abundance at 3, 6, 12, and 24hr reperfusion time points, assayed by miRNAseq.  
Error bars represent ±SD. (C-D) CDF plots show distributions of mRNAseq fold changes in stroke time points of 
6hr, 12hr, and 24hrs. Curves represent collective changes among genes with miR-29, let-7, or top10 brain miRNA 
target binding sites.  Inset box plots indicate distribution mean fold changes by black notches, p-values generated 
using Mann-Whitney-Wilcoxon test, miR-29 distribution to all. See also Figure S4. 
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Figure 5.  miR-29 loss in oxygen-glucose deprivation model of stroke.  (A) Quantitative PCR measured miR-
29a, -29b, -29c mature miRNA levels in OGD treated cortical cultures relative to untreated control.  *P<0.005, 
***P<5e-6,  Student’s t test. CDFs of OGD vs. control RNAseq fold changes for distributive curves of (B) miR-29 
targets to others, or ‘not miR-29,’ (C) miR-29 targets exclusively predicted by TargetScan to those empirically 
defined by CLEAR-CLIP, inset box plots depict distribution mean fold changes (black notches). (D) Box plot 
illustrates OGD RNAseq fold change distributions of miR-29 target subgroups defined by seed types to all other 
targets, black notches indicate means.  *P<1.7e-11, ***P<2.2e-16. (E) Quantitative PCR show relative expression 
fold changes of miR-29 in OGD conditions infected with indicated lenti-virus normalized to control.  *P<0.05, 
***P<0.005, Student’s t test. (F) CDF plot of OGD RNAseq fold change distributions of miR-29 targets infected 
with empty or with miR-29 virus. P-values for all distributive data calculated using Mann-Whitney-Wilcoxon test.  
All error bars represent ±SD.  
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Figure 6.  Activation of miR-29 regulated neuroprotective factors (A)   Pathway analysis of miR-29 targets 
containing 3’UTR AGO CLIP peaks that decrease in stroke, dotted red line indicates p=0.05. (B) Quantification of 
extracellular glutamate levels after OGD.  Fold change(Δ) in glutamate concentrations calculated between OGD 
vs Control in miR-29 or empty lenti-virus infected samples.  (C) Genome Browser views of 3’UTRs for top four 
astrocyte-enriched miR-29 targets  (Aqp4, Grm3, Scl1a2, and Vegfa).  Arrow points to respective CLEAR-CLIP 

defined miR29 binding sites, control (black peaks) and stroke (magenta peaks).  Yellow track indicate PhyloP 
scores for corresponding gene regions.  (D) miR-29 targets from (A) ranked by their astrocyte log2 enrichment 
values, top 10 genes plotted as heatmap.  (E) Quantitative westerns depict relative protein levels for each gene 
normalized to levels in sham control, total protein collected from cortical tissues of sham or MCAO animals 
following 3hr reperfusion.  (F) Normalized [log2] CPM values calculated using RNAseq in cortical cultures of 
untreated control, OGD treated and infected with empty or miR-29 over-expression lenti-virus. *P<0.05, 
**P<0.005, ***P<5E-4, Student’s t test.  All error bars represent ±SD. See also Figure S5. 
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Figure 7.  Stroke-associated miR-
29 target site polymorphisms (A)  
Venn diagram depicting overlap of 
human brain AGO CLIP peak 
regions with, mouse stroke identified 
sites, conserved across two species.  
*Hypergeometric test was used to 
calculate p-value. (B)  Bar chart of 
top 10 miRNA seed matched sites 
among 429 stroke-associated AGO 
targets in human brain. Asterisk 
highlights miR-29. (C) Table of 6 
identified SNPs in stroke-associated 
miR-29 target sites, reference vs. 
alternative allele, minor allele 
frequency (MAF), if known, 
associated gene, genomic location, 
and predicted influence on seed 
pairing.  (D) Genome browser views 
of Aquaporin 4 3’UTRs, mm10 (top), 
hg19 (below).  Differential AGO CLIP 
peak in stroke bracketed, *t-test 
calculated p-value. Red arrowed 
bracket points to homologous site in 
human genome (second browser 
view), corresponding AGO peak 
denoted by red dotted square. The 
sequence at this peak position 
shown is below highlighting the miR-
29 target site (green) and SNP, 
rs760955838 (dark blue). Bottom 
diagram depict differences in miR-
29a pairing to AQP4 target site in for 
rs70955838 reference allele (top 
panel), and minor allele (bottom 
panel). Computationally predicted 
binding energy coefficients indicated.  
Minor allele in seed sequence 
marked with pink, asterisk. See also 
Figure S6.	  
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Supplementary Figure 1.  Stroke AGO-CLIP miRNA and mRNAs, related to Figure 1.  (A)  Mouse MCAO 
stroke model.  MCAO performed on the ipsilateral (left) cerebral hemisphere, contralateral (right) is analyzed as 
control.  Sham surgery animal serves as secondary control. (B)  Autoradiogram of 32P-labeled RNA crosslinked to 
AGO. IP purified AGO from untreated (left 3 lanes), sham, control, or stroke treated cortical tissue ran on SDS-
PAGE.  High [+++] RNaseA or complete digestion, low [+] RNaseA or partcial digestion of AGO-RNA complexes. 
Right brackets indicate complexes isolated for subsequent cloning and high-throughput sequencing analysis.  
Correlation heatmaps of biological replicates for (C) AGO miRNA CLIP tags and (D) AGO mRNA CLIP tags in 
peaks. Correlations across 4 replicates for sham, 4 replicates for control, and 5 replicates for stroke are shown.  
(E)  Scatter plots of log2 fold changes of AGO bound miRNAs demonstrating correlation between changes in 
stroke compared to either controls (top), or change in stroke compared to change in sham (bottom). Red diagonal 
lines denote linear regression.  (F) Scatter plot depicts peak height intensities of AGO-bound mRNA peaks in 
either control or sham conditions. Difference analysis used to determine increased (light pink) and decreased 
(forest green) binding peaks using a p-value cut-off of p<0.05, binomial testing. (G)  Venn diagram show overlap 
of stroke peaks to sham peaks. Distribution bar plot of peaks among annotated genomic regions, changing in 
stroke only, or in both stroke & sham.  All stroke samples collected after 3hr reperfusion following MCAO.  All R-
values indicate Pearson’s correlation coefficient.  
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Supplementary Figure 2.  miRNAseq in stroke, related to Figure 2.  (A) Scatter plots of miRNAseq log2 fold 
changes in stroke demonstrating correlation between stroke compared to either controls (left), or change in stroke 
compared to change in sham, miR-29 data points highlighted in dark pink.  R indicate Pearson’s correlation 
coefficient.  Red diagonal lines denote linear regression. (B) Hierarchical clustering and heatmap visualization of 
differentially expressed miRNAs in stroke. Z-scores calculated using miRNAseq log2 fold change in stroke for 
miRNAs identified by AGO-CLIP. Orange is up-regulated, while pink is down-regulated miRNAs. Arrows point 
toward miR-29 family members within a cluster of up-regulated miRNAs.  
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Supplementary Figure 3.  Stroke brain ribosomal profiling, related to Figure 3.  (A) RPF schema. CHX 
Cycloheximide (CHX), micrococcal nuclease (Mnase),  P0, P1, P2 large ribosomal subunits (P protein). (B) 
254nm absorbance tracing of control and stroke gradient samples.  Dotted squares indicate respective 
monosome (80S) peaks. (C)  Annotated transcript distributions of RPF tags in sham, control and stroke 
conditions. (D-E) Normalized coverage of ribosome profiling reads across all mRNAs for control and stroke, 
plotted as function of distance from (D) start and stop (E) codons. (F) EdgeR generated log2 CPM of genes 
identified by RPF (n=11,601) plotted against their log2 fold changes in stroke. Turquoise dots represent genes 
meeting a p-value cut-off of 0.01. All stroke samples collected after 3hr reperfusion following MCAO. 
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Supplementary Figure 4.  Global characterization of mRNA expression at multiple reperfusion time points, 
related to Figure 4.  (A) EdgeR generated log2 CPM RNAseq measures of RNA abundance for all expressed 
genes (n=22,340) plotted against their log2 fold changes in stroke, from top to bottom, 3, 6, 12, and 24hrs 
reperfusion following MCAO. Dark red dots indicate genes with significantly altered expression, FDR cut-off of 
0.01. Genes coding for heat shock proteins marked by arrows for each time point. (B) Hierarchical clustering and 
heatmap visualization of differentially expressed mRNAs in stroke.  Heatmap of log2 fold change values of 443 
genes, with FDR cut-off of 0.01, and log2 fold change cut-off of |4|, for at least 1 out 4 time points.  Red indicates 
up-regulated while blue is down-regulated. In brackets, top 3 pathway GOs enriched among genes of cluster 
representing predominantly up-regulated genes across all time points.  
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Supplementary Figure 5.  Activated miR-29 targets in stroke, related to Figure 6.  (A) Immunoblot analysis of 
total cortical protein collected from stroked animals at 3hr, 6hr, 12hr, and 24hr reperfusion times after MCAO, or 
from sham animals, β-actin serves as loading control. (B) Genome Browser views of miR-29 targets with 
corresponding CLIP peaks, similar to Figure 6C. (C) Normalized RNAseq [log2] CPM values of untreated control, 
OGD treated and infected with empty or miR-29 over-expression lenti-virus. *P<0.05, **P<0.005, Student’s t test. 
Error bars represent ±SD. 
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Supplementary Figure 6.  Stroke relevant miR-29 binding site variants, related to Figure 7.  Diagrams 
depicting differences in miR-29 family member pairing to stroke relevant binding sites for reference allele (top 
panels) and alternative allele (lower panels) for respective SNPs in (A-B) SPARC, (C) TMED9, and (D) WASF1 
3’UTRs. Family member with most optimal pairing to target site reference sequence is shown. miRanda algorithm 
predicted binding energy coefficient for each pairing is indicated. Pink asterisk denote minor allele in seed 
sequence.   
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