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 39 

Abstract 40 

microRNAs (miR) are fundamental regulators of protein coding genes. In the central nervous 41 

system, miR-9 is highly enriched and critical for neuronal development and function. Mature 42 

miRs are derived from a duplex precursor, and the -5p strand (“guide”) is preferentially 43 

incorporated into an RNA-induced silencing complex to exert its regulatory functions, while the 44 

complementary -3p strand (“passenger”) is thought to be rapidly degraded. By contrast, both 45 

strands of the miR-9 duplex have unique functions critical for neuronal physiology, yet their 46 

respective degradation rates and mechanisms governing degradation are not well understood. 47 

Therefore, we determined the degradation kinetics of miR-9-5p and miR-9-3p and investigated 48 

the cis and trans elements that affected their stability in the brain. Using a combination of 49 

homogeneous neuronal/astrocyte cell models and heterogeneous brain tissue lysate, we 50 

demonstrate the novel finding that miR-9-3p was more stable than the miR-9-5p guide strand in 51 

all models tested. Moreover, the degradation kinetics of both miR-9-5p and miR-9-3p were 52 

brain-region specific, suggesting that each brain region was differentially enriched for specific 53 

degradation factors. We also determined that the 3’ nucleotides harbor important cis elements 54 

required to not only maintain stability, but also to recruit potential protein degradation factors. 55 

We used mass spectrometry to assess the miR-9 interacting proteins and found that the -5p and 56 

-3p strands were associated with functionally distinct proteins. Overall, these studies revealed 57 

unique miR-9-5p and miR-9-3p degradation kinetics in the brain and propose critical nucleotide 58 

sequences and protein partners that could contribute to this differential stability. 59 

 60 

Significance Statement 61 

miR-9-5p and miR-9-3p are two single-stranded microRNAs (miR) derived from the same RNA 62 

duplex that are critical for normal neuronal function. Here, we report the differential degradation 63 

kinetics of these neuronally enriched miRs, as well as identify unique regulatory cis and trans 64 
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elements that could contribute to the distinct miR-9-5p and miR-9-3p stability in neurons. These 65 

findings contribute to the current understanding of how neuronal miRs are degraded and could 66 

have functional implications for their respective mRNA targets.    67 

 68 

Introduction 69 

Posttranscriptional regulation of protein-coding genes (mRNA) is a critical mechanism 70 

for maintaining cellular homeostasis. Cells must orchestrate a delicate balance between the 71 

synthesis of new molecules and the degradation and/or export of older ones. microRNAs (miRs) 72 

are a major contributor to this process, as it is estimated that they regulate over 60% of all 73 

protein-coding genes in eukaryotic cells (Friedman et al., 2009). The major steps for the 74 

biogenesis of miRs have largely been determined; however, the mechanisms of miR 75 

degradation are still the focus of ongoing research. Earlier reports suggested that miRs are 76 

globally more stable compared to mRNA (Gantier et al., 2011; Rüegger and Großhans, 2012; 77 

Zhang et al., 2012;), and this stability is thought to be imparted by miR association with RNA 78 

binding proteins, such as Argonaute 2 (AGO2). When bound to AGO2, structural analyses 79 

dictate that the 5’ and 3’ ends of the mature miR are embedded within the protein, thereby 80 

shielding it from potential exoribonucleases (Wang et al, 2008). Recently, mechanisms of TDMD 81 

(target-directed miR degradation) have been discovered whereby a highly complementary, 82 

endogenous RNA target is capable of dislodging the 3’ end of the miR from the AGO2 PAZ 83 

domain, allowing it to be more accessible to trans factors responsible for RNA tailing, trimming, 84 

and ultimately degradation (Park et al., 2017; Bitetti et al., 2018; Ghini et al., 2018; Kato, 2018; 85 

Wightman et al., 2018). The reported mechanisms of TDMD suggest that cis sequence motifs of 86 

the miRs, as well as the recruitment of trans acting proteins to the site of degradation, are 87 

crucial determinants of miR degradation kinetics; however, the specifics of these factors remain 88 

elusive.  89 
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To further add to the complexity of miR degradation, miRs exhibit varying half-lives 90 

between different tissues and cell types within an organism (Li et al., 2013). For example, miR 91 

stability in the central nervous system is a striking exception to the long half-lives generally 92 

observed in peripheral organs. Neuronal miRs are highly unstable and can be regulated by 93 

neuronal activity, suggesting that their silencing function is temporally controlled by external 94 

stimuli (Krol et al., 2010; Fu et al., 2016). Indeed, a variety of chemical and electrical stimuli has 95 

been shown to dramatically alter miR expression levels in cultured neurons (for review Sim et 96 

al., 2014), adding another layer of regulation to the unstable nature of neuronal miRs. Notably, 97 

the half-life of one of the most abundant neuron-enriched miRs, miR-9-5p, was reported to be 98 

less than one hour in primary neocortical cells (Sethi et al., 2009). However, the degradation 99 

kinetics of its duplex counterpart, miR-9-3p, was not considered in this study. miR-9-5p is 100 

designated as the “guide” strand in most deuterostomes, and its annotation is derived from the 101 

mature miR sequence being embedded in the 5’ stem of the miR-9 precursor; conversely, miR-102 

9-3p, or the “passenger” strand, is embedded in the 3’ stem. For most miRs, it is generally 103 

accepted that the guide strand of the duplex is preferentially loaded onto AGO2 and is the 104 

functionally relevant strand, while the passenger strand is quickly degraded. However, both 105 

miR-9-5p and miR-9-3p are neuron-enriched, and their individual functional contributions have 106 

been extensively described in regulating critical neuronal processes such as driving neuronal 107 

differentiation, initiating angiogenesis, and modulating synaptic plasticity (Yuva-Aydemir et al., 108 

2011; Coolen et al., 2013; Sun et al., 2013; Giusti et al., 2014; Richner et al., 2015; Sim et al., 109 

2016; Madelaine et al., 2017). The significance of their individual functions implies that both the 110 

-5p and -3p transcripts must be relatively stable and separately loaded onto AGO2; however, 111 

the degradation kinetics of these two miRs, especially miR-9-3p, are not well characterized in 112 

the literature. Therefore, the studies herein focused on discerning the relative degradation 113 

kinetics of miR-9-5p and miR-9-3p due to their neuronal enrichment and their significant roles in 114 

regulating neuronal physiology. 115 
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The objective of this study was to determine the relative degradation kinetics and the 116 

factors that govern miR-9-5p and miR-9-3p degradation specifically in the rat hypothalamus and 117 

ventral hippocampus: regions of the brain that regulate homeostasis in a variety of physiological 118 

processes. Moreover, previous studies showed that miR-9-5p and miR-9-3p expression 119 

increased with advanced age in these brain regions (Rao et al., 2013). Therefore, in this study, 120 

we investigated miR-9 degradation kinetics in aged rats (18-months) when expression levels 121 

were highest, underscoring the possibility that the kinetics of miR turnover would be functionally 122 

relevant. We hypothesized that the degradation kinetics of miR-9-5p in the aged hypothalamus 123 

would be distinct from that of miR-9-3p. Moreover, we predicted that any differences in miR 124 

degradation kinetics would be due to intrinsic differences in nucleotide composition (i.e. cis 125 

factors) or through differential recruitment of trans factors that contribute to degradation 126 

processes. These possibilities were tested in vivo using a rat model and in vitro using 127 

hypothalamic-derived neuronal cells lines. Collectively, our results indicate that miR-9-5p 128 

stability is distinct from that of miR-9-3p, and this difference can be explained, in part, by their 129 

unique cis and trans elements. 130 

 131 

Materials and Methods 132 

Animals. Female rats (Wistar, 5 months old; Fisher344, 18 months old, NIH aging colony) were 133 

obtained from Charles River Laboratories. Previous studies showed that miR-9-5p and miR-9-134 

3p steady-state expression increased with age in the rat hypothalamus and ventral 135 

hippocampus (Rao et al., 2013). Therefore, in this study, we used old (18-month) Fisher344 136 

rats. Rats were pair-housed on arrival and allowed to acclimate for 1 week prior to further 137 

experimentation. Rats were supplied with standard rat chow and tap water ad libitum, and 138 

animals were kept on a 12:12 light/dark cycle with ZT0 at 7:00 AM. All animal protocols were 139 

approved by Loyola University Chicago Animal Care and Use Committee (IACUC, permit 140 
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2009018). Experiments were conducted in accordance to the guidelines set forth by the IACUC, 141 

and all appropriate measures were taken to minimize pain and suffering. 142 

 143 

Cell culture. IVB cells, a neuronal cell line derived from rat hypothalamus (provided by John 144 

Kaskow, University of Cincinnati), were grown to 70~80% confluency in Dulbecco’s Minimum 145 

Essential Medium (DMEM) media containing glucose, L-glutamine, sodium pyruvate, and 10% 146 

fetal bovine serum (FBS). Cells were subsequently lysed using a 0.5% NP40 buffer with 147 

protease and phosphatase inhibitors (Thermo Fisher Scientific, #PI88669). Following cell lysis, 148 

protein concentration was determined using a BCA assay according to manufacturer 149 

instructions (Thermo Fisher Scientific, #23225).  150 

 151 

Actinomycin treatment. IVB cells were treated with actinomycin D (Sigma Aldrich, A9415) at a 152 

final concentration of 10 µg/mL for 2 hours in order to inhibit transcription. Actinomycin D was 153 

diluted in dimethyl sulfoxide at a stock concentration of 1 mg/mL prior to addition to cell culture 154 

media. Cells were lysed at three different time points: T0, 15 min., and 60 min. These 155 

experiments were performed independently using 5 different cell passages.  156 

 157 

RNA isolation and cDNA synthesis. Total RNA was isolated from IVB cells using the Zymogen 158 

DirectZol Kit. 1.0 µg of RNA was reversed transcribed using the Norgen miRNA cDNA 159 

Synthesis Kit (#54410) according to manufacturer instructions.  160 

 161 

RT-qPCR. RT- qPCR for miR-9-5p and -3p was performed using forward primers specific to the 162 

mature sequence and a Universal Reverse Primer provided by the Norgen miRNA cDNA 163 

Synthesis Kit (#54410). All reactions were performed in triplicate. 18s rRNA was used as a 164 

loading control to normalize the data for ∆∆Ct analysis. The following cycling conditions were 165 
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used: 1) 95 °C for 10 minutes, 2) 95 °C for 15 seconds, 3) 59 °C for 20 seconds, 4) 72 °C for 12 166 

seconds, and melting curve analysis. 167 

 168 

Primary astrocytes. Primary astrocytes were obtained from the cortex of 5 month old, female 169 

Wistar rats (N = 3). Cortical tissue was digested using 0.25% trypsin-EDTA, and neuronal cell 170 

growth was inhibited with the addition of DMEM: F12 media supplemented with 0.1 mg/mL 171 

primocin following the plating procedure. Primary astrocytes were grown to 70~80% confluency 172 

in the following astrocyte medium: Dulbecco’s Minimum Essential Medium (DMEM) 50:50 F12 173 

media containing glucose, L-glutamine, sodium pyruvate, and 10% fetal bovine serum (FBS).  174 

 175 

In vivo tissue preparations. 18 month old female Fisher 344 rats were killed (N = 3), and whole 176 

brain was isolated and flash frozen in 2-methylbutane at -30°C. Flash frozen brains were 177 

sectioned at 200 µm on a freezing microtome, and regions of interest were microdissected using 178 

a 0.75 mm Palkovit’s brain punch tool (Stoelting Co., Wood Dale, IL; [POA: preoptic area (-.26 179 

to -1.4 mm relative to bregma), SON: supraoptic nucleus (-.8 to -3.14 mm relative to bregma), 180 

vHIPP: ventral hippocampus, (-4.16 to -5.8 mm relative to bregma)] utilizing The Rat Brain in 181 

Stereotaxic Coordinates (Academic Press, 1986) as a reference. Brain tissue lysate was 182 

prepared as described above. Selected samples from the SON brain tissue lysate were treated 183 

with 250 μg/mL proteinase K (ThermoFisher Scientific, #25-530-049) and incubated for 1 hour 184 

at 60°C before using in the miR degradation assay. 185 

 186 

miR degradation assay. The miR degradation assay was adapted for tissue and whole cell 187 

lysates based on methods described by Chatterjee and colleagues (Chatterjee et al., 2009). 188 

Briefly, oligonucleotide constructs were synthesized with the exact nucleotide sequence of the 189 

mature transcript for miR-9-5p and miR-9-3p, [UCUUUGGUUAUCUAGCUGUAUGA] 190 

[AUAAAGCUAGAUAACCGAAAGU], respectively (Integrated DNA Technologies, Coralville, IA). 191 
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These single stranded oligonucleotide sequences were then radiolabeled on the 5’ end using 192 

[γ32P] ATP (3000 Ci/mmol) (Perkin Elmer, Waltham, MA). 10 fmols of the newly radiolabeled 193 

sequence was then incubated with 20 µg of protein from either the IVB cell lysate or brain tissue 194 

lysate prepared as described above. Incubation of the radiolabeled miR with the lysate was 195 

terminated at 5 different time points by boiling at 95°C for 2 min. following the addition of 2X 196 

RNA Loading Dye (New England Biolabs, #B0363S). The resulting mixture was then resolved 197 

on an 8% urea gel by electrophoresis. Finally, the gel was visualized by phosphoimaging (GE 198 

Healthcare, Typhoon) to detect levels of the radiolabeled miR at the various time points. Gel 199 

bands were quantified using densitometry analyses with ImageJ (RRID:SCR_003070) software 200 

and averaged densitometry values from multiples replicates were plotted on a scatterplot using 201 

OriginLab software. Degradation kinetics were determined using a best-fit exponential decay 202 

function. 203 

 204 

AGO2 immunoprecipitation. 20 µg of IVB protein lysate was premixed with anti-AGO2, anti-205 

AGO4, β-actin, or IgG antibody (Wako #22023, RRID:AB_1106837; Cell Signaling #6913, 206 

RRID:AB_10828811; Cell Signaling #4970, RRID:AB_2223172; Millipore #12-370, 207 

RRID:AB_145841) overnight at 4°C. The preformed antibody-antigen complex was then added 208 

to 50 µl of PureProteome Protein A/G Magentic Beads (Millipore, #LSKMAGAG02) and 209 

incubated for 30 min. at room temperature. Next, 10 fmols of radiolabeled miR were added to 210 

this mixture and incubated at 37°C for 15 min. The Pureproteome magnetic stand was used to 211 

capture the beads, and three washes were performed with PBS containing 0.1% Tween 20 212 

detergent. After the last wash, the bound protein complexes were eluted with the addition of 213 

0.5% NP40 buffer and 2X RNA Loading Dye (New England Biolabs, #B0363S) followed by 214 

boiling at 95°C for 2 min. 215 

 216 
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RNA Immunoprecipitation. 500 μg of vHipp lysate, 1 μg of biotinylated RNA (Integrated DNA 217 

Technologies, Coralville, IA), 10X protease inhibitor (ThermoFisher Scientific, #PI88669), 218 

40U/μL RNase inhibitor (ThermoFisher Scientific, #10-777-019), and 2X TENT buffer (20mM 219 

Tris-HCl, 2mM EDTA, 500mM NaCl, 1% Triton X-100) were mixed and incubated at room 220 

temperature for 30 min. RNA-protein interactions were fixed using formaldehyde at a 1% final 221 

concentration for 10 min. 50 μL of Dynabeads MyOne Streptavidin C1 (ThermoFisher Scientific, 222 

#65002) was then added to the above mixture and incubated for another 30 min. at room 223 

temperature. This mixture was placed on a PureProteome magnetic stand, (Millipore Sigma, 224 

#LSKMAGS08) and the beads were washed 3 times with 1X TENT buffer before final elution 225 

with 40 μl of 1X laemmli buffer (Bio-Rad, #161-0747) at 95°C for 5 min. The eluted proteins 226 

were then run on a 10% SDS PAGE gel at 120 mV for 60 min. and proteins were visualized by 227 

Coomassie staining (R250). 228 

 229 

In gel digestion. Protein bands were cut into 1 mm3 pieces and washed with 100 mM ammonium 230 

bicarbonate shaking at 600 RPM for 15 min. at 37°C. The gel pieces were then washed with a 231 

50:50 100 mM ammonium bicarbonate and acetonitrile solution at 600 RPM for 15 min. at 37°C. 232 

The final wash was performed with 100% acetonitrile at the same conditions as the previous 233 

washes. The gel pieces were reduced with 250 mM DTT (Sigma-Aldrich, #D9779-5G) at 550 234 

RPM for 60 min. at 56°C and subsequently alkylated with 50 mM iodoacetamide (Sigma-Aldrich, 235 

#A3221-10VL) in the dark for 45 min. at room temperature. Finally, 2 μg of MS grade Trypsin 236 

(ThermoFisher Scientific, #PI90057) was added to the gel pieces to digest the protein overnight 237 

at 37°C while shaking at 600 RPM.    238 

 239 

Mass spectrometry. The analysis was carried out on a Dionex Ultimate 3000 RSLCnano 240 

coupled to a LTQ Orbitrap XL (ThermoFisher Scientific). 10 µL of each sample was injected 241 

onto the column. Mobile phase A was 100% H2O, 0.1% formic acid, and mobile phase B was 242 
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80% ACN, 0.08% formic acid. The flow rate was set at 300 nL/min. The column oven was set at 243 

40°C. A gradient of 5 – 45% mobile phase B was run over 105 min. followed by a wash cycle 244 

and equilibration of the column. Total run time on the HPLC was 138 min. An EASY-spray 245 

column (2 μm particle size, 25 cm x 75 µm ID, PepMap C18) was used to separate the 246 

peptides, and an EASY-Spray ionization source was used for ionization. Data dependent 247 

acquisition was carried out with the mass spectrometer. The first scan was recorded with the 248 

Orbitrap followed by 10 subsequent ion trap scans (FT-IT detection) on the top 10 most 249 

abundant ions. Collision Induced Dissociation (CID) was used as the activation source with 250 

normalized collision energy at 35. Charge state rejection was enabled for +1 charged ions, and 251 

dynamic exclusion was enabled for a list size of 500 over 30 seconds. The data was analyzed 252 

using PEAKS 8.5 software. 253 

 254 

Statistics. All statistical analysis was performed using OriginLab software. A two-sample T-test 255 

was performed to compare the mean half-lives of miR-9-5p and miR-9-3p in cell lines. The 256 

actinomycin D experiments were analyzed using a two-way ANOVA with time and miR construct 257 

as the two factors. The brain region specific degradation of miR-9-5p and -3p was also analyzed 258 

using a two-way ANOVA with brain region and miR construct as the two factors. A one-way 259 

ANOVA was performed to compare the mean densitometry values of the various miR-9-5p 260 

constructs at the T1 time point. A Tukey’s post hoc test was subsequently performed to 261 

determine statistically significant differences between group means. All data points are 262 

displayed as mean ± SEM, and statistical significance was noted when P < 0.05. 263 

 264 

Results 265 

The “passenger strand” miR-9-3p was more stable than the “guide strand” miR-9-5p in a 266 

hypothalamic cell line 267 
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  We used a basic biochemical approach to determine if the unique nucleotide sequence 268 

of miR-9-5p and miR-9-3p affected their degradation kinetics when exposed to identical cellular 269 

lysate components. Importantly, to our knowledge, this assay has only been done previously in 270 

cell-free conditions making this the first study to observe the degradation products of these 271 

miRs following exposure to native cell and whole tissue constituents. First, 32P-labeled 272 

oligonucleotides identical to each miR were incubated in cell lysate purified from hypothalamic-273 

derived neuronal cells (IVB). The cells were subjected to a mild lysis buffer that was not likely to 274 

disrupt the nuclear envelope, as we hypothesized that most miR degradation factors would 275 

reside in the cytoplasm. Each construct was first visualized at the correct size compared to a 276 

nucleic acid ladder size marker (Fig. 1A). Next, radiolabeled miR-9-5p and miR-9-3p were 277 

incubated in IVB lysate for 5 different time points (T0, 15, 60, 120, 240 min.). Our results 278 

showed that miR-9-3p, canonically considered the passenger strand, was more stable than 279 

miR-9-5p (Fig. 1B, C). Roughly ~50% of the full length miR-9-5p signal was reduced at the 15 280 

minute time point, and by the 1 hour time point, the full length signal was completely abolished. 281 

Comparatively, the signal corresponding to full length miR-9-3p was significantly higher than 282 

miR-9-5p at the 1 hour time point, indicating slower degradation kinetics (p = 0.048, Fig. 1B, D). 283 

A comparison of the mean half-lives derived from the best-fit exponential decay functions 284 

indicated that miR-9-3p was approximately twice as stable as miR-9-5p, exhibiting half-lives of 285 

31.85 and 13.09 min., respectively (Fig. 1C, E). Importantly, a small fraction of both radiolabeled 286 

constructs (miR-9-5p and miR-9-3p) were shown to bind AGO2, but not AGO4 or β-actin, 287 

demonstrating that the radiolabeled miRs bind specifically to relevant RNA binding proteins in 288 

this assay (Fig. 1-1).  289 

We also observed size differences in the miR-9-5p and miR-9-3p degradation products 290 

(i.e. smaller size bands on the gel), suggesting that the miRs were cleaved at different locations. 291 

Specifically, miR-9-5p had 4 discrete bands corresponding to the degradation products, 292 

whereas miR-9-3p only had 2 discrete bands (Fig. 1B). Next, we used a second method to 293 
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verify that miR-9-3p was more stable by measuring the degradation rates of endogenously 294 

expressed mature miR-9-5p and miR-9-3p following transcriptional inhibition with actinomycin D. 295 

Consistent with the miR degradation assays, these experiments also showed that miR-9-3p was 296 

more stable than its miR-9-5p counterpart (Fig. 2). Two-way ANOVA analysis revealed that 297 

there was a significant main effect of miR construct (Table 1.). Subsequent post hoc analyses 298 

using Tukey’s HSD revealed that at the one hour time point, miR-9-3p levels were significantly 299 

higher (p = 0.049) compared to miR-9-5p, indicating a more stable profile (Fig. 2). Notably, this 300 

assay used intact live cells and confirmed that the relative stability of miR-9-3p compared to 301 

miR-9-5p was similar to the purely biochemical approach of the miR degradation assay 302 

described above.  303 

 304 

miR-9-3p was more stable than miR-9-5p in a brain region dependent manner 305 

  Next, the degradation kinetics of miR-9-5p and miR-9-3p were investigated using brain 306 

tissue lysate from 3 different rat brain regions: the preoptic area (POA), the ventral 307 

hippocampus (vHIPP), and the supraoptic nucleus (SON). These regions were selected due to 308 

previous reports demonstrating endogenous miR-9-5p and miR-9-3p expression in these 309 

regions (Rao et al., 2013; 2015). Unexpectedly, the time course for both miR-9-5p and miR-9-3p 310 

degradation in each of these brain regions was consistently faster than what was observed in 311 

the hypothalamic IVB neuronal cell lines, even though total protein concentrations were identical 312 

in the different lysates (Fig. 3A, B). The signal corresponding to the full length miR-9-5p 313 

disappeared almost immediately upon exposure to brain tissue lysate; therefore, T0 had to be 314 

redefined using lysis buffer alone to determine the correct starting concentration, and the time 315 

scales were adjusted accordingly to T0, 1, 15, 60, and 120 min. (Fig. 3A). Our results also 316 

showed brain region specific differences in miR-9-5p degradation. For instance, the signal 317 

corresponding to full length miR-9-5p was present at the 1 minute time point in POA lysate, but 318 

absent in vHipp and SON lysate (Fig. 3A). A two factor ANOVA analysis of miR half-lives 319 
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showed that there was a statistically significant main effect of brain region (factor 1) and a 320 

significant main effect of miR construct (factor 2). There was also a statistically significant 321 

interaction between brain region and miR construct, demonstrating that the degradation rate of 322 

each miR was dependent on brain region (Table 1). Consistent with the data observed in the 323 

IVB cell line, the half-life of miR-9-3p was significantly longer in all three brain regions compared 324 

to miR-9-5p (Fig. 3C). Full length miR-9-3p persisted to the 15 minute time point in every brain 325 

region. However, differential degradation kinetics for miR-9-3p were still observed dependent on 326 

brain region, as miR-9-3p exhibited a longer half-life in the SON and POA compared to the 327 

vHipp (Fig. 3C). These data suggest that miR degradation might occur rapidly in the intact rat 328 

brain, but there are also distinct region-dependent kinetics. 329 

 330 

Rapid miR-9-5p degradation in vivo was dependent on protein concentration of the lysate 331 

  The rapid degradation of miR-9-5p and miR-9-3p that was observed in the brain tissue 332 

lysate suggested that there could be enriched levels of specific miR degradation factors 333 

compared to the cell lysate. Therefore, to determine whether rapid degradation of miR-9-5p 334 

adhered to first order degradation kinetics, radiolabeled miR-9-5p was incubated in various 335 

dilutions of SON lysate (1:10, 1:100, 1:1000) for the miR degradation assay. The SON was 336 

utilized for these experiments, because this was the region where miR-9-5p exhibited the fastest 337 

degradation (Fig. 3B). The results showed a steady increase in miR-9-5p stabilization upon 338 

increased lysate dilution, culminating in the complete elimination of any degradation products 339 

after 4 hours of incubation at a dilution of 1:1000 (Fig. 4A, B). We also hypothesized that the 340 

unknown miR degradation factors present in the brain tissue lysate were proteins, and not 341 

nucleic acids, steroids, or other chemical compounds. To test this hypothesis, we performed the 342 

same assays using lysis buffer alone (i.e. no lysate present) and compared that to proteinase-K 343 

treated SON lysate (Fig. 4A). Our results demonstrated that miR-9-5p was stable across all time 344 

points in both of these treatment groups, suggesting that an unknown protein of fairly high 345 
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abundance was present in the brain tissue lysate and likely contributed to rapid miR-9-5p 346 

degradation.  347 

 348 

Degradation of miR-9-5p was slower in primary astrocytes compared to whole brain tissue 349 

lysate.  350 

  Brain tissue lysate is a heterogeneous cell population consisting primarily of neurons 351 

and various types of glial cells. We predicted that the glial contribution might account for the 352 

enhanced rate of degradation observed in brain tissue lysate compared to the slower rate 353 

observed in the homogenous neuronal cell lysate (i.e. IVB cells). Therefore, we used primary 354 

astrocytes isolated from the rat brain to determine the contribution of glial cells to miR-9-5p 355 

degradation. Contrary to our prediction, miR-9-5p degradation kinetics were relatively stable 356 

when incubated with astrocyte only lysate. Specifically, the full length miR-9-5p signal could be 357 

detected at the 15 minute time point (Fig. 5A, B), suggesting that there are inherent differences 358 

in miR degradation kinetics between immortalized neuronal cell lines and neurons from the rat 359 

brain. Further, the average half-life was 17.84 min. closely resembling the profile we observed 360 

with the neuronal cell lysate (IVB cells) (Fig. 5C).  361 

 362 

Nucleotide sequences at both the 5’ and 3’ end contribute to miR-9 stability 363 

  One possible explanation for the observed degradation differences in miR-9-5p and miR-364 

9-3p was the distinct nucleotide sequences (i.e. cis factors) of each miR, especially considering 365 

that differences in degradation rates and cleavage products occurred despite both miRs being 366 

exposed to identical lysate conditions. Moreover, the presence of multiple degradation products 367 

for miR-9-5p and miR-9-3p suggested that at least some of the degradation occurred in a 3’ to 368 

5’ direction, due to the radiolabeled phosphate being located at the 5’ position and subsequent 369 

visibility of a smaller radiolabeled products on the gel. Therefore, to test the importance of the 3’ 370 

end nucleotide sequence in determining stability, the last 3 nucleotides of miR-9-5p and miR-9-371 
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3p were exchanged to create two new chimeras: 5p* and 3p*. The 5p* chimera had a UGA to 372 

AGU substitution at the 3’ end, while the 3p* had an AGU to UGA substitution (Fig. 6A). Our 373 

results demonstrated that swapping just 3 nucleotides at the 3’end of miR-9-5p with miR-9-3p 374 

(i.e. the *5p construct) was sufficient to significantly increase the stability of miR-9-5p at 1.0 min. 375 

when incubated with lysate taken from the SON (p = 0.004; Fig. 6B, D). Conversely, this swap 376 

had the opposite effect on miR-9-3p (i.e. the 3p* construct) with it showing significantly faster 377 

degradation at 15 min. compared to its native sequence (p = 0.045; Fig. 6B, E). Therefore, 378 

swapping the 3’ end nucleotides caused miR-9-5p to degrade at a more similar rate as miR-9-379 

3p and vice-versa, suggesting that this sequence motif directly contributed to miR degradation 380 

kinetics (Fig. 6D, E).  381 

It was evident that some amount of degradation also occurred from the 5’ end, based on 382 

a small decrease in the relative intensity of the gel bands from the initial incubation time point to 383 

the final time point. Therefore, we altered miR-9-5p to match that of a documented endogenous 384 

isomiR to determine the contribution of 5’ nucleotides to the degradation profile. This isomiR is 385 

endogenously generated from alternative Drosha cleavage and results in one less uracil at the 386 

5’ terminal end of the miR (Bofill-De Ros et al., 2019). Interestingly, the miR-9-5p isomiR tended 387 

to be more stable than the miR-9-5p annotated as the wildtype (p = .065; Fig. 6B, D). Together, 388 

these data provide evidence that cis elements at both the 5’ and 3’ ends of the miR are critical 389 

for determining its degradation kinetics.  390 

 391 

miR-9-5p and miR-9-3p were associated with distinct proteins in the ventral hippocampus 392 

  The contribution of unique cis elements to miR degradation rates suggested that these 393 

specific nucleotide sequences might recruit different trans factors, which then resulted in distinct 394 

degradation products for miR-9-5p and miR-9-3p. Our data also demonstrated that miR 395 

degradation was dependent on unknown proteins present in the brain tissue lysate (Fig. 4B). 396 

Therefore, we analyzed the proteins associated with each miR using a discovery-based mass 397 
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spectrometry approach to determine if these miRs were associated with distinct proteins that 398 

might be involved in RNA degradation processes. The ventral hippocampus was used for the 399 

proteomic studies as it represented a relatively large region of the brain compared to smaller 400 

specific hypothalamic nuclei, allowing for a sufficient starting concentration of protein. 401 

Biotinylated miR-9-5p and miR-9-3p (Fig. 7A) were incubated with vHipp lysate, and bound 402 

proteins were eluted and run on a 10% SDS PAGE gel. We focused on identifying proteins from 403 

prominent bands present at the 45 ~ 55 kDa range that was evident upon electrophoresis of 404 

proteins following streptavidin-bead purification (Fig. 7B). These bands were subsequently 405 

digested into smaller peptide fragments and analyzed by mass spectrometry.  406 

We also analyzed the proteins that were associated with the approximated degradation 407 

products of miR-9-5p and miR-9-3p in the vHipp by creating biotinylated sequences that were 408 

shorter in length from the 3’ direction (16 and 12 nucleotides each) (Fig. 7A). These shortened 409 

constructs were selected due to the relative stability of the degradation products compared to 410 

the full-length transcript. Interestingly, the proteins associated with these shortened constructs 411 

were also enriched at the 45 ~ 55 kDa molecular weight range (Fig. 7B). Mass spectrometry 412 

analysis revealed full-length miR-9-5p had 9 unique associated proteins compared to 7 unique 413 

proteins for miR-9-3p (Fig. 7C, Table 2). The shortened miRs also had distinct proteins 414 

associated with them, not only between the -5p and -3p transcripts, but also compared to their 415 

own respective full-length transcripts (Fig. 7 C, D; Table 2). We used Panther gene ontology 416 

software to analyze the identified proteins according to their function, and the most represented 417 

functional class for full-length miR-9-5p was related to cellular metabolism (~33%, Table 3). In 418 

contrast, the most represented functional class of proteins captured by full-length miR-9-3p was 419 

related to cytoskeletal organization and transport (~57%, Table 3). Moreover, approximately 420 

44% of the 9 unique proteins identified for miR-9-5p were previously reported to have RNA 421 

binding capabilities.   422 

  Overall, the total number of identified proteins was reduced for each miR as its 423 
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sequence was progressively shortened. However, the representation of metabolism-related 424 

proteins remained high in the proteins associated with both the full-length and the 16 nT miR-9-425 

5p fragment (Fig. 7D; Table 3). Similarly, both the full-length miR-9-3p and its 16 nT fragment 426 

was associated with CAVIN1 (caveolae associated protein 1), a protein implicated in ribosomal 427 

RNA synthesis, but this association was lost at the 12 nT length (Fig. 7D). The proteins 428 

associated with the 12 nT fragment (miR-9-3p) also did not have a dominant functional class, 429 

but PLRG1 (pleiotropic regulator 1), a spliceosomal component, was identified as a potential 430 

binding partner. The proteins associated with the 12 nT (miR-9-5p) fragment were again most 431 

represented in protein classifications pertaining to metabolism and cytoskeletal organization 432 

(~60%), suggesting that miR-9-5p retains proximity to proteins in the same functional milieu 433 

despite its degradation ( Fig. 7D; Table 3). Overall, these data identified potential interactions 434 

between the miR-9-5p and miR-9-3p degradome and other RNA processes such as splicing, 435 

mRNA processing, and ribosomal RNA synthesis in the rat ventral hippocampus.  436 

 437 

Discussion 438 

The determinants of miR degradation kinetics in the context of the central nervous 439 

system are poorly understood. In the present study, we describe the novel finding that miR-9-3p 440 

was more stable than its duplex counterpart, miR-9-5p, when exposed to identical neuronal cell 441 

lysates. Our current view of miRs dictates that the mature strand designated as the “guide”, 442 

often derived from the 5’ stem of the pre-miR, is more stable than the strand designated as the 443 

“passenger”, making these data a novel and likely biologically relevant finding. Moreover, our 444 

data demonstrated that the relative stability of each strand was dependent on their unique cis 445 

factor sequence motifs residing at the 3’ end, perhaps through recruitment of distinct 446 

degradation factors that are unique to each miR. Indeed, we identified potential trans acting 447 

factors that were differentially associated with not only full length miR-9-5p and miR-9-3p, but 448 

also to their approximated degradation products. We also showed that the relative abundance of 449 
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the protein factors contributing to the differential degradation rates of miR-9-5p and miR-9-3p 450 

was likely different depending on brain region. Taken together, these data contribute to the 451 

current understanding of miR degradation kinetics, specifically in the biologically relevant 452 

context of the female rat brain.     453 

Our data are consistent with previous studies suggesting that miRs in the brain are 454 

degraded rapidly, underscoring the importance of understanding how these relatively unstable 455 

miRs are able to exert functional effects downstream. miR-9-5p and miR-9-3p have repeatedly 456 

been shown to be neuron-enriched, and previous studies have demonstrated a negative 457 

correlation between miR stability and overall expression (Li et al., 2013). Neuronal miR-9-5p 458 

and miR-9-3p seem to follow this pattern: they are both highly expressed and rapidly degraded 459 

(Sethi et al., 2009; Amar et al., 2012), supporting a model whereby there is constitutive 460 

production and turnover of these particular transcripts. A potential benefit of such steady state 461 

kinetics is readily apparent in the context of neuronal systems in which the cell could quickly 462 

respond to dynamic changes in extracellular input, such as changes to synaptic firing frequency. 463 

Indeed, an example of activity-induced changes to miR stability was observed in retinal neurons 464 

responding to changes to light/dark stimuli (Krol et al., 2010). The relative stability of miR-9-3p 465 

that was observed from our data, (Fig. 1D, Fig. 3C) suggests that the -3p strand could have a 466 

more prominent role in regulating neuronal function compared to its -5p counterpart, making the 467 

‘guide’ and ‘passenger’ designation somewhat arbitrary in neuronal physiology. This assertion is 468 

supported in a previous report demonstrating that miR-9-3p, but not -5p, was involved in the 469 

regulation of hippocampal memory and synaptic plasticity (Sim et al., 2016).     470 

  Another novel finding of this study was the identification of distinct protein binding 471 

partners for miR-9-5p and miR-9-3p (Fig. 7C), and to our knowledge this study is the first to 472 

identify proteins associated with these mature miRs and their shorter degradation products. 473 

Eukaryotic translation initiator 5 (EIF5) was one identified protein that was associated with the 474 

full length miR-9-5p, but not miR-9-3p, in the vHIPP (Fig. 7C). EIF5 has been shown to interact 475 
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with EIF1A via its C-terminal domain (Luna et al., 2013), and EIF1A is a recently discovered 476 

component of the RNA-induced silencing complex (RISC) (Yi et al., 2015). These data raise the 477 

possibility that an EIF1A:EIF5 complex could be associated directly, or indirectly, with miRs that 478 

are loaded onto RISC. Another interesting protein that was identified in the vHipp was tRNA 479 

ligase, as it was shown to only associate with the approximated miR-9-5p degradation product 480 

(16nt) (Fig. 7D). Recently, tRNA fragments have been shown to be loaded onto AGO and even 481 

exert gene regulatory functions (Kuscu et al., 2018), suggesting potential crosstalk between the 482 

molecular pathways of tRNA and miR degradation products.  483 

The importance of the proteins that we found associated with the shorter miR fragments 484 

(i.e. the approximated degradation products) is unclear. The proteins appeared to be specific to 485 

each size product (16 vs. 12 nT), and the total number of associated proteins were reduced as 486 

the nucleotide sequence was progressively shortened (Fig. 7C-E). Direct and specific protein 487 

binding would suggest that these miRs could be functional and potentially bind to the same 488 

targets as the full-length parent, given that the entire 8 nT seed sequence remained intact. 489 

There is no evidence that these short fragments can bind to AGO proteins making it unlikely that 490 

any functional effect would be similar to the full-length miR; however, these highly stable short 491 

fragments could block the ability of a full-length miR to bind to its mRNA target through 492 

competition at the seed sequence. The shorter degradation products were much more stable 493 

than the full length miRs, and one possibility is that the associated proteins are important for 494 

maintaining the stable expression of these fragments. However, it is important to consider that 495 

due to the crosslinking reaction required for immunoprecipitation, the identified proteins 496 

represent only those that were in close proximity with the biotinylated miR of interest and do not 497 

necessarily reflect direct binding.  498 

The myriad of molecular factors contributing to the rapid degradation of miRs in neurons 499 

have still not been fully elucidated. One possibility is that neuronal miRs are partially regulated 500 

by the process of target-directed miR degradation (TDMD) (Park et al., 2017; Bitetti et al., 2018; 501 
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Ghini et al., 2018; Kato, 2018; Wightman et al., 2018). Indeed, it has been reported that TDMD 502 

occurs to a higher degree in primary neurons compared to fibroblasts (de la Mata et al., 2015), 503 

but it remains to be seen if RNA-mediated degradation of miRs can fully explain rapid turnover 504 

kinetics. Our data showed that elimination of the cellular proteins, but not RNAs, through pre-505 

digestion with proteinase K was sufficient to stabilize the normally rapidly degraded miRs for up 506 

to four hours (Fig. 4A, B), raising the possibility that the primary contribution of other cellular 507 

RNAs is to recruit the proteins required for miR degradation.  508 

Our data using brain tissue lysate would suggest that miR-9-5p and miR-9-3p are 509 

degraded on a seconds-to-minutes time scale, respectively. However, Winter and Diederichs 510 

showed that the expression of AGO proteins was critical in determining global miR stability 511 

(2011), and we estimated that less than 10% of our input miR were efficiently loaded onto 512 

AGO2 (Fig. 1-1). Importantly, the loading efficiency was similar for both miR-9-5p and miR-9-3p, 513 

suggesting that the relative stability of miR-9-3p was the result of differential degradation. 514 

However, it is difficult to estimate how much endogenously expressed miR-9 is loaded onto 515 

AGO2 at any given time, and these numbers have not been reported to our knowledge. 516 

Nevertheless, we expect that the degradation kinetics reported in this study are likely reflective 517 

of the mature miR after it has unloaded from the RNA-induced Silencing Complex (RISC), thus 518 

leaving the single stranded transcript exposed to the cytoplasmic milieu. Notably, Baccarini et 519 

al. reported that a single miR can be recycled to have multiple mRNA targets, leaving the 520 

intriguing possibility that mature miRs can be reloaded onto AGO proteins after the completion 521 

of their initial RNAi function (2011). Nevertheless, our data provide valuable information about 522 

the cis features of miR-9-5p and miR-9-3p that contribute to differential stability. This modified 523 

assay (Chatterjee et al., 2009) used physiologically relevant levels (10 fmols) of miRs, in the 524 

context of cellular factors that are endogenously present in neurons, thereby allowing us to 525 

assess inherent sequence and/or structural features of each miR that contributes to stability. 526 

Our data clearly demonstrate that in brain tissue, each miR exhibited different rates of 527 
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degradation and resulted in different cleavage products, which were also brain-region specific, 528 

despite being subjected to identical experimental conditions. While it is still unclear which 529 

enzyme was responsible for the degradation that we observed, it is evident that miR-9-5p 530 

degradation was directly correlated with total protein concentration in the lysate based on our 531 

dilution experiments and digestion of proteins with proteinase K (Fig. 4A, B). Furthermore, the 532 

rapid degradation that was observed using tissue lysate suggests that a unique protein is 533 

present in brain tissue lysate compared to homogenous neuronal cell lines, as protein 534 

concentration was held constant for both experiments. It is also possible that extracellular 535 

RNases could have contributed to the acceleration of the decay kinetics. However, our 536 

experiments showing that there were brain-region specific differences suggest that the majority 537 

of degradation was most likely due to region specific expression of intracellular proteins that 538 

were critical for differential stabilization and not due to extracellular RNases. In addition, miR-9-539 

5p was relatively stable in primary astrocytes (Fig. 5B, C), suggesting that the enzyme 540 

responsible for rapid degradation might be unique to neurons or have relatively lower 541 

expression in astrocytes.  542 

Previous studies have used transcriptional inhibition, such as with actinomycin D, 543 

followed by qPCR to profile degradation kinetics of mature miRs (Sethi et al., 2009). Our own 544 

results from transcriptional inhibition studies indicate that miR-9-3p was again more stable than 545 

miR-9-5p under those conditions; in fact, miR-9-3p levels remained stable throughout all the 546 

time points that were measured (Fig. 2). While these studies are beneficial in that turnover 547 

kinetics can be measured in intact cells, transcriptional inhibition has been repeatedly shown to 548 

negatively affect cellular growth and survival. Therefore, it remains unclear how the turnover 549 

kinetics in these altered physiological contexts reflect those of native cells. Recent approaches 550 

utilizing metabolic labeling can circumvent many of the obstacles posed by transcriptional 551 

inhibition (Marzi et al., 2016). In those experiments, 4-thiouridine, a nucleoside analogue, is 552 

added to the cellular growth medium and incorporated by nascent RNAs that are actively 553 
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transcribed. This analogue is often modified by biotinylation so that it can be efficiently isolated 554 

from the endogenous pool of RNA. The purified transcripts are then quantified by qPCR or other 555 

sequencing methods to determine the steady state of the specific RNA of interest. However, 556 

due to the intrinsic disparity in the uridine content of miR-9-5p and miR-9-3p, ~48% and ~18% 557 

respectively, the purification efficiency of biotinylated 4-thiouridine in each of these miR 558 

transcripts is also likely to be different, making it difficult to compare their rate of degradation. In 559 

fact, Rädle and colleagues concluded that short RNA species with low uridine content are likely 560 

to escape biotinylation-mediated precipitation even at high 4SU starting concentrations (2013). 561 

Although metabolic labeling might best approximate the half-lives of miRs under normal 562 

cellular conditions, it does not easily allow for biochemical manipulations that are necessary to 563 

parse out both cis and trans factors of a specific RNA that could be important for determining its 564 

degradation kinetics. For instance, our data indicated that simply altering 3 nucleotides at the 3’ 565 

end was sufficient to alter the degradation kinetics of both miR-9-5p and -3p to an intermediary 566 

degradation rate (Fig. 6C), suggesting that the 3’ end of mature miR-9 represents a critical motif 567 

for protein interaction. Indeed, multiple reports from the literature suggest that the 3’ end of 568 

miRs are an essential element. For example, the 3’ terminal 7 nucleotides of miR-382 were 569 

observed to be necessary for its rapid decay (Bail et al., 2010). Furthermore, the terminal 3’ 570 

nucleotide has been shown to be monoadenylated by GLD2 causing a stabilizing phenotype in 571 

a subset of miRs expressed in human fibroblasts (D’Ambrogio et al., 2012); however, GLD2-572 

catalyzed monoadenylation of miRs had no stabilizing effect in the hippocampus, providing 573 

further evidence of tissue specific regulatory pathways (Mansur et al., 2016). In Arabidopsis 574 

thaliana, a 3’ to 5’ exoribonuclease (Atrimmer) has been shown to be critical for miR turnover 575 

(Wang et al., 2018), whereas the 3’ to 5’ exoribonuclease, DIS3L2, was observed to degrade 576 

miRs in mammalian cell lines (Haas et al., 2016), further supporting the notion that the 3’ 577 

terminus can serve as a critical recognition element in miR processing and degradation.  578 

Interestingly, our data showed that the 5’ uracil of miR-9-5p was also important for conferring 579 
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stability, as removal of this nucleotide, representing an endogenous miR-9-5p isomiR, resulted 580 

in enhanced stability compared to the canonical sequence (Fig. 6D). This finding is interesting in 581 

the context of recent reports demonstrating that this miR-9-5p isomiR can be generated by 582 

alternative Drosha cleavage of primary miR-9 (Bofill-De Ros et al., 2018). This isomiR shifts the 583 

seed sequence of the miR, thereby expanding the scope of its respective mRNA targets. 584 

Functionally, it was identified that prevalence of this miR-9-5p isoform correlated with tumor 585 

progression in low-grade glioma (Bofill-De Ros et al., 2018), suggesting that its inherent stability 586 

could contribute to unhinged, and even detrimental, downstream consequences in neural 587 

pathophysiology. Our degradation assays showed that little, if any, degradation of miR-9-5p and 588 

-3p occurred at the 5’ end, based on total densitometry of all bands, including the smaller 589 

degradation products, between the initial to the final timepoint. However, Meziane and 590 

colleagues showed that the decapping enzyme DcpS was critical in determining the degradation 591 

kinetics of miRs by recruiting the 5’ to 3’ exoribonuclease XRN2 to the processing site in both C. 592 

elegans and in human model systems (2013, 2015), allowing for the possibility of XRN2 is a 593 

contributor of 5’-initiated miR-9-5p and -3p degradation. These cis contributions of even single 594 

nucleotides in altering degradation kinetics propose the exciting possibility that other neuronal 595 

miRs, which vary in their nucleotide compositions, may all exhibit unique degradation profiles in 596 

the central nervous system.   597 

   Overall, we have shown that miR-9-5p degradation kinetics are likely very rapid in the 598 

intact rat brain, consistent with previous studies. However, miR-9-3p (passenger) degradation 599 

had not been previously characterized, and our data indicate that the passenger strand is more 600 

stable than the guide in neuronal cells, suggesting that it could have a more prominent role in 601 

the regulation of neuronal physiology. Furthermore, we provide evidence that the differential 602 

degradation kinetics of miR-9-5p and miR-9-3p can be explained, in part, by both cis and trans 603 

elements, underscoring the complexity of miR degradation in the central nervous system.  604 

 605 
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 766 

Figure Legends 767 

 768 

Figure 1. miR-9-3p was more stable than miR-9-5p in a hypothalamic cell line. A) Gel 769 

electrophoresis of 32P-labeled miR-9-5p and miR-9-3p showing bands at their correct size: 23 770 

and 22 nucleotides (nT), respectively. B) Representative gel image of miR-9-5p and miR-9-3p 771 

degradation over time (min.) following incubation in hypothalamic-derived neuronal cell (IVB) 772 

lysate for 0, 15, 60, 120, or 240 min. C) Scatterplot of normalized densitometry values analyzed 773 

from gel images and fit with an exponential decay function (black line = miR-9-5p; red line = 774 

miR-9-3p; N = 4/group). D) Normalized densitometry values at the 60 min. time point for miR-9-775 

5p and miR-9-3p. Data are represented as mean ± SEM (N = 4/group). E) Mean half-lives of 776 

miR-9-5p and miR-9-3p derived from best-fit exponential decay functions. Results are 777 

represented as mean ± SEM (N = 4/group), and horizontal line overlaying the bar graph 778 

indicates the median. Data were analyzed using a two-sample t-test.  779 

 780 

Figure 1-1. AGO2 binds to 32P-labeled miR-9-5p and miR-9-3p. Representative gel image of 781 

32P-labeled miR-9-5p, miR-9-3p, and an equimolar equivalent mixture of both following 782 

immunoprecipitation with A) AGO2, B) IgG control, and C) AGO4 and β-actin.  783 

 784 
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Figure 2. miR-9-3p was more stable than miR-9-5p following transcriptional inhibition. 785 

Hypothalamic-derived IVB cells were treated with the transcriptional inhibitor actinomycin D for 2 786 

hours. Cells were lysed at 0, 15, and 60 minutes following treatment, total RNA was isolated, 787 

and RT-qPCR was performed for miR-9-5p and miR-9-3p (N = 5/group). Results were analyzed 788 

using the ∆∆Ct method and are represented as mean fold change ± SEM, and horizontal line 789 

overlaying the bar graph indicates the median. Data were analyzed by two-way ANOVA with 790 

time and miR construct as factors. A Tukey’s post hoc test was performed to determine 791 

statistically significant differences between group means.  792 

 793 

Figure 3. miR-9-3p was more stable than miR-9-5p in a brain region dependent manner. 794 

A) Representative gel image of 32P-labeled miR-9-5p and miR-9-3p following incubation with rat 795 

brain lysate (N = 3/brain region). POA-preoptic area, vHIPP-ventral hippocampus, SON-796 

supraoptic nucleus B) Scatterplot of normalized densitometry values analyzed from gel images 797 

and fit with an exponential decay function showing brain region specific degradation kinetics of 798 

miR-9-5p and miR-9-3p. C) Mean half-lives of miR-9-5p and miR-9-3p in various brain regions 799 

derived from best-fit exponential decay functions. Results are represented as mean ± SEM (N = 800 

3/group), and horizontal line overlaying the bar graph indicates the median. Data were analyzed 801 

by two-way ANOVA with brain region and miR construct as factors. A Tukey’s post hoc test was 802 

performed to determine statistically significant differences between group means.  803 

 804 

Figure 4. Rapid miR-9-5p degradation in rat brain (SON) tissue lysate was dependent on 805 

protein concentration of the lysate. A) Representative gel image of 32P-labeled miR-9-5p 806 

following incubation with 1:10, 1:100, and 1:1000 dilutions of rat brain (SON) lysate, lysis buffer 807 

alone, or following SON lysate treatment with proteinase K for 60 min. at 60°C.  B) Scatterplot of 808 
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normalized densitometry values analyzed from gel images and fit with an exponential decay 809 

function showing concentration dependent degradation kinetics of miR-9-5p (N = 4/group).  810 

 811 

Figure 5. Degradation of miR-9-5p was slower in primary astrocytes compared to rat 812 

brain (SON) tissue lysate. A) Representative gel image of 32P-labeled miR-9-5p following 813 

incubation with rat brain tissue (SON) lysate or rat primary astrocytes for 0, 1, 15, 60, or 120 min 814 

(N = 3). B) Scatterplot of normalized densitometry values analyzed from gel images and fit with 815 

an exponential decay function. C) Mean half-lives of miR-9-5p were derived from best-fit 816 

exponential decay functions. Results are represented as mean ± SEM (N = 3/group), and 817 

horizontal line overlaying the bar graph indicates the median. Data were analyzed using a two-818 

sample T-test.   819 

 820 

Figure 6. Nucleotide sequences at both the 5’ and 3’ end contribute to miR-9 stability. A) 821 

Schematic diagram showing the nucleotide compositions of the miR-9 constructs: 5P = full-822 

length canonical miR-9-5p, 3P = full-length canonical miR-9-3p, 5P* = miR-9-5p with a UGA to 823 

AGU substitution at the 3’ end, 3P* = miR-9-3p with an AGU to UGA substitution at the 3’ end, 824 

5p isomiR = miR-9-5p with a U deletion at the 5’ end. Red font indicates nucleotide variation 825 

from canonical sequences. B) Representative gel image showing the degradation kinetics of 32P-826 

labeled miR-9-5p, -3p, 5p*, 3p*, and 5p isomiR following incubation in rat brain (SON) lysate for 827 

0, 1, 15, 60, or 120 min. C) Scatterplot of normalized densitometry values analyzed from gel 828 

images and fit with an exponential decay function showing that both 5’ and 3’ end modifications 829 

affect stability (N = 3-4/group). D) Normalized densitometry values at the 1 min. time point for 830 

the miR-9-5p, 5p*, and isomiR constructs. Results are represented as mean ± SEM (N = 3-831 

4/group). Data were analyzed by one-way ANOVA with miR construct as the categorical factor. 832 

A Tukey’s post hoc test was performed to determine statistically significant differences between 833 

group means. E) Normalized densitometry values at the 15 min. time point for miR-9-3p and -834 
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3p*. Results are represented as mean ± SEM (N = 3-4/group), and horizontal line overlaying the 835 

bar graph indicates the median. Data were analyzed using a two-sample t-test.   836 

 837 

Figure 7. miR-9-5p and miR-9-3p were associated with distinct proteins in the rat ventral 838 

hippocampus. A) Various length nucleotides matching the sequence for miR-9-5p (23, 16, 12 839 

nT) and miR-9-3p (22, 16, 12 nT) were modified with a biotin tag on the 5’ end and incubated 840 

with lysate from the rat ventral hippocampus (vHIPP). B) Biotinylated miR constructs were 841 

purified using streptavidin-coated magnetic beads and resolved on a 10% SDS PAGE gel 842 

followed by Coomassie G-250 staining. Red box indicates gel bands that were dissected for in-843 

gel digestion followed by mass spectrometry. C) Venn diagrams with number of unique proteins 844 

identified by mass spectrometry compared between miR-9-5p and miR-9-3p at various 845 

sequence lengths plus beads only, or D) comparison of identified proteins within miR-9-5p (23, 846 

16, 12 nT) and miR-9-3p (22, 16, 12 nT). Red color numbers indicate proteins unique to each 847 

construct and black numbers indicate proteins common between constructs. Blue lettering 848 

indicates known RNA binding proteins. 849 

 850 

Table 1. Statistical analysis 851 

Table 2. List of unique proteins that were associated with various length nucleotides matching 852 

the sequence for miR-9-5p (23, 16, 12 nT) and miR-9-3p (22, 16, 12 nT), as identified by mass 853 

spectrometry using PEAKS software. 854 

Table 3. Table summarizing proteins identified by mass spectrometry that were associated with 855 

various length nucleotides matching the sequence for miR-9-5p (23, 16, 12 nT) and miR-9-3p 856 

(22, 16, 12 nT) and organized by functional class according to Panther gene ontology analysis. 857 
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 1 

Dataset Data structure Type of test Power
Figure 1D Normal distribution Two sample T-test p = 0.048
Figure 1E Normal distribution Two sample T-test p = 0.063

Figure 2 Normal distribution
Two-way ANOVA
Tukey's HSD

Time: F(1,24) = 0.646, p = 0.533 
miR: F(1,24) = 6.724, p = 0.016 
Time x miR interaction: F(1,24) = 2.414, p = 
0.111

Figure 3C Normal distribution
Two-way ANOVA
Tukey's HSD

Brain region: F(1,12) = 5.543, p = 0.020 
miR: F(1,12) = 100.365, p =3.511 x 10-7

Brain region x miR interaction: F(1,12) = 4.979, 
p = 0.027

Figure 5C Normal distribution Two sample T-test p = 1.658 x 10-4

Figure 6D Normal distribution One-way ANOVA
F(2,9) = 10.119, p = 0.005

Figure 6E Normal distribution Two sample T-test p = 0.045

Table 1. Statistical Analysis

 



 

 1 

Protein

Peripherin

Excitatory amino acid transporter 1

Microtubule-associated protein 1A

Tubulin alpha-1A chain

Caveolae-associated protein 1

Vesicular glutamate transporter 1

26S proteasome regulatory subunit 

6A

Protein
D-3-phosphoglycerate 

dehydrogenase

Glucose-6-phosphate 1-

dehydrogenase

Heterogeneous nuclear 

ribonucleoprotein

60 kDa heat shock protein

Eukaryotic translation initiation 

factor 5

Cytoplasmic dynein 1 light 

intermediate chain 2

Tubulin alpha-1C chain

Dihydrolipoyl dehydrogenase 

Pleiotropic regulator 1

5P 23 nT

3P 22 nT

Protein

Caveolae-associated protein 1

Keratin  type II cytoskeletal 6A

Plasminogen activator inhibitor 1 RNA-

binding protein

Sorting and assembly machinery 

component 50 homolog 

Keratin  type II cytoskeletal 2 epidermal

Histone-binding protein RBBP7

Protein
Glyceraldehyde-3-phosphate 

dehydrogenase

Aspartate--tRNA ligase  cytoplasmic

Mitochondrial-processing peptidase 

subunit alpha 

Kazrin

Cytoplasmic dynein 1 light 

intermediate chain 2 

26S proteasome regulatory subunit 6A

Phosphatidylinositol 5-phosphate 4-

kinase type-2 alpha

Aldehyde dehydrogenase X

5P 16 nT

3P 16 nT
Protein

Excitatory amino acid transporter 1

Pleiotropic regulator 1

Microtubule-associated protein 1A

26S proteasome regulatory subunit 

6A

Myelin proteolipid protein

Protein
S-adenosylhomocysteine hydrolase-

like protein 1 

Pre-mRNA-processing factor 19

Keratin  type II cytoskeletal 73

Actin  gamma-enteric smooth 

muscle

5P 12 nT

3P 12 nT

Table 2. List of unique proteins that were associated with various length nucleotides matching 

the sequence for miR-9-5p (23, 16, 12 nT) and miR-9-3p (22, 16, 12 nT), as identified by mass 
spectrometry using PEAKS™ software. 

 



 

 1 

Cytoskeletal Membrane 
trafficking

Protein 
modifying

Transporter Metabolism Nucleic acid 
binding

Translation

miR-9-5p 22.2% — — — 33.3% 11.1% 11.1%

16 nT 12.5% — 25% — 37.5% — 12.5%

12 nT 40% — — — 20% — —

miR-9-3p 28.6% 14.3% 14.3% 28.6% — — —

16 nT — 16.7% — — — 16.7% —

12 nT 20% — 20% 20% — — —

Table 3. Table summarizing proteins identified by mass spectrometry that were associated with various

length nucleotides matching the sequence for miR-9-5p (23, 16, 12 nT) and miR-9-3p (22, 16, 12 nT) and organized by 
functional class according to Panther gene ontology analysis.

 


