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Abstract 20 

miR-128, a brain-enriched microRNA, has been implicated in the control of 21 

neurogenesis and synaptogenesis but its potential roles in intervening processes 22 

have not been addressed. We show that post-transcriptional mechanisms restrict 23 

miR-128 accumulation to post-mitotic neurons during mouse corticogenesis and in 24 

adult stem cell niches. Whereas premature miR-128 expression in progenitors for 25 

upper layer neurons leads to impaired neuronal migration and inappropriate 26 

branching, sponge-mediated inhibition results in overmigration. Within the upper 27 

layers, premature miR-128 expression reduces the complexity of dendritic 28 

arborization, associated with altered electrophysiological properties. We show that 29 

Phf6, a gene mutated in the cognitive disorder Börjeson-Forssman-Lehmann 30 

syndrome, is an important regulatory target for miR-128. Restoring PHF6 expression 31 

counteracts the deleterious effect of miR-128 on neuronal migration, outgrowth and 32 

intrinsic physiological properties. Our results place miR-128 upstream of PHF6 in a 33 

pathway vital for cortical lamination as well as for the development of neuronal 34 

morphology and intrinsic excitability. 35 

  36 
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Introduction 37 

Coordinating functions for microRNAs (miRNAs) are rapidly being discovered for 38 

each of the steps required for the anatomic and functional construction of the 39 

mammalian neocortex, from stem cell proliferation and neurogenesis to neuronal 40 

outgrowth and synaptogenesis. miRNAs are short, approximately 22 nucleotide RNA 41 

molecules that primarily act as antisense regulators of gene expression. The 42 

generation of the active form of miRNAs from their initial nuclear transcripts occurs 43 

for the majority of miRNAs via two RNase-mediated processing events (reviewed in 44 

Krol et al. 2010; H. Siomi & M. C. Siomi 2010). While still in the nucleus, the primary 45 

miRNA transcript (pri-miRNA) is cleaved by the concerted action of the DROSHA 46 

ribonuclease and the RNA binding protein DGCR8. DROSHA cleavage releases 47 

precursor miRNAs (pre-miRNAs) with a size range between approximately 60 and 80 48 

nucleotides that are characterized by a stem-loop secondary structure. After nuclear 49 

export, the pre-miRNA is cleaved again to generate the active, ~22 nucleotide 50 

mature miRNA by a second protein complex containing the DICER ribonuclease. 51 

Developmental regulation of miRNA expression is known to occur at each step in this 52 

biogenesis pathway (Krol et al. 2010; H. Siomi & M. C. Siomi 2010).  53 

The global reduction in miRNA levels upon conditional deletion of Dicer or Dgcr8 in 54 

neuronal progenitors is associated with early defects in proliferation and migration 55 

followed by effects on neuronal morphology including dendritic arborization, spine 56 

length and axonal outgrowth (reviewed in McNeill & Van Vactor 2012; A. X. Sun et al. 57 

2013). How individual miRNAs contribute to these phenotypes is rapidly being 58 

assessed (reviewed in A. X. Sun et al. 2013; Rehfeld et al. 2014; Siegel et al. 2011; 59 

Cochella & Hobert 2012). Two of the best-studied miRNAs with developmental roles 60 

are miR-9 and miR-124. miR-9 acts alone or together with let-7 and miR-125 to 61 

control the timing of cell fate decisions (La Torre et al. 2013; Coolen et al. 2012; 62 

Shibata et al. 2011). Studies on miR-124 exemplify how a single miRNA can 63 
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influence neuronal specification and function at multiple levels by regulating splicing 64 

(Makeyev et al. 2007), transcription complexes (Visvanathan et al. 2007; Cheng et al. 65 

2009) and epigenetic modifiers (Yoo et al. 2009).  66 

Like miR-124, the brain-enriched miR-128 is highly abundant and upregulated during 67 

embryonic mouse brain development. In another parallel to miR-124, miR-128 was 68 

first proposed to act as a developmental regulator of mRNA utilization. By inhibiting 69 

the expression of two proteins active in nonsense mediated mRNA decay (NMD), 70 

miR-128 was shown to promote neurogenesis in a cell culture model (Bruno et al. 71 

2011). Additional functions for miR-128 were then reported in behavior and memory. 72 

In a study on the acquisition and suppression of fear-evoked memory, increased 73 

expression of miR-128 correlated with and was required for the extinction of a 74 

learned fear response (Lin et al. 2011). It is presently not known if regulation of NMD 75 

mediates the effects on learning, as additional regulatory targets for miR-128 were 76 

identified in this context (Lin et al. 2011). 77 

The mouse genome contains two miR-128 genes, termed miR-128-1 and miR-128-2, 78 

which are positioned within introns of two homologous genes (respectively R3hdm1 79 

and Arpp21, also referred to as R3hdm3, Rcs or Tarpp). The sequence and 80 

secondary structures of the precursor miRNAs produced from the two copies of 81 

miR-128 differ, but they produce identical ~21 nt miRNAs after Dicer processing. This 82 

arrangement is evolutionarily conserved among vertebrates. Recently, the 83 

phenotypes of deletion mutants for the mouse miR-128 genes were reported (Tan et 84 

al. 2013). The two gene copies were shown to be unequal, with miR-128-2 85 

responsible for approximately 80% of the miR-128 level in the adult forebrain. 86 

Deletion of miR-128-2 resulted in hyperactive motor behavior and severe epileptic 87 

seizures. Selective ablation of miR-128-2 in post-mitotic neurons in the forebrain was 88 

sufficient to cause hyperactivity and seizures that could be rescued by ectopic 89 

expression of miR-128 (Tan et al. 2013). The phenotype of miR-128 deletion with 90 
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respect to cortical development has not been determined. 91 

To better understand the role of miR-128 in brain development, we have examined 92 

the spatial and temporal coordinates of miR-128 expression during mouse 93 

corticogenesis and in adult stem cell niches. We present evidence that post-94 

transcriptional regulation restricts the accumulation of miR-128 to post-migratory 95 

neurons in the embryonic cortical plate and adult stem cell zones. Premature 96 

expression of miR-128 led to deficits in the radial migration and dendritic outgrowth of 97 

upper layer cortical neurons that were associated with an increase in intrinsic 98 

excitability. In contrast, inhibition of miR-128 during migration led to a shift in final 99 

neuronal positioning toward the upper boundary of the cortical plate.  We identify the 100 

X-linked syndromic intellectual disability gene Phf6 as a significant regulatory target 101 

for miR-128. Co-expression of PHF6 suppressed both the morphological and the 102 

physiological aspects of the miR-128 gain-of-function phenotype.     103 
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Results 104 

Differential regulation of miR-128 biogenesis in development  105 

As a foundation for the functional analysis of miR-128, we began by characterizing 106 

expression of the two miR-128 genes, miR-128-1 and miR-128-2 in the mouse brain. 107 

In agreement with our previous work (Smirnova et al. 2005), Northern blots of RNA 108 

taken from the mouse cortex at several developmental stages show that the mature, 109 

21 nt miR-128 RNA is upregulated between embryonic day 12.5 (E12.5) and E18.5 110 

and remains high postnatally and in adulthood (Figure 1A). In this experiment we 111 

used a high-sensitivity LNA probe complementary to the mature miRNA that should 112 

also allow detection of both miR-128 precursor RNAs (Figure 1D). We detected a 113 

single precursor signal present at a low level that, in contrast to the mature form, 114 

remained constant at all time points tested (Figure 1A). We next employed precursor-115 

specific probes directed against the divergent sequences of their respective loops 116 

(Figure 1-figure supplement 1A). The specificity and efficacy of the two probes was 117 

confirmed using RNA from cells transfected with expression constructs for the two 118 

isoforms (Figure 1-figure supplement 1B). Using the pre-miR-128-2 specific probe 119 

(see Figure 1D), we detected a strong band of the expected size that was present at 120 

nearly constant levels throughout embryonic and postnatal development (Figure 1B). 121 

Expression of the miR-128-1 precursor was below the limit of detection (Figure 122 

1-figure supplement 2A), indicating that miR-128-2 is more highly expressed than 123 

miR-128-1 in the embryonic cortex, consistent with a recent report (Tan et al. 2013). 124 

Taken together, these results suggest that the dynamic expression of miR-128 in 125 

cortical development is achieved at least in part by post-transcriptional regulation of 126 

pre-miR-128-2 processing. 127 

Temporal regulation of miR-128 expression during cortical development 128 

To gain insight into the temporal and spatial dynamics of miR-128 expression we 129 

performed in situ hybridization studies with probes specific for miR-128, 130 
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pre-miR-128-1 and pre-miR-128-2 at different developmental stages. Comparing the 131 

results obtained with miR-128 and pre-miR-128-2 at E12.5, levels of miR-128 barely 132 

exceeded the detection limit (Figure 2A, left) despite strong precursor staining 133 

throughout the dorsal and ventral telencephalon (Figure 2A, middle). The 134 

pre-miR-128-1 signal, in contrast, was near or below the detection limit (see Figure 135 

1-figure supplement 2B). These results are consistent with the evidence from 136 

Northern blot analysis suggesting that pre-miR-128-2 is the major expressed isoform 137 

in the neocortex and that expression of this precursor isoform precedes the 138 

accumulation of mature miR-128.  139 

The pronounced disparity in the expression domains of miR-128 compared to 140 

pre-miR-128-2 was also apparent at later time points. In Figure 2B we show 141 

representative images of in situ hybridizations performed at E14.5 with the two 142 

miR-128 probes in comparison to the neurogenic miR-124. To allow a more 143 

quantitative comparison the average signal intensity for each probe within the 144 

combined ventricular and subventricular zones (VZ/SVZ), intermediate zone (IZ) and 145 

cortical plate (CP) was determined and expressed relative to the staining intensity of 146 

the cortical plate (Figure 2D). At E14.5 mature miR-128 was detected at low levels 147 

and preferentially accumulated in the cortical plate compared to the underlying 148 

subcortical zones. Staining intensity was approximately two-fold (VZ/SVZ) to four-fold 149 

(IZ) lower than the CP (Figure 2B, left panels and Figure 2D, gray bars). The 150 

miR-128-2 precursor probe, in contrast, displayed an inverse pattern with almost 151 

three-fold higher relative staining in the neurogenic VZ and SVZ compared to the CP 152 

(Figure 2B, center panels and Figure 2D, dark bars). Consistent with previous reports 153 

(Cheng et al. 2009), miR-124 was readily detected in the cortical plate but not the VZ 154 

or SVZ (Figure 2B, right panels). Within the IZ, an intermediate level of staining was 155 

seen (approximately 60% relative to the CP; Figure 2D, white bars). 156 

These differential expression patterns were more striking at E16.5 (Figure 2C). The 157 
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staining for mature miR-128 remained highly specific for post-mitotic neurons in the 158 

CP (Figure 2C, left panels) compared to the widespread presence of pre-miR-128-2 159 

from the VZ to the CP (Figure 2C, middle panels). Like miR-128, miR-124 displayed 160 

uniform, high-level expression in the CP (Figure 2C, right panels). Unlike miR-128, 161 

however, overall levels in the IZ were intermediate compared to the lack of staining in 162 

the VZ/SVZ. Individual highly stained miR-124+ cells scattered within the SVZ and IZ 163 

may represent migrating neurons, as discussed below.  164 

For the quantification at E16.5 the average staining intensities of the upper and lower 165 

cortical plate for the three probes were also compared (Figure 2E), to highlight the 166 

higher degree of deeper layer compared to upper layer staining we consistently 167 

observe using the probe for miR-128 (Figure 2E, gray bars). Comparing miR-128 to 168 

pre-miR-128-2, the difference in relative staining intensities in the VZ/SVZ and in the 169 

IZ were highly significant  (Figure 2E, dark bars). Similarly, a significant difference in 170 

the relative staining of miR-124 compared to miR-128 was observed in the IZ (Figure 171 

2E, white bars).  172 

A similar difference in pattern between miR-128 and pre-miR-128-2 was also 173 

apparent at E18.5: despite uniform expression of pre-miR-128-2 throughout the 174 

cortex from the ventricles to the marginal zone, accumulation of miR-128 was 175 

restricted to the cortical plate (Figure 2-figure supplement 1A). In the adult, the 176 

majority of cortical projection neurons co-express the precursor and mature forms, 177 

although pre-miR-128-2+/miR-128- cells can be found scattered in the marginal zone 178 

and the subcortical white matter (Figure 2-figure supplement 1B). 179 

To better characterize the subcortical cells that express pre-miR-128-2 in the 180 

absence of miR-128 during development we repeated the hybridizations at E16.5 181 

using fluorescent detection to allow antibody co-staining. Although many classical 182 

marker antibodies are not compatible with the hybridization conditions required for 183 

LNA probes (Silahtaroglu et al. 2007), we were able to perform co-staining for the 184 
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intermediate progenitor marker Tbr2 (Englund 2005). Within the SVZ we found that 185 

Tbr2+ progenitors stained for pre-miR-128-2 but not miR-128 (Figure 2-figure 186 

supplement 2A and 2B). As expected, Tbr2+ progenitors in the SVZ did not express 187 

miR-124. Unlike miR-128, however, Tbr2-/miR-124+ cells could readily be detected in 188 

the IZ and SVZ, suggesting that miR-124 may be present in migrating cells (Figure 189 

2-figure supplement 2C).  190 

pre-miR-128-2 expression precedes miR-128 in adult stem cell niches  191 

The absence of miR-128+ cells in the embryonic subventricular and intermediate 192 

zones compared to the post-migratory neurons in the cortical plate suggests that 193 

miR-128 is not present in migrating neurons. We were interested in confirming this 194 

result in an additional developmental setting and therefore examined whether 195 

miR-128 is expressed in the migrating neuroblasts of the adult rostral migratory 196 

stream (RMS). To visualize migrating neuroblasts we performed co-staining with 197 

Doublecortin (Dcx). The probe specific for pre-miR-128-2 strongly stained the Dcx+-198 

neuroblasts in the RMS (Figure 2-figure supplement 2D). In contrast, miR-128 was 199 

clearly present in the cells surrounding the RMS, but was not detectable in Dcx+-200 

neuroblasts (Figure 2-figure supplement 2E).  201 

Similar results were obtained in the neurogenic niche of the adult dentate gyrus. We 202 

found that the miR-128-2 precursor was already present in newborn (Dcx+/NeuN+) 203 

and mature (Dcx-/NeuN+) granule cells of the dentate gyrus. In contrast, miR-128 204 

was absent in immature neurons (Dcx+/NeuN+) and only present in mature granule 205 

cells (Dcx-/NeuN+)(data not shown).  206 

In summary, we found that the miR-128-1 isoform is unlikely to contribute 207 

significantly to developmental expression of miR-128, based on the lack of signal in 208 

Northern blots or in situ hybridization (Figure 1-figure supplement 2). Comparing the 209 

regulation of pre-miR-128-2 and miR-128 in embryonic corticogenesis suggests that 210 

accumulation of miR-128 occurs after the completion of neurogenesis and at the end 211 
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of radial migration as cortical neurons reach their final position in the cortex and 212 

begin their functional and morphological maturation (Figure 2 and Figure 2-figure 213 

supplement 2A-2C). Similar evidence for post-transcriptional exclusion of miR-128 214 

from migrating neurons was obtained in the adult RMS (Figure 2-figure supplement 215 

2D and 2E). These results prompted us to test the effects of premature miR-128 216 

expression in embryonic progenitors as they differentiate and migrate to the cortical 217 

plate. 218 

Premature miR-128 expression leads to defective cortical lamination in vivo 219 

To gain insight into the biological role of miR-128, we performed in vivo gain-of-220 

function experiments using in utero electroporation at E15.5 to deliver ectopic 221 

miR-128 from a plasmid-based expression construct. This allowed us to introduce 222 

miR-128 into proliferating and migrating cells that normally do not express the mature 223 

miRNA. We used the plasmid vector Intron-RED, which allows precursor miRNA 224 

sequences to be expressed from a synthetic intron engineered in dsRed, generating 225 

the expression constructs pre-miR-128-1-RED and pre-miR-128-2-RED for the two 226 

miR-128 precursors (see Materials and methods for details). Comparing the activity 227 

of the two constructs in Northern blot and sensor assays revealed that the 228 

pre-miR-128-1-RED construct displayed reduced activity compared to 229 

pre-miR-128-2-RED (refer to Figure 1-figure supplement 1B and 1C). The defect in 230 

pre-miR-128-1 processing therefore appears to be intrinsic to the precursor and/or 231 

flanking sequences, and allows the use of the pre-miR-128-1-RED construct as a 232 

negative control. To verify that forced miR-128 expression from pre-miR-128-2-RED 233 

can overcome the inhibitory mechanism that acts on endogenous pre-miR-128-2, we 234 

stained for mature miR-128 in electroporated brains at E18.5. We could confirm that 235 

cells expressing dsRed from the pre-miR-128-2-RED expression vector, but not the 236 

control Intron-RED vector, were the sole miR-128+ cells in the IZ (Figure 3-figure 237 

supplement 1).  238 
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We tested the effect of premature miR-128 expression at P7, when migration into the 239 

cortex is completed. We found that the distribution of control (Intron-RED) and 240 

pre-miR-128-1 expressing neurons was indistinguishable, with the majority of cells 241 

positioned within layers II and III (Figure 3A). In comparison, the majority of 242 

pre-miR-128-2 expressing neurons migrated successfully into the cortical plate but 243 

their final position was shifted toward the deep layers (Figure 3A). Quantification of 244 

the effect on migration confirmed the shift in neuronal position to deeper layers in 245 

response to premature expression of miR-128-2 (Figure 3B). These results are the 246 

first evidence that miR-128 regulates the process of radial neuronal migration during 247 

the establishment of cortical lamination. 248 

Premature miR-128 expression does not affect upper layer neuron specification 249 

To gain insight into the mechanism of the migration defect, we first tested if 250 

premature miR-128 expression affects migration indirectly by interfering with the 251 

specification of upper layer neuron identity. The layer II-III neurons targeted by 252 

electroporation at E15.5 characteristically express the transcription factors Cux1 and 253 

Cux2, while earlier born layer V neurons express Ctip2 (Nieto et al. 2004; Arlotta et 254 

al. 2005). Co-staining of electroporated brains at P0 with these layer-specific markers 255 

revealed that the majority of Cux1+ cells had reached their destination in the upper 256 

layers, but some Cux1+ cells were still present in the deep layers and in the white 257 

matter. Regardless of their position in the cortical plate, cells electroporated with 258 

pre-miR-128-2-RED co-stained for Cux1 at approximately the same frequency as 259 

control cells (>80%, Figure 3C, 3D and 3E). Furthermore, dsRed+ cells expressing 260 

pre-miR-128-2 in layer V did not express Ctip2 at higher levels than control cells 261 

(<2%, Figure 3C, 3D’ and 3E’) suggesting that their improper localization was not an 262 

indirect consequence of temporal misspecification. Together, these results indicate 263 

that the fate of the cells electroporated with pre-miR-128-2 was not affected despite 264 

the defect in neuronal migration. 265 
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 Inhibition of miR-128 leads to excessive migration of upper layer neurons  266 

To determine the effect of blocking miR-128 expression on neuronal migration we 267 

repeated the electroporations using a so-called sponge inhibitor. Our sponge inhibitor 268 

expresses an eGFP cassette containing an array of 16 high-affinity synthetic 269 

miR-128 binding sites within the 3’ UTR under the control of the CAGGS promoter. 270 

Upon electroporation of the anti-miR-128 sponge construct at E15.5 and analysis at 271 

P7 we observed a significant shift in neuronal position toward the top of the cortical 272 

plate in sponge compared to control neurons (Figure 3F and 3G). The inverse 273 

migration phenotypes observed in upper layer neurons upon either increasing (Figure 274 

3A and 3B) or decreasing miR-128 (Figure 3F and 3G) activity suggests that a 275 

pathway critical for correct cortical lamination is highly sensitive to the level of 276 

miR-128. 277 

Premature miR-128 expression leads to aberrant morphology of migrating neurons 278 

Based on their marker expression, manipulation of the onset of miR-128 expression 279 

did not affect the temporal identity of the resulting neurons. Careful examination of 280 

the electroporated regions, however, revealed differences in the proper bipolar 281 

morphology of pre-miR-128-2+ neurons as they migrated radially through the cortical 282 

plate (Figure 4A and 4B). Because migrating neurons change morphology quickly, 283 

we analyzed control and pre-miR-128-2 electroporations performed in the same litter 284 

to avoid differences due to small variations in mating, electroporation or sacrifice 285 

time. In controls the majority of the electroporated neurons were already at their 286 

correct position in layer II/III, and those still migrating presented long, radially-287 

oriented leading processes (Figure 4A). Neurons expressing pre-miR-128-2 were 288 

more scattered throughout the cortical plate (Figure 4B), with the leading processes 289 

of actively migrating cells frequently branched. To quantify this result, we 290 

reconstructed randomly selected neurons located in the deep layers and therefore 291 

still in the process of active migration. Control neurons generally had a single, 292 
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unbranched leading process with occasional short filopodia (Figure 4C, upper row). 293 

Neurons expressing pre-miR-128-2, on the other hand, were consistently more 294 

branched and also had more filopodia (Figure 4C, lower row). The morphology of the 295 

neurons was quantified using the number of branches and the number of filopodia 296 

per neuron as criteria (see Materials and methods for details). Consistent with their 297 

overall morphology, ectopic expression of miR-128 in migrating neurons led to an 298 

approximately 2.5-fold increase in the number of filopodia and a commensurate 299 

increase in branch number (Figure 4D). This suggests that the effects of miR-128 on 300 

migration are related to a failure in the regulation of cytoskeletal dynamics believed to 301 

be responsible for radial movement (Cooper 2013; Heng et al. 2009). Staining of the 302 

electroporated area with the radial glia marker Nestin did not revel any obvious 303 

changes in the glial scaffold directing migration of these neurons, consistent with a 304 

cell autonomous effect (data not shown). 305 

Identification of the Börjeson-Forssmann-Lehmann Syndrome gene Phf6 as a 306 

regulatory target for miR-128 307 

To identify regulatory partners for miR-128 that might be responsible for the altered 308 

migration, we used prediction algorithms (TargetScan, Pictar, Diana-microT) to 309 

screen for potential target genes with known or suspected roles in neuronal migration 310 

or outgrowth (Friedman et al. 2008; Krek et al. 2005; Maragkakis et al. 2009). A 311 

reporter assay was used to validate sensitivity to miR-128 for the candidate genes 312 

Gria3, Jip3, Nrp2, Pard6b, Phf6, Reelin and Srgap2 (Figure 5-figure supplement 1). 313 

Of these candidates, Pard6b and Phf6 were also >0.5-fold downregulated in a 314 

microarray screen of mRNAs affected by miR-128 overexpression in P19 315 

embryocarcinoma cells (data not shown). We concentrated on the Börjeson-316 

Forssmann-Lehmann Syndrome gene Phf6 based on its expression pattern in the 317 

embryonic VZ and SVZ  (Zhang et al. 2013; Voss et al. 2007) and the high degree of 318 

similarity between the reported Phf6 migration phenotype to our results with miR-128 319 

(Zhang et al. 2013).  320 
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To allow a direct comparison to the miR-128 expression pattern we performed in situ 321 

hybridizations at E14.5 and E16.5 for Phf6 mRNA and antibody staining for PHF6 322 

protein (Figure 5). Using a Phf6-specific LNA probe, at E14.5 Phf6 mRNA was 323 

detected throughout the cortex with particularly prominent expression in the 324 

intermediate zone (Figure 5A). At E16.5 Phf6 mRNA was also detected in the 325 

intermediate zone, but at a reduced level relative to the cortical plate, ventricular and 326 

subventricular zones (Figure 5B). Antibody staining was consistent with the mRNA 327 

expression patterns at both time points, and confirmed the presence of PHF6 protein 328 

in the IZ at E16.5 (Figure 5C and 5D). Taken together, these results indicate that 329 

PHF6 is expressed throughout the miR-128 negative regions of the VZ, SVZ and IZ 330 

at E14.5 and E16.5 (Figure 2B and 2C; Figure 2-figure supplement 3), and suggest 331 

that developmental regulation of PHF6 by miR-128 may occur in the domain of co-332 

expression in the cortical plate. 333 

The Phf6 mRNA contains three potential, conserved binding sites for miR-128 334 

(Figure 5-figure supplement 2). The sensitivity of the mouse 3’UTR to miR-128 was 335 

confirmed in a reporter assay upon co-expression of miR-128, with the response to 336 

pre-miR-128-2-RED greater than pre-miR-128-1-RED, as expected (Figure 5E). To 337 

determine if miR-128 can regulate endogenous Phf6 we used two cell lines, HeLa 338 

and HEK-293, that express Phf6 but not miR-128. In HeLa cells transfection with 339 

synthetic miR-128 led to a strong reduction in endogenous PHF6 protein. 340 

Transfection of two non-targeting miRNAs, let-7b or miR-125, had no effect (Figure 341 

5F). Similar results were obtained in HEK-293 cells. As controls we transfected with 342 

synthetic miRNAs for either let-7b, a non-targeting miRNA, or miR-124, a microRNA 343 

with one conserved binding site in the PHF6 3’UTR. Whereas let-7b had no effect, 344 

transfection with synthetic miR-128 consistently reduced PHF6 protein levels by an 345 

average of approximately 50% (Figure 5G, quantified in Figure 5H). Unlike miR-128, 346 

the reduction in PHF6 in response to miR-124 was not statistically significant, 347 

suggesting that the three predicted binding sites for PHF6 act cooperatively to 348 
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mediate stronger repression than the single site present for miR-124.  349 

To complement the in situ data, we used qRT-PCR to show that Phf6 mRNA levels 350 

show a reciprocal temporal relationship to miR-128, with levels highest in the 351 

embryonic cortex and an approximately 50% reduction between E16.5 and P3 352 

(Figure 5I, compare to the miR-128 profile in Figure 1A). A similar inverse 353 

relationship was observed during maturation of cultured embryonic cortical neurons. 354 

Phf6 mRNA was maximally expressed in the first two days of culture and declined 355 

with increasing time in culture (Figure 5K). Levels of miR-128 determined in parallel 356 

showed an inverse profile with levels increasing over time in culture (Figure 5L). 357 

Western blots confirmed the reduction in PHF6 expression at the protein level (Figure 358 

5J). 359 

Co-expression of the Börjeson-Forssmann-Lehmann Syndrome gene Phf6 rescues 360 

the migration defect caused by pre-miR-128-2 361 

Zhang et al. have shown that shRNA-mediated knockdown of Phf6 in the developing 362 

cortex led to a similar effect on radial neuronal migration and morphology as 363 

premature miR-128 expression (Zhang et al. 2013). To test if miR-128 might be 364 

acting via suppression of Phf6 we generated an expression plasmid containing the 365 

open reading frame of Phf6 linked to eGFP via an IRES sequence. As a negative 366 

control, we tested a similar construct containing the ORF of Nrp2, a known regulator 367 

of migration but weak miR-128 target (see Figure 5-figure supplement 1). 368 

Co-expression of NRP2 and pre-miR-128-2 after electroporation at E15.5 had no 369 

effect on the migration of cortical neurons assayed at P7 compared to expression of 370 

pre-miR-128-2 alone (data not shown). In contrast, co-expression of PHF6 and 371 

pre-miR-128-2 significantly reduced the number of ectopic neurons in the lower 372 

layers and promoted their migration into the upper layers (Figure 6A-C). 373 

Quantification of neuronal position at P7 confirmed that significantly more 374 

PHF6/miR-128 double-positive neurons reached the upper layers than those 375 
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expressing miR-128 alone (Figure 6C). These results suggest that precise timing of 376 

miR-128 expression is required to fine-tune the pro-migratory function of PHF6.  377 

Premature miR-128 expression reduces dendritic arbor complexity in upper layer 378 

neurons 379 

The results presented so far indicate that correct temporal control of miR-128 380 

expression is necessary to avoid interference with PHF6-mediated neuronal 381 

migration. We therefore wondered if this balance is also important for the maturation 382 

of neurons in the cortical plate. For these experiments electroporations were 383 

performed using the same conditions as in the migration experiments but analyzed at 384 

P15. We performed whole-cell patch-clamp recordings in combination with 385 

intracellular biocytin labelling of pyramidal cells located in layer II/III and compared 386 

control (Intron-RED), miR-128 gain-of-function (pre-miR-128-2-RED) and PHF6 387 

rescue (pre-miR-128-2-RED plus PHF6-GFP expression vectors) conditions (Figure 388 

7A).  389 

To determine the effect of miR-128 on neuronal morphology, individual dsRed+ upper 390 

layer neurons were reconstructed after staining for biocytin (Figure 7A and Figure 391 

7-figure supplement 1) and their dendritic complexity compared using Sholl analysis 392 

(Figure 7B). We observed a significant reduction in the number of dendritic 393 

intersections, a measure of dendritic complexity, in cells electroporated with 394 

pre-miR-128-2-RED compared to the Intron-RED control. The number of dendritic 395 

intersections was reduced approximately 37% for the proximal arbors 40 to 75 µm 396 

from the soma (Figure 7B). Co-electroporation of pre-miR-128-2-RED and 397 

PHF6-GFP largely counteracted this effect of miR-128. Compared to cells 398 

electroporated with pre-miR-128-2-RED alone, a statistically significant increase in 399 

intersection numbers was observed between 40 and 75 µm from the cell body. There 400 

was no significant difference in this parameter at any distance from the soma 401 

between control cells and cells co-expressing miR-128-2 and PHF6 (Figure 7B).  402 
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To confirm these results, we also performed Sholl analysis on layer II/III neurons at 403 

P21, comparing control (Intron-RED) and miR-128 gain-of-function 404 

(pre-miR-128-2-RED) conditions. In these experiments individual neurons were 405 

reconstructed after staining for dsRed to amplify the fluorescent signal (Figure 406 

7-figure supplement 2A-2C). Cells prematurely expressing miR-128 displayed a 407 

statistically significant decrease in proximal dendritic complexity throughout the area 408 

approximately 35 to 120 µm from the cell body compared to control (Figure 7-figure 409 

supplement 2D). Neither the length nor the orientation of the apical dendrites was 410 

noticeably affected. As an additional control, we also tested the less active 411 

pre-miR-128-1-RED expression construct. As expected, Sholl analysis of the 412 

resulting neurons yielded an intermediate phenotype that was not statistically 413 

different than control (Figure 7-figure supplement 2B and 2D). This result indicates 414 

that the reduction in dendritic complexity associated with premature miR-128 415 

expression persists after P15 and is therefore more likely due to interference with, as 416 

opposed to a delay in, dendritic outgrowth. 417 

In addition to morphological changes, whole-cell patch clamp recordings revealed 418 

differences in the intrinsic physiological properties of layer II/III pyramidal cells in 419 

response to miR-128 gain-of-function. After electroporation of pre-miR-128-2-RED 420 

the affected neurons had a significantly more depolarized resting membrane potential 421 

(VM) than cells electroporated with the Intron-RED control (VM= -64.6 ± 1.3 mV 422 

vs. -73.0 ± 1.4 mV, Figure 7C). Furthermore, neurons prematurely expressing 423 

miR-128 showed a steeper current-voltage relationship across a range of hyper- and 424 

depolarizing current pulses compared to control cells, an effect that can be primarily 425 

accounted for by their higher input resistance (203 ± 18 MΩ for pre-miR-128-2-RED 426 

vs. 161 ± 18 MΩ for Intron-RED, 26% change, Figure 7D and 7E). Because we found 427 

no difference in the membrane time constant between pre-miR-128-2 expressing 428 

cells and control cells (data not shown), the increased input resistance is most likely 429 

a consequence of the observed reduction in dendritic complexity (Figure 7B). 430 
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However, in combination with the depolarized membrane potential it may also 431 

indicate a reduction in basal membrane conductance mediated by potassium leak 432 

channels. In either case, in their sum these changes should lead to an increase in 433 

excitability. Indeed, we observed a reduction in the current required to trigger action 434 

potential discharge (rheobase) in pre-miR-128-2 expressing cells compared to 435 

control cells (79.3 ± 1.0 pA vs. 124.5 ± 12.8 pA, Figure 7F). Furthermore, 436 

pre-miR-128-2 expressing cells fired trains of action potentials (APs) at substantially 437 

higher frequencies (42 ± 4 Hz) in response to large depolarizing current pulses 438 

(250 pA, 500 ms), a 63% increase compared to control cells (26 ± 1 Hz, Figure 7G). 439 

Interestingly, in response to large hyperpolarizing pulses the miR-128 gain-of-440 

function neurons responded with an approximately 2-fold larger voltage sag than 441 

control neurons (5.6 ± 0.5 mV vs. 2.6 ± 0.2 mV, measured for -250 pA current pulses, 442 

Figure 7H). This suggests that during hyperpolarization an increase in HCN-mediated 443 

Ih currents may partially compensate the higher input resistance seen in the miR-128 444 

gain-of-function neurons. 445 

Using cells obtained from co-electroporations of pre-miR-128-2-RED and PHF6-GFP, 446 

we found that the effects of premature miR-128 expression on the 447 

electrophysiological properties of layer II/III neurons are for the most part mediated 448 

by PHF6. Neurons co-expressing PHF6 and pre-miR-128-2 had a VM 449 

of -70.5 ± 1.4 mV and an input resistance of 180 ± 16 MΩ, both comparable to that of 450 

control Intron-RED cells (Figure 7C and 7E). The current-voltage relationship, 451 

rheobase and the maximum AP discharge were also partially rescued by PHF6 co-452 

expression (35 ± 2 Hz at 250 pA, 500 ms, Figure 7D, 7F and 7G). The increase in the 453 

hyperpolarization-induced voltage sag was also partially reversed by PHF6 454 

(4.3 ± 0.8 mV), although it remained higher than in control neurons (Figure 7H). 455 

In summary, miR-128 misexpression during corticogenesis results in substantive 456 

changes in both the morphological and physiological properties of upper layer 457 

neurons.  With the exception of the voltage sag and rheobase, which were partially 458 
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compensated, the observed reductions in dendritic complexity and changes in 459 

intrinsic excitability were restored to control levels by co-transfection with PHF6.  460 
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Discussion 461 

By carefully analyzing the expression pattern of miR-128 during cortical 462 

development, we present evidence that miR-128 might be part of a regulatory switch 463 

required for the transition from migration to outgrowth, thereby promoting functional 464 

neuronal maturation. Based on the disparate temporal control of pre-miR-128-2 and 465 

miR-128, post-transcriptional mechanisms appear to contribute to the timing of 466 

miR-128 activity. Post-transcriptional regulation of miRNA biogenesis is believed to 467 

facilitate dynamic control over miRNA activity that may be required for cells to rapidly 468 

change their gene expression in response to developmental or environmental signals 469 

(Krol et al. 2010). Another possible advantage of post-transcriptional control is that it 470 

would allow the timing of miR-128 expression to be partly uncoupled from the 471 

regulation of Arpp21 transcription, the host mRNA for miR-128-2. One example of 472 

this in the nervous system is the ability of miR-26 to suppress its host gene Ctdsp2 473 

and allow differentiation of neural stem cells (Dill et al. 2012). There is evidence for a 474 

similar feedback relationship between miR-128 and Arpp21 in the adult brain during 475 

the suppression of fear-evoked memories (Lin et al. 2011). However, mice deficient 476 

in Arpp21 are viable and without a known defect in cortical development (Davis et al. 477 

2012; Rakhilin et al. 2004).  478 

The disparity we observe between pre-miR-128-2 expression and miR-128 479 

accumulation suggests that a delay in cytoplasmic DICER processing of the 480 

precursor contributes to the temporal control of miR-128. For several miRNAs, 481 

DICER cleavage is known to be inhibited by precursor-specific RNA binding proteins 482 

such as LIN28 in the case of let-7 and miR-9 or DHX36 for miR-134 (Rybak et al. 483 

2008; Bicker et al. 2013; Nowak et al. 2014). A different mechanism, sequestration 484 

by the circular RNA sponge CDR1, is thought to control miR-7 (Hansen et al. 2013; 485 

Memczak et al. 2013). The mechanism or mechanisms responsible for post-486 

transcriptional control of miR-128 remain to be determined, however, it appears to 487 

help restrict miR-128 accumulation to the cortical plate after neurogenesis and radial 488 
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migration have occurred. These observations prompted us to test the effects of 489 

premature miR-128 expression on radial migration.  490 

Neuronal migration is a complex process necessary for correct cortical lamination 491 

and the formation of functional neuronal networks. Previously, three brain-enriched 492 

miRNAs (miR-9, miR-132 and miR-137) have been implicated in the regulation of 493 

neuronal migration (reviewed in Evsyukova et al. 2012). miR-9 and miR-132 494 

cooperate as positive regulators of migration by preventing the expression of the 495 

transcription factor FOXP2 (Clovis et al. 2012). Similarly, in utero electroporation of 496 

miR-137 leads to increased migration of progenitors into the cortical plate due to the 497 

ability of miR-137 to stimulate neuronal differentiation (G. Sun et al. 2011). By 498 

contrast, we show that miR-128 is a negative regulator of migration and that the 499 

onset of miR-128 activity coincides with the termination of upper neuron migration. 500 

Manipulating the timing of miR-128 expression interferes with migration and cortical 501 

lamination, at least in part through regulation of the transcriptional repressor PHF6. 502 

Like miR-128, the Phf6 gene is restricted to vertebrates (Lower et al. 2002). Based 503 

on cross-species comparisons of predicted miR-128 binding sites available at the 504 

TargetScan website (Friedman et al. 2008), targeting of the Phf6 mRNA by miR-128 505 

appears to be enhanced in mammals (3 sites), opossum (3 sites) and platypus (2 506 

sites) compared to chicken or frog (no conserved sites). Within the nervous system, 507 

mutations in PHF6 have been detected in the developmental disorders Börjeson-508 

Forssmann-Lehmann (BFLS; OMIM 301900) and Coffin–Siris (CSS; OMIM 135900) 509 

syndromes (Wieczorek et al. 2013; Tsurusaki et al. 2012; Lower et al. 2002). BFLS is 510 

an X-linked recessive intellectual disability disorder associated with epilepsy and 511 

other developmental abnormalities. The phenotypic spectrum of CSS phenotypes 512 

overlaps BFLS and includes variable intellectual disability and developmental delay. 513 

CSS was recently shown to be associated with mutations in several components of 514 

SWI/SNF chromatin remodeling complexes in addition to PHF6, strongly suggesting 515 

a role for PHF6 in epigenetic regulation (Wieczorek et al. 2013; Tsurusaki et al. 2012; 516 

http://www.targetscan.org/
http://www.omim.org/entry/301900
http://omim.org/entry/135900
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Santen et al. 2012). Furthermore, biochemical evidence has linked PHF6 to several 517 

chromatin modifying complexes, including the nucleosome remodeling and 518 

deacetylation complex (NuRD) (Todd & Picketts 2012) and the Polymerase 519 

associated factor 1 complex (Paf1C) (Zhang et al. 2013). Paf1C has several known 520 

functions in histone modification, transcription initiation and termination (Jaehning 521 

2010).  522 

PHF6 and Paf1C have been implicated in the control of neuronal migration in the 523 

mouse. Knockdown of PHF6 during embryonic corticogenesis resulted in impaired 524 

upper layer neuron migration characterized by excessive branching of the leading 525 

process. Knockdown of PAF1 led to quantitatively similar effects on migration, 526 

suggesting that PHF6 acts in the context of Paf1C to facilitate migration (Zhang et al. 527 

2013). The reciprocal expression patterns we observe comparing miR-128 and PHF6 528 

during cortical development and neuronal growth in vitro suggest that miR-128 is a 529 

significant regulator of PHF6. We also show that the effect of miR-128 on the 530 

morphology and final distribution of migrating upper layer progenitors is similar to that 531 

reported after PHF6 knockdown (Zhang et al. 2013). Moreover, co-expression of 532 

PHF6 and miR-128 alleviated this phenotype, indicating that miR-128 is a 533 

physiological regulator of PHF6 during corticogenesis. The regulation of SWI/SNF-534 

complex subunit composition by miR-124 provides a precedent for temporal control 535 

of epigenetic modifiers by miRNAs during neurogenesis (Ronan, et al. 2013). By 536 

regulating PHF6, miR-128 may play a similar role for Paf1C or the NuRD complex 537 

later in neuronal differentiation. Because premature miR-128 expression inhibited 538 

and miR-128 inhibition exaggerated radial migration, the miR-128/PHF6 circuit may 539 

play a role in how migrating neurons interpret their position, whether in response to 540 

an internal clock, external cues or cell-cell interactions. 541 

Our results suggest that regulation of PHF6 by miR-128 is important for two 542 

interdependent aspects of upper layer neuron maturation in the cortical plate. We 543 

show for the first time that miR-128 and PHF6 cooperate in the regulation of dendritic 544 
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arborization of upper layer neurons. Electrophysiological recordings also show that 545 

the balance between miR-128 and PHF6 influences cell autonomous excitability. 546 

PHF6 knockdown has previously been shown to increase the excitability of 547 

heterotopic neurons that were retained in the white matter due to impaired migration 548 

(Zhang et al. 2013). Although this finding offers a potential explanation for the 549 

cognitive deficits and seizure activity observed in BFLS and CSS, the underlying 550 

mechanisms are not yet understood. Comparing the intrinsic properties of neurons 551 

expressing either ectopic miR-128 alone or miR-128 together with PHF6, we found 552 

that much, but not all, of the difference in intrinsic electrophysiological properties may 553 

be directly related to the effects on structural complexity. Layer II/III neurons 554 

expressing miR-128 prematurely had reduced complexity of their dendritic arbor, with 555 

the most apparent differences observed in their proximal dendrites. This reduction in 556 

dendritic complexity was rectified by co-expression of PHF6 and miR-128. 557 

Electrophysiological recordings further showed that the input resistance of recorded 558 

neurons was increased following miR-128 expression, as would be expected from a 559 

reduction in dendritic complexity. Interestingly, premature miR-128 expression also 560 

led to a more depolarized resting membrane potential than control cells. This is 561 

unlikely to be a direct effect of the morphological changes, and may reflect a 562 

reduction in hyperpolarizing leak currents. The net effect of the physiological changes 563 

induced by miR-128 was an increase in excitability, reflected by a reduced rheobase 564 

and increased firing frequency in response to depolarizing currents. In addition, 565 

exogenous PHF6 dampened the effects of miR-128 for all parameters tested. Thus, 566 

neuronal excitability is highly sensitive to the precise timing of miR-128 expression 567 

and subsequent repression of PHF6 during network formation in vivo. The lack of 568 

complete rescue of some parameters by PHF6, however, indicates that additional 569 

regulatory targets of miR-128 may contribute to some of the physiological effects we 570 

see in post-migratory neurons.  571 
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It is interesting to compare our gain-of-function results in cortical neurons to the 572 

phenotype observed upon targeted deletion of miR-128 in dopamine responsive 573 

neurons of the striatum (D1 neurons) (Tan et al. 2013). Loss of miR-128 resulted in 574 

heightened excitability that was attributed to the upregulation of ion channels and 575 

signal transduction pathways that occurred in the absence of miR-128. In contrast to 576 

D1 neurons, there were no significant differences in either the amplitude or the 577 

frequency of postsynaptic IPSCs or EPSCs in the cortical neurons we analyzed. 578 

Therefore, the regulatory impact of miR-128 may depend on the region and the 579 

developmental time point under investigation.  580 

We identify a regulatory interaction between miR-128 and PHF6 that is critical for the 581 

proper migration and dendritic outgrowth of upper layer neurons in the developing 582 

mouse cortex. These results may have significant relevance for the understanding of 583 

cognitive deficits and seizure susceptibility in human patients with mutations in PHF6, 584 

and highlight the importance of correct temporal regulation of miR-128 for the 585 

establishment of the cortical architecture.  586 
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Materials and methods 587 

Animals 588 

FMR1 mice were obtained from Charles River, C57Bl/6 mice from the 589 

Forschungseinrichtungen für Experimentelle Medizin, Berlin. Animals were handled 590 

according to the rules and regulations of the Berlin authorities and the animal welfare 591 

committee of the Charité Berlin, Germany. 592 

 593 

Molecular Biology Reagents and Procedures 594 

The expression constructs pre-miR-128-1-RED and pre-miR-128-2-RED contain the 595 

respective mouse pre-miRNA sequences together with ≈ 300 bp upstream and 596 

downstream flanking sequences inserted into Intron-RED, the plasmid pEM-157 597 

containing an engineered intron in dsRed (Makeyev et al. 2007). The PHF6 sensor 598 

construct contains the entire 3’UTR present in NM_032458 cloned downstream of 599 

eGFP in a modified peGFP-C1 vector (Rybak et al. 2008). The miRNA sensor assay 600 

has been described in detail previously (Rybak et al. 2008). The PHF6 expression 601 

construct contains the PHF6 cDNA cloned into the XhoI and EcoRI restriction sites 602 

present upstream of an IRES-GFP cassette in the vector pRS003. PHF6 expression 603 

is documented in Figure 5-figure supplement 3. Sponge design and cloning strategy 604 

and are described in Rybak et al. (Rybak et al. 2008). Sixteen high affinity binding 605 

sites were inserted between the SalI and XhoI ones sites in a modified 3’UTR of 606 

peGFP-N1. The repeated sequence is shown in Supplemental File 1, as are primer 607 

sequences used for all plasmid constructs. 608 

RNA was isolated from dissected forebrain/cortex of the embryonic and post-natal 609 

stages and adult brain, from cultured cortical neurons or from transfected HEK-293 610 

cells (Lipofectamine 2000) using TRIzol® (Life Technologies) according to 611 

manufacturer’s instruction. For qRT-PCR of mRNA, cDNA was synthetized using 612 

RevertAid Premium Reverse Transcriptase (Thermo Scientific) followed by 613 

http://web-fem.charite.de/
http://www.targetscan.org/cgi-bin/targetscan/vert_61/view_gene.cgi?taxid=9606&rs=NM_032458&members=&showcnc=0&shownc=0&showncf=
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amplification using RT2 SYBR Green (Sabio Sciences) according to manufacturer’s 614 

instructions. GAPDH was used for normalization of primary cortical neuron samples 615 

and Oaz1 for brain samples. Quantification of miRNA expression made use of 616 

miRNA TaqMan Assays for miR-128 normalized against sno135 (Probe Set 617 

ID:000589 and ID:1230, Life Technologies).  618 

Western blotting followed standard procedures using HeLa, HEK-293 or primary 619 

cortical lysates prepared in 1% NP-40, 20 mM Hepes pH 7.9, 350 mM NaCl, 1 mM 620 

MgCl2, 0.5 mM EDTA, 0.5 mM EGTA, 50 mM NaFl, 1 mM DTT with the addition of 621 

protease inhibitor cocktail set I (Calbiochem). An ImageQuant LSA 4000mini (GE 622 

Healthcare) was used for detection, quantification by normalization to loading 623 

controls was done using Fiji software.  624 

 625 

Northern Blots 626 

Electrophoresis and blotting are described in Rybak et al., 2009; Smirnova et al., 627 

2005. For hybridization 20 µM LNA probe (Exiqon) was radioactively labeled using 628 

60 µCi [gamma32-P] ATP and T4 Polynucleotide Kinase (Fermentas). The labeled 629 

probes were diluted in 5 ml hybridization buffer (250 mM Na2HPO4 (pH 7.2), 7% 630 

SDS, 1 mM EDTA, 1% BSA). The membrane was incubated in a rotating 631 

hybridization oven at 46 ˚C and then washed twice in 2xSSPE, 0.1% SDS and twice 632 

in 0.5xSSPE 0.1% SDS. The signal was detected by autoradiography. 633 

 634 

In situ hybridization 635 

In situ hybridization was performed using 5’ and 3’ digoxygenin labeled LNA probes 636 

(Exiqon) essentially as described in (Silahtaroglu et al. 2007). Embryonic and early 637 

postnatal brain tissue was collected at the appropriate stage and fixed overnight in 638 

4% PFA, adult brain tissue was collected after perfusion. The tissue was hybridized 639 

with double digoxigenin labelled LNA probes (Exiqon) at the suggested hybridization 640 

temperature. Anti-digoxigen antibodies and any primary antibodies to detect proteins 641 
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of interest were incubated simultaneously overnight at 4°C. Protein detection was 642 

performed first with appropriate labeled secondary antibodies followed by the 643 

enzymatic reaction to detect the miRNA. NBT/BCIP (Roche tablets) or Fast red 644 

(Roche tablets) were used, according to manufacturer’s instructions, to detect 645 

miRNAs for bright field or fluorescence microscopy, respectively. 646 

For Phf6 mRNA detection the tissue was hybridized at the suggested temperature 647 

using a custom LNA probe (Exiqon, see Table 1) with 5’ biotin and 3’ biotin-TEG 648 

labels. Anti-streptavidin-HRP antibody (1:500) was incubated overnight at 4°C. Then 649 

the Tyramide Signal Amplification (TSA)-Cyanine 3 system (Perkin Elmer) was used 650 

according to manufacturer’s instructions: the fluorophore was diluted 1:50 in 651 

Amplification buffer and developed in the dark for 7 minutes.  652 

 653 

Nissl staining 654 

Cryosection were incubated in potassium sulfide solution (50% Potassium disulfide 655 

dissolved in water) for 15 minutes, washed twice in water and incubated in cresyl 656 

violet solution (1.5% cresyl violet dissolved in acetate buffer) for 30 minutes. Slices 657 

were washed for 1 minute in Acetate buffer (0.01 M Sodium acetate, 0.01 M Acetic 658 

acid), 30 seconds in Differentiation buffer (500 ml water, 700 µl Acetic acid) and 659 

rinsed once in water. The slides were dehydrated and mounted.  660 

 661 

Fluorescent intensity measurement 662 

After in situ hybridization, using the NBT/BCIP detection method, the sections were 663 

imaged using an Olympus BX51 microscope and 40x objective. The colors of the 664 

bright field image were inverted in Fiji and the resulting image was used to measure 665 

the fluorescent intensity. The area of interest was contoured using the Polygon 666 

selection tool. The integrated density, mean fluorescence and the area were 667 

measured. In the same image an unstained region was contoured and measured for 668 
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background substraction. The corrected total cell fluorescence (CTCF) was 669 

calculated using the formula: 670 

CTCF = Integrated density - (area of selected region * mean of background). The 671 

fluorescence of IZ and VZ/SVZ were normalized to the fluorescence of the CP in 672 

each image. The normalized values were used for the analysis. At least three slices 673 

per brain and three brains per condition were analyzed. The statistical test used was 674 

One-Way ANOVA. 675 

 676 

PHF6 antibody staining 677 

Embryonic brain tissue was collected at the appropriate stage and fixed in 2% PFA 678 

for 6 hours. Cryosections were not post-fixed but directly incubated in blocking buffer 679 

(1xPBS, 0.25% Triton X, 0.1% Tween 20, 3% BSA). The sections were incubated 680 

overnight at 4˚C with anti-PHF6 antibody (BETHYL A301-451A 1:100). Antibody 681 

specificity is documented in Figure 5-figure supplement 3A. For the detection the 682 

tissue was incubated for 1 hour at room temperature with anti-rabbit secondary 683 

antibody-HRP conjugate followed by TSA Cyanine 3 system detection according to 684 

manufacturer’s instructions (Perkin-Elmer). The fluorophore was diluted 1:50 in 685 

Amplification buffer and developed in the dark for 7 minutes. 686 

 687 

In utero electroporation 688 

In utero electroporation of NMRI mice was performed as described in (Saito 2006) 689 

with minor modifications. A 300 ng/µl solution of pre-miR-128-1-RED, 690 

pre-miR-128-2-RED or control Intron-RED plasmids and/or IRES-GFP control or 691 

PHF6-GFP vector at 150 ng/µl was injected in one lateral ventricle. E15.5 embryos 692 

were electroporated using 6 pulses of current at 35 mV. The resulting embryos or 693 

pups were processed for immunohistochemistry (migration analysis, marker 694 

detection) or electrophysiology.  695 

 696 
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Migration analysis  697 

The migration analysis was assessed at P7 on 50 µm brain slices. The slices were 698 

collected from the beginning of the corpus callosum to the middle of the 699 

hippocampus. Floating slices were stained for detection of dsRed  (Abcam ab62341 700 

at 1:150) and GFP (Abcam ab13970 at 1:500). The primary antibodies were 701 

dissolved in blocking solution (1x PBS, 0.25% Triton-X, 0.1% Tween-20, 3% BSA). 702 

The slices were incubated in primary antibody overnight at room temperature with 703 

shaking. Secondary antibodies were incubated 2h at room temperature on a shaker. 704 

The mounted sections were imaged using a Leica SL confocal microscope with a 10x 705 

objective. A grid consisting of 10 bins was applied to the images, positioning the 706 

beginning of the first bin at the beginning of layer II and the end of the tenth bin at the 707 

end of layer VI, as determined by visual analysis of nuclear staining (DRAQ5), 708 

essentially as described (Rosário et al., 2012). When necessary more than one 709 

adjacent grid was applied to cover the entire electroporated region. Neurons within 710 

each bin were counted using the Cell counter plugin for Fiji. An average of 5 sections 711 

from at least 3 independent brains per condition were analyzed. The number of 712 

neurons in each bin was normalized first for individual brains and then the normalized 713 

value was used as n=1 per condition. The data were analyzed in Prism 5.0 using 714 

Two-way ANOVA. 715 

 716 

Layer marker detection and counting 717 

Intron-RED and pre-miR-128-2-RED electroporated pups from the same litter were 718 

analyzed at P0 (born E20). 10 µm cryosections were stained for dsRed (Abcam 719 

ab62341 1:150), Cux1 (Santa Cruz sc-13024 1:150) and Ctip2 (Abcam ab18465 720 

1:500). The slices were imaged using a Leica SL confocal microscope with 40x 721 

objective. Using the Cell Counter plugin for Fiji both the total number of 722 

electroporated neurons in the cortical plate and the number of electroporated 723 

neurons positive for either Cux1 or Ctip2 was counted. The number of neurons 724 
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positive for the layer marker was normalized to the total number of electroporated 725 

neurons. Three independent brains electroporated with pre-miR-128-2-RED and one 726 

brain electroporated with Intron-RED were analyzed and for each layer marker at 727 

least three slices per brain were counted.  728 

 729 

P0 migration morphology 730 

The analyzed P0 brains (born E19) from Intron-RED + pRS003 (n=3) and 731 

pre-miR-128-2-RED (n=4) electroporated animals were from the same litter. 60 µm 732 

sections were stained for dsRed  (Abcam ab62341 1:150) and GFP (Abcam ab13970 733 

1:500). Nuclear staining was obtained with DRAQ5 (Biostatus). Images were taken 734 

using a Leica SL confocal microscope. The overview was taken as a single image 735 

with 10x objective. Images for reconstruction of migrating neurons were taken with a 736 

40x objective and a 1 µm step Z-stack. The deep layers were defined using nuclear 737 

stain and a pool of migrating neurons within the deep layers was reconstructed using 738 

the Fiji plugin Simple Neurite tracer. The number of branches and filopodia 739 

(excluding the trailing process) was counted. To distinguish between branch and 740 

filopodium a cut-off of 5 µm was used. 741 

 742 

Electrophysiological recording 743 

Electrophysiological recording: 744 

Acute brain slices were prepared from P15 mice after electroporation as described in 745 

the text. Slice preparation, recordings, visualization of the neurons and data analysis 746 

were performed as described previously (Booker et al., 2013). In brief, 300 μm thick 747 

coronal slices including the somatosensory cortex were prepared in ice-cold 748 

carbogenated sucrose-substituted artificial cerebrospinal fluid (ACSF; in mM: 749 

87 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 75 sucrose, 7 MgCl2, 750 

0.5 CaCl2, 1 Na-Pyruvate, 1 Ascorbic Acid), left to recover at 35°C for 30 minutes, 751 

then stored at room temperature. 752 
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Whole-cell patch clamp recordings were performed in a submerged recording 753 

chamber superfused with carbogenated recording ACSF (in mM: 125 NaCl, 2.5 KCl, 754 

25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 1 MgCl2, 2 CaCl2, 1 Na-Pyruvate, 755 

1 Ascorbic Acid) at 32-34ºC, from visually identified GFP-positive neurons within the 756 

electroporated region of the somatosensory cortex, using a Multiclamp 700B 757 

amplifier (Molecular Devices, USA). Patch pipettes were filled with a K-gluconate 758 

based intracellular solution (in mM: 130 K-Gluc, 10 KCl, 2 MgCl2, 10 EGTA, 759 

10 HEPES, 2 Na2-ATP, 0.3 Na2-GTP, 1 Na2-Creatinine and 0.1% biotinylated-lysine 760 

(Biocytin, Invitrogen, UK), pH 7.3, 290 – 310 mOsm), resulting in a pipette resistance 761 

of 2-5 MΩ. Voltage signals were digitized at 10 kHz (NI-DAQ, National Instruments, 762 

Newbury, UK), acquired with WinWCP software (J. Dempster, Strathclyde University) 763 

and analysed offline using Stimfit (C. Schmidt-Hieber; http://www.stimfit.org).  764 

The intrinsic physiology of neurons was characterized in current-clamp mode, with a 765 

family of hyperpolarizing to depolarizing current pulses (-250 to 250 pA, 50 pA steps, 766 

500 ms duration); determining the current-voltage relationship, Ih mediated voltage 767 

sag and action potential (AP) discharge frequency. Small hyperpolarizing current 768 

pulses (-10pA, 500ms duration) were applied to assess the input resistance (RI) of 769 

the recorded neurons. Membrane potential (VM) was calculated as the 50 ms 770 

baseline prior to the small hyperpolarizing step.  771 

Following intrinsic characterization, outside-out patches were formed and biocytin 772 

was allowed to fill the cell for an additional 15 minutes. Slices were immersion fixed 773 

in 4% formaldehyde in 0.1 M phosphate buffer (PB) overnight at 4°C. Slices were 774 

copiously rinsed in PB and the filled cells visualized with Avidin-conjugated Alexa-775 

Fluor-647 (Invitrogen; 1:1000), in PB containing 0.3% Triton X-100 and 0.05% NaN3, 776 

overnight at 4°C. Slices were subsequently rinsed in PB and mounted on glass 777 

slides, with a 300 μm agar spacer to prevent compression of the slices after cover-778 

slipping. The slices were imaged using Leica SL confocal (1024x1024 resolution) 779 

using x20 objective and 200 Hz speed. The step between stacks was 1 µm. 780 

http://www.stimfit.org/
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 781 

Neuronal reconstruction and morphometric analysis 782 

For analysis at P0 60 µm slices were prepared from single litters of electroporated 783 

animals and processed for immunostaining with dsRed and eGFP antibodies plus 784 

DRAQ5 nuclear stain. Images were taken using a Leica SL confocal microscope, for 785 

reconstruction a 40x objective and Z-stack step of 1 µm was used. Nuclear staining 786 

was used to identify the deep layers of the cortical plate, individual neurons were 787 

reconstructed with the Fiji plugin Simple Neurite tracer. Quantification was essentially 788 

as described in (Guerrier et al. 2009). For analysis at P21 electroporated animals 789 

were sacrificed, perfused and 100 µm slices were prepared. Electroporated neurons 790 

were visualized by staining with dsRed antibody. Z-stack images were taken with an 791 

inverted epifluorescence microscope (Olympus IX81) with a 1 µm stack and 792 

reconstructed as above. For P15 neurons, after recording outside-out patches were 793 

formed and cells were filled with biocytin for 15 min. After overnight fixation by 794 

immersion in 4% formaldehyde in 0.1 M phosphate buffer (PB) at 4°C, the filled cells 795 

visualized with Avidin-conjugated Alexa-Fluor-647 (Invitrogen; 1:1000), in PB 796 

containing 0.3% Triton X-100 and 0.05% NaN3, overnight at 4°C. After rinsing in PB 797 

and mounting on glass slides with a 300 μm agar spacer the slices were imaged 798 

using a 20x objective and a Leica SL confocal microscope at 200 Hz. The step 799 

between stacks was 1 µm at a resolution of 1024x1024. Neurons were reconstructed 800 

using the Simple Neurite Tracer plugin. Sholl analysis was performed on 3-D 801 

reconstructions using the Sholl analysis plugin for Fiji. The radius of the first 802 

concentric sphere was set at 7.5 µm and the increase between radii was 5 µm. The 803 

data set for Sholl analysis at P15 and P21 are provided in Supplemental File 1 and 804 

Supplemental File 2, respectively. 805 

 806 

Statistical analysis 807 
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Statistical analysis was performed using Prism 5.0, when indicated multi-group 808 

comparisons were analyzed by Two-way ANOVA with the Bonferroni posttest; when 809 

comparing two groups a Student’s unpaired t-test was employed as indicated in each 810 

legend. Significance is denoted in the Figures as: ***p < 0.001; **p < 0.01; *p < 0.05; 811 

ns, not significant.   812 
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Figure legends 961 

 962 

Figure 1 963 

pre-miR-128-2 expression precedes miR-128. 964 

Northern blots of RNA from embryonic and adult mouse brains. RNA from the stages 965 

indicated above each lane was hybridized with probes specific for miR-128 (A); 966 

pre-miR-128-2 (B); and U6 (C) as loading control. The position of precursor RNAs is 967 

indicated with a filled arrow, the ~21 nt miRNA with an open arrow. The portion of the 968 

filter corresponding to ~15 to 100 nt is shown. The pre-miR-128-2 sequence is 969 

depicted in (D), showing the 21 nt mature sequence that is targeted by the anti-miR-970 

128 LNA probe (underlined) and the sequence complementary to the anti-precursor 971 

hybridization probe (red). 972 

 973 

Figure 2 974 

Post-transcriptional regulation determines the developmental expression 975 

pattern of miR-128. 976 

(A) Coronal section at E12.5 displaying embryonic telencephalon (scale bar 500µm). 977 

Precursor staining is apparent throughout the dorsal and ventral telencephalon 978 

(middle) in the absence of miR-128 signal (left). Nissl staining is presented for 979 

comparison (right). 980 

(B and C) Coronal sections at E14.5 (B) and E16.5 (C) displaying the developing 981 

cortex stained for miR-128, pre-miR-128-2 or miR-124 as indicated. DRAQ5 staining 982 

of each section is provided for orientation. miR-128 expression is restricted to the CP 983 

at E14.5  and E16.5 (left panels) whereas pre-miR-128-2 is expressed ubiquitously 984 

from the MG to the VZ (middle panels). At E16.5 miR-128 expression within the CP 985 

shows a shallow gradient: stronger in the deep (D) compared to the upper layers (U). 986 

miR-124 (right) expression is detected in CP and in some cells in the IZ. Nuclear 987 

staining is obtained with DRAQ5. Scale bar 100µm. 988 
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(D) Quantification of microRNA expression at E14.5 in VZ/SVZ and IZ normalized to 989 

CP (as described in Materials and methods). miR-128 (gray bars) expression is 990 

highest in the CP with a reduction in IZ (4-fold) and VZ/SVZ (2-fold). pre-miR-128-2 991 

(dark bars) expression is higher in the VZ/SVZ (almost 3-fold) and in IZ (1.5-fold) 992 

relative to the CP. miR-124 (white bars) is expressed in the CP and in the IZ (≈60% 993 

of the CP intensity), single positive neurons are detectable.  994 

(E) Quantification of microRNA expression at E16.5 as in (D) except the CP has 995 

been divided into upper (U) and deeper (D) regions using DRAQ5. miR-128 (gray 996 

bars) is expressed mainly within the CP with 9-fold lower expression in the VZ/SVZ 997 

and IZ, and is enriched in deeper compared to upper layer neurons in the CP. 998 

pre-miR-128-2 (dark bars) expression is higher in the VZ/SVZ and in IZ (1.5-fold) 999 

compared to the CP and it is evenly distributed between upper and deeper layers. 1000 

Relative distribution of miR-124 is similar to E14.5: the IZ 10-fold higher than the 1001 

VZ/SVZ. Representative false color images used for quantification are shown in 1002 

Figure 2-figure supplement 3. 1003 

Three brains per condition were analyzed. One-way ANOVA comparing miR-128 and 1004 

either pre-miR-128-2 or miR-124 was performed with Bonferroni post-test. *p<0,05 1005 

***p<0.001 1006 

MG: marginal zone, CP: cortical plate, IZ: intermediate zone, SVZ: subventricular 1007 

zone, VZ: ventricular zone, U: upper cortical plate, D: deeper cortical plate. 1008 

 1009 

Figure 3 1010 

miR-128 misexpression impairs neuronal migration. 1011 

(A) Representative brain sections of P7 mice showing intron-RED control (left), 1012 

pre-miR-128-1-RED (middle), pre-mir-128-2-RED (right) after in utero electroporation 1013 

at E15.5. Sections were processed for staining with DRAQ5 to reveal nuclei and anti-1014 

RFP antibody to reveal electroporated cells. On the right side of each picture the 1015 
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position of the bins used to assess migration is shown (see Materials and methods). 1016 

Scale bar represent 50µm. 1017 

(B) Percent of total counted neurons present in each bin is plotted. Data are from 3 to 1018 

4 mice per condition. Two-way ANOVA with Bonferroni post-test, error bars represent 1019 

Standard deviation. *p<0,05 **p<0.01, ***p<0.001. Electroporation of pre-miR-128-2 1020 

(white bars) but not pre-miR-128-1 (grey bars) caused a shift from uppermost layers 1021 

(Bin1) to lower layers (Bin 3) compared to control (black bars). 1022 

(C) Quantification of P0 electroporated neurons expressing the upper layer marker 1023 

Cux1 or the layer V marker Ctip2. Electroporation of pre-miR-128-2-RED (gray bars) 1024 

does not change the cell fate compared to control (black bars).  1025 

(D-E’) Representative brain sections of P0 mice, analyzed in (C), stained for dsRed 1026 

to show pre-miR-128-2-RED electroporated cells (red, D and D’) and Intron-RED (red, 1027 

E and E’). In (D) and (E) sections were co-stained for the layer II-IV marker Cux1 in 1028 

blue. In (D’) and (E’) sections were co-stained for the layer V marker Ctip2 in blue. 1029 

Neighboring images show higher magnification views of boxed regions of interest. In 1030 

(D) and (E) from top to bottom: pre-miR-128-2 (red, D) or control (red, E), Cux1 1031 

(blue) and merged view. In (D’) and (E’) from top to bottom: pre-miR-128-2 (red, D’) 1032 

or control (E’), Ctip2 (blue) and merged view. Scale bars 20 μm or 5 μm. Arrow- 1033 

heads in (D and E) mark dsRED+/Cux1+ migrating cells. Empty arrowhead in (D’ and 1034 

E’) marks a dsRED+/Ctip2- cell situated in layer V. 1035 

 (F) Representative brain sections of P7 mice showing the control eGFP construct 1036 

(left) and the miR-128 sponge (right) after in utero electroporation at E15.5. Sections 1037 

were processed for staining with DRAQ5 to reveal nuclei and anti-GFP antibody to 1038 

reveal electroporated cells. On the right side of each picture the position of the bins 1039 

used to assess migration is shown (see Materials and methods). Scale bar represent 1040 

50µm. 1041 

(G) Percent of total counted neurons present in each bin is plotted. Data are from 3 1042 

to 5 mice per condition. Two-way ANOVA with Bonferroni post-test, error bars 1043 
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represent Standard deviation ***p<0.001. Electroporation of the miR-128 sponge 1044 

caused a shift from Bins 2-3 to Bin 1 (light green bars) compared to control (dark 1045 

green bars). 1046 

 1047 

Figure 4 1048 

Neurons misexpressing miR-128 show impaired radial morphology.  1049 

(A and B) P0 sections from littermates electroporated at E15.5 with control 1050 

Intron-RED (A) or pre-miR-128-2-RED (B) expression constructs. Sections were 1051 

stained for dsRed to reveal electroporated cells, rendered in black and white. Red 1052 

lines indicate the boundaries of the deep layers of the cortical plate, as determined 1053 

by nuclear staining (not depicted).  1054 

(C) Reconstructed migrating neurons sampled from the deep layers (red lines in A 1055 

and B). Upper row shows Intron-RED control neurons, bottom row shows 1056 

pre-miR-128-2-RED electroporated neurons. 1057 

(D) Box plot of total branch (upper graph) and filopodia (lower graph) number per 1058 

reconstructed neuron. (58 neurons from 3 Intron-RED brains and 67 neurons from 5 1059 

pre-miR-128-2-RED brains were analyzed, significance determined with an unpaired 1060 

Student’s t test *p<0.05 **p<0.01). 1061 

 1062 

Figure 5 1063 

Regulation of PHF6 by miR-128. 1064 

(A and C) Phf6 mRNA (A) and protein (C) expression domains in E14.5 brain are 1065 

comparable with mRNA and protein present in the VZ, SVZ and IZ. The nuclear 1066 

marker DRAQ5 allows the visualization of the brain subregions. Antibody specificity 1067 

is documented in Figure 5-supplemental figure 3A. 1068 

(B and D) Phf6 mRNA (B) and protein (D) in E16.5 brain section is localized to the 1069 

CP, IZ as well as to the SVZ and VZ. mRNA and protein expression are comparable. 1070 

The nuclear marker DRAQ5 allows the visualization of brain subregions. Scale bar 1071 



Franzoni et al.  miR-128 in cortical development 
 

43 

50µm. CP: cortical plate, SP: subplate, IZ: intermediate zone, SVZ: subventricular 1072 

zone, VZ ventricular zone. 1073 

(E) Reporter assay on the Phf6 3’UTR, cloned in an eGFP plasmid. 1074 

pre-miR-128-RED expression constructs and Intron-RED control were co-transfected 1075 

with the GFP-Phf6-3’UTR sensor plasmid in HEK-293 cells. The GFP Mean 1076 

Fluorescent Intensity (MFI) of miR-128/Phf6-3’UTR expressing cells is normalized to 1077 

the GFP MFI of control/Phf6-3’UTR expressing cells. One-Way ANOVA with 1078 

Bonferroni post-test, error bars represent Standard deviation *p<0.01, **p<0.05. 1079 

F) Representative Western blot of extracts from HeLa cells transfected with 1080 

scrambled control, miR-128, let-7b or miR-125 synthetic miRNA mimics, as indicated. 1081 

miR-128 has three, miR- let-7b and miR-125 no predicted binding sites in the Phf6 1082 

3’UTR. Upper panel shows signal for endogenous PHF6 protein, lower panel GAPDH 1083 

as loading control. 1084 

(G) Representative Western blot of extracts from HEK-293 cells transfected with 1085 

scrambled control, miR-128, let-7b or miR-124 synthetic miRNA mimics, as indicated. 1086 

miR-128 has three, miR-124 one and let-7b no predicted binding sites in the Phf6 1087 

3’UTR. Upper panel shows signal for endogenous PHF6 protein, lower panel Vinculin 1088 

as loading control as indicated to the right. 1089 

(H) Quantification of PHF6 protein levels relative to Vinculin, as shown in (F). 1090 

miR-128 expression reduced PHF6 protein levels approximately 50% compared to 1091 

the let-7b control (average of 3 independent experiments, *p<0.01 One-Way ANOVA, 1092 

error bars represent Standard deviation). 1093 

(I) qRT-PCR for Phf6 mRNA from staged mRNA samples between E12.5 and Adult. 1094 

Phf6 expression was normalized to the reference mRNA Oaz1. Average of 3 1095 

independent experiments, error bars show Standard deviation. 1096 

  (J) Western blot of PHF6 protein levels in primary cortical neurons cultured for the 1097 

indicated days in vitro (DIV). 1098 
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(K) qRT-PCR for Phf6 mRNA performed on primary cortical neurons, DIV as 1099 

indicated. Phf6 expression was normalized to the reference mRNA GAPDH. 1100 

(Average of 3 independent experiments, error bars represent Standard deviation). 1101 

(L) TaqMan qPCR for miR-128 was performed on the same RNA samples as in 1102 

Panel J. Expression level was normalized to sno135 RNA (Average of 3 independent 1103 

experiments, error bars represent Standard deviation). 1104 

 1105 

Figure 6 1106 

 PHF6 rescues the migration defect caused by pre-miR-128-2. 1107 

(A and B) Brain sections of P7 mice electroporated at E15.5 with 1108 

pre-miR-128-2-RED (A) or pre-miR-128-2-RED plus PHF6-GFP expression 1109 

constructs (B). Sections were stained for dsRed and GFP to reveal electroporated 1110 

cells. The position of bins used to quantify migration is shown on the right. Scale bar 1111 

represents 50 µm. Cortical layers are labelled on the left, as determined by nuclear 1112 

staining (not depicted).  1113 

(C) Number of neurons in each bin was determined and expressed as the per cent 1114 

contained in upper layers (Bin 1-4) vs. deeper layers (Bin 5-10). (Five mice analyzed 1115 

per condition. Significance determined by Two-way ANOVA with Bonferroni post-test 1116 

**p<0.01, error bars represent the Standard deviation) 1117 

 1118 

Figure 7 1119 

miR-128 and PHF6 regulate dendritic complexity and intrinsic excitability. 1120 

(A) Cells from electroporations using either Intron-RED (left), pre-miR-128-2-RED 1121 

(middle), or pre-miR-128-2-RED plus PHF6-GFP (right) were recorded and filled. 1122 

Representative reconstructed neurons (top) and their voltage responses to a family 1123 

of current pulses (bottom) are shown. Compared to Intron-RED control, AP discharge 1124 

is increased by pre-miR-128-2-RED and intermediate upon co-expression of 1125 

pre-miR-128-2-RED and PHF6-GFP.  1126 
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(B) Sholl analysis of filled and reconstructed neurons, from Intron-RED (open circles, 1127 

n=7 cells), pre-miR-128-2-RED (gray, n=9 cells) and pre-miR-128-2-RED plus 1128 

PHF6-GFP (blue, n=9 cells) electroporated neurons. Error bars represent standard 1129 

error of the mean.  1130 

(C, E-H) Summary bar charts of intrinsic physiological properties: Membrane 1131 

potential (VM C), Input resistance (RI E), Rheobase (F), Action Potential (AP) 1132 

frequency (G) and voltage sag (H). Colors as in (B), bars are overlain by data from 1133 

individual cells.  1134 

(D) Current-voltage relationship for the three groups of electroporated neurons, color 1135 

scheme as in (B). Note the steep curve for pre-miR-128-2-RED neurons, and 1136 

partially recovered RI relationship for PHF6 rescue neurons. 1137 

Statistics: ns – P>0.05, * - P<0.05, ** - P<0.01, *** - P<0.001, Two-way ANOVA for 1138 

graph in (B) and Mann-Whitney non-parametric test for graphs in C, E-H. 1139 

  1140 
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Legends for Figure supplements 1141 

Figure 1-figure supplement 1 1142 

Relative activity of pre-miR-128-1-RED and pre-miR-128-2-RED expression 1143 

constructs.  1144 

(A) The sequences of pre-miR-128-1 (top) and pre-miR-128-2 (bottom) are depicted, 1145 

showing the mature 21 nt miRNA sequence as recognized by the anti-miR-128 LNA 1146 

probe (underlined) and the sequence complementary to the anti-precursor 1147 

hybridization probe (red). 1148 

(B) Northern blots of RNA from HEK-293 cells transfected with Intron-RED empty 1149 

vector (Lane 1), pre-miR-128-1-RED (Lane 2) or pre-miR-128-2-RED (Lane 3). The 1150 

filter was hybridized with probes specific for mature miR-128, pre-miR-128-1, 1151 

pre-miR-128-2 or U6 RNA as loading control, as indicated above each panel. The 1152 

position of precursor RNAs is indicated with a filled arrow, the 21 nt miR-128 with an 1153 

open arrow. The portion of the filter corresponding to approximately 15 to 100 nt is 1154 

shown. The pre-miR-128-1-RED expression vector produces less miR-128 than the 1155 

pre-miR-128-2-RED vector, each probe shows the expected specificity. 1156 

(C) HEK-293 cells were co-transfected with a GFP-based sensor vector containing 4 1157 

perfectly complementary binding sites for miR-128 and either Intron-RED control 1158 

vector, pre-miR-128-1-RED or pre-miR-128-2-RED expression vectors, as indicated. 1159 

Both pre-miR-128-RED expression constructs repress the miR-128 sensor but 1160 

pre-miR-128-1-RED shows less activity than pre-miR-128-2-RED.  1161 

 1162 

Figure 1-figure supplement 2  1163 

Levels of pre-miR-128-1 are below detection level in Northern blot and in situ 1164 

hybridization assays. 1165 

(A) Northern blot as in Figure 1A-1C, the membrane in this case was hybridized with 1166 

the pre-miR-128-1 probe (described in Figure 1-figure supplement 1). Developmental 1167 

stage of the RNA is indicated above each lane. 1168 
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(B - B’’’) In situ hybridization using the pre-miR-128-1 probe (see Figure 1-figure 1169 

supplement 1) of embryonic day 12.5 (B), 16.5 (B’), 18.5 (B’’) and Adult (B’’’) brains. 1170 

The obtained signal does not exceed background at any time point examined. 1171 

 1172 

Figure 2-figure supplement 1 1173 

Differential expression of miR-128 and pre-miR-128-2 in developing and adult 1174 

cortex. 1175 

(A, B) Cortical sections from E18.5 (A) and adult (B) brains stained for miR-128 or 1176 

pre-miR-128-2 as indicated. Nissl staining is provided for comparison. An overview is 1177 

provided for each section (left side of panel), followed by a representative view of the 1178 

cortex and higher magnification view of regions of interest (scale bars 500 µm, 50 µm 1179 

and 10 µm, respectively). Individual cells in the IZ (A) and Layer V (B) differentially 1180 

stain for pre-miR-128-2 compared to miR-128. MG: marginal zone, CP: cortical plate, 1181 

SP: subplate, IZ: intermediate zone, SVZ: subventricular zone, VZ: ventricular zone.  1182 

 1183 

Figure 2-figure supplement 2 1184 

Post-transcriptional regulation of miR-128 during embryonic and adult neural 1185 

migration.  1186 

(A, B and C) Fluorescent LNA probe in situ hybridization of E16.5 cortical sections 1187 

shown in red for miR-128 (A, left) pre-miR-128-2 (B, left) and miR-124 (C, left) and 1188 

co-stained for the basal progenitor marker Tbr2 in green (A, B and C middle). 1189 

Merged view with nuclei stained with DRAQ5 in blue is shown for comparison (A, B 1190 

and C, right). Scale bar represents 100 μm.  1191 

(A’ B’ and C’) Boxed regions in A, B and C are shown at higher magnification; scale 1192 

bar represents 10 μm. Staining as for (A, B and C) as indicated, red and green 1193 

channel merge is shown at lower left. Tbr-2+ intermediate progenitors in the SVZ co-1194 

stain for pre-miR-128-2 but not miR-128 or miR-124. miR-128 does not specifically 1195 
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stain the IZ, miR-124+ cells in the IZ are Tbr2-. MG: marginal zone, CP: cortical plate, 1196 

SP: subplate, IZ: intermediate zone, SVZ: subventricular zone, VZ: ventricular zone. 1197 

(D and E) Merged view of adult brain sagittal sections hybridized as above for 1198 

pre-miR-128-2 (D, red) and miR-128 (E, red) and co-stained for the migrating 1199 

neuroblast marker Doublecortin (Dcx, green). Scale bar 100 μm.   (D’ and E’): Boxed 1200 

areas from the RMS in D and E are shown in serial magnification. Scale bars 1201 

represent 50 μm (first row) and 10 μm (second row). Individual channels are shown 1202 

as indicated, with a merged view on the right. Dcx+ neuroblasts stain for 1203 

pre-miR-128-2 but not miR-128. 1204 

 1205 

Figure 2-figure supplement 3 1206 

Differential staining of miR-128 and pre-miR-128-2 in corticogenesis 1207 

(A and B). Depicted are the false colour renderings of the images in Figure 2B and 1208 

2C used to measure the fluorescence intensity in the VZ/SVZ, IZ and CP (Figure 2D 1209 

and E). 1210 

 1211 

Figure 3-figure supplement 1 1212 

Ectopic miR-128-2 is processed to miR-128 after in utero electroporation 1213 

(A) miR-128 in situ hybridization using colorimetric NBT/BCIP detection (left, false 1214 

colored in green) on E18.5 brains after electroporation at E15.5 with 1215 

pre-miR-128-2-RED after antibody staining for dsRed (middle, red). Nuclei were 1216 

stained with DRAQ5 (blue). A merged view of miR-128 expression (green) and 1217 

electroporated neurons (red) is on the right side of the panel.  1218 

(B) Magnification of the boxed region in (A). Electroporated neurons (red) are the 1219 

only cells expressing mature miR-128 (green) in the IZ. Arrows in (A) and (B) denote 1220 

exemplary miR-128+/dsRed+ neurons.   1221 
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(C) miR-128 hybridization as in A (left, false colored in green) on control E18.5 brains 1222 

after electroporation at E15.5 with Intron-RED and antibody staining for dsRed (red, 1223 

middle). Nuclei were stained with DRAQ5 (blue). A merged view of miR-128 1224 

expression (green) and electroporated neurons (red) is on the right side of the panel. 1225 

(D) Magnification of the boxed region in (C). Control electroporated neurons (red) in 1226 

the IZ do not express mature miR-128 (green). Scale bar 50µm. U: upper cortical 1227 

plate, D: deeper cortical plate, SP: subplate. 1228 

 1229 

Figure 5-figure supplement 1 1230 

Validation of miR-128 targets using a reporter assay.  1231 

(A-F)   Reporter assay using 3’UTR’s from putative miR-128 targets, cloned in a 1232 

modified eGFP plasmid (GFP-3’UTR). miR-128 synthetic miRNA mimic (A, B, C, D) 1233 

or pre-miR-128-RED expression constructs (E, F) and their respective controls were 1234 

co-transfected with the GFP-3’UTR reporter plasmid in N2A cells (B, C, D), or 1235 

HEK-293 cells (A, E, F). The GFP Mean Fluorescent Intensity (MFI) of 1236 

miR-128/GFP-3’UTR expressing cells is normalized to the GFP MFI of 1237 

Control/GFP-3’UTR expressing cells 1238 

(G) Reporter assay to validate the ability of the miR-128 sponge construct to recruit 1239 

miR-128. Synthetic miR-128 or a scrambled negative control miRNA (Ambion) were 1240 

co-transfected with the miR-128 sponge in HEK-293 cells. The GFP Mean 1241 

Fluorescent Intensity (MFI) of miR-128/ miR-128 sponge cells is normalized to the 1242 

GFP MFI of control miRNA/miR128 sponge- expressing cells. Average of 3 1243 

independent experiments, *p<0.01, **p<0.05, ***p<0.001 Student’s T-test (A, B, C, 1244 

D) One-Way ANOVA (E, F, G), error bars represent Standard deviation). 1245 

 1246 

Figure 5-figure supplement 2 1247 

Multiple, conserved binding sites for miR-128 in the Phf6 3’UTR 1248 

Predicted binding sites for miR-128 in the mouse Phf6 3’UTR, shown in black 1249 
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(adapted from Diana MicroT-CDS). The sequence of mature miR-128 is in red. 1250 

Watson-Crick pairs are shown with vertical bars and wobble pairs with dots.  1251 

 1252 

Figure 5-figure supplement 3 1253 

Western blot detection of Phf6 1254 

(A) Western blot of HEK-293 transfected with GFP empty vector (Lane 1) or 1255 

PHF6-GFP plasmid (Lane 2). The blot was probed with the anti-PHF6 antibody from 1256 

Bethyl used for immunohistochemistry in Figure 5. (1:4000). An arrow indicates the 1257 

endogenous PHF6 protein in Lane 1, detected as a single band. Phf6 overexpression 1258 

is confirmed in Lane 2.   1259 

(B) The complete image of the western blot shown in Figure 5I using PHF6 antibody. 1260 

The specific band is marked with an arrow (left). The detection antibody recognizes 1261 

additional non-specific bands. 1262 

 1263 

Figure 7-figure supplement 1 1264 

Reconstructed neurons used to perform Sholl analysis at P15.  1265 

(A-C) Reconstruction of P15 layer II/III neurons expressing Intron-RED (A), 1266 

pre-miR-128-2-RED (B) or pre-miR-128-2-RED plus PHF6-GFP (C). Reconstruction 1267 

was done on Z-stack images of biocytin-filled cells, here rendered in 2-D. The same 1268 

neurons were also analyzed for their electrophysiological properties.  1269 

 1270 

Figure 7-figure supplement 2 1271 

pre-miR-128-2 but not pre-miR-128-1 affects dendritic arbor complexity. 1272 

(A-C) Layer II/III neurons at P21 were reconstructed after antibody staining for dsRed 1273 

after electroporation at E15.5 with Intron-RED (A), pre-miR-128-1-RED (B) or 1274 

pre-miR-128-2-RED (C).  1275 

(D) Sholl analysis on 3-D reconstructed neurons. Dendritic arbor complexity of 1276 

Intron-RED (black), pre-miR-128-1-RED (gray) and pre-miR-128-2-RED (light gray) 1277 

http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/results&keywords=ENSMUSG00000025626&genes=ENSMUSG00000025626%20&mirnas=&descr=&threshold=0.7
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electroporated neurons is graphed. pre-miR-128-2-RED led to significantly less 1278 

ramification between 35 µm and 120 µm from the soma compared to either control 1279 

(Intron-RED or pre-miR-128-1-RED). Significance was tested with Two-way ANOVA, 1280 

error bars represent Standard error of the mean. 1281 

 1282 

Supplemental File 1: 1283 

Contains Tables of LNA probe sequences, primers used in reporter and expression 1284 

plasmid cloning as well as qRT-PCR analysis. 1285 

 1286 

Supplemental File 2  1287 

Related to Figure 7: data set used for Sholl analysis at P15 1288 

 1289 

Supplemental File 3 1290 

Related to Figure 7-figure supplement 2: data set used for Sholl analysis at P21 1291 

 1292 

 1293 
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