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An Image-Based miRNA Screen Identifies miRNA-135s As
Regulators of CNS Axon Growth and Regeneration by
Targeting Kriippel-like Factor 4
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During embryonic development, axons extend over long distances to establish functional connections. In contrast, axon regeneration in
the adult mammalian CNS is limited in part by a reduced intrinsic capacity for axon growth. Therefore, insight into the intrinsic control
of axon growth may provide new avenues for enhancing CNS regeneration. Here, we performed one of the first miRNome-wide functional
miRNA screens to identify miRNAs with robust effects on axon growth. High-content screening identified miR-135a and miR-135b as
potent stimulators of axon growth and cortical neuron migration in vitro and in vivo in male and female mice. Intriguingly, both of these
developmental effects of miR-135s relied in part on silencing of Kriippel-like factor 4 (KLF4), a well known intrinsic inhibitor of axon
growth and regeneration. These results prompted us to test the effect of miR-135s on axon regeneration after injury. Our results show that
intravitreal application of miR-135s facilitates retinal ganglion cell (RGC) axon regeneration after optic nerve injury in adult mice in part by
repressing KLF4. In contrast, depletion of miR-135s further reduced RGC axon regeneration. Together, these data identify a novel neuronal role
for miR-135s and the miR-135-KLF4 pathway and highlight the potential of miRNAs as tools for enhancing CNS axon regeneration.
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Axon regeneration in the adult mammalian CNS is limited in part by a reduced intrinsic capacity for axon growth. Therefore,
insight into the intrinsic control of axon growth may provide new avenues for enhancing regeneration. By performing an
miRNome-wide functional screen, our studies identify miR-135s as stimulators of axon growth and neuron migration and show
thatintravitreal application of these miRNAs facilitates CNS axon regeneration after nerve injury in adult mice. Intriguingly, these
developmental and regeneration-promoting effects rely in part on silencing of Kriippel-like factor 4 (KLF4), a well known intrinsic
inhibitor of axon regeneration. Our data identify a novel neuronal role for the miR-135-KLF4 pathway and support the idea that
miRNAs can be used for enhancing CNS axon regeneration. j

ignificance Statement

Introduction
During neural circuit development, newly born neurons grow
their axons over long distances to establish functional connec-
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tions. This remarkable capacity for axon growth reduces dramat-
ically as the mammalian nervous system matures. Although adult
neurons that contribute their axons to peripheral nerves display
varying degrees of regrowth after trauma or injury, axonal pro-
jections in the mammalian CNS show limited capacity for regen-
eration. This regenerative failure is caused by the presence of
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inhibitory factors at the site of injury and a decrease in intrinsic
growth ability of affected neurons (Baldwin and Giger, 2015; He
and Jin, 2016). One approach to promote CNS axon regeneration
has therefore been to target intrinsic factors that promote or inhibit
axon growth, such as phosphate and tensin homolog (PTEN), sup-
pressor of cytokine signaling 3 (Socs3), or Kriippel-like factors
(KLFs) (He and Jin, 2016). These studies demonstrate that en-
hancing the intrinsic growth ability of injured neurons induces
robust axon regeneration and support the idea that further
knowledge of the intrinsic control of axon growth is needed for
the design of more effective therapeutic strategies for promoting
CNS axon regeneration.

miRNAs are small, noncoding RNAs that regulate gene ex-
pression posttranscriptionally by controlling mRNA stability or
translation (Lagos-Quintana et al., 2001). miRNAs are highly
abundant in the nervous system and have been implicated in
various aspects of neuron development and function, including
axon growth, guidance, and branching (Baudet et al., 2013;
Aksoy-Aksel et al., 2014). However, the in vivo function(s) and
downstream mRNA targets of many of the neuronally expressed
miRNAs remain unknown. The expression of miRNAs is strongly
regulated after nervous system injury and genetic inactivation of
miRNA biogenesis hampers peripheral nerve regeneration (Song
etal.,2012; Wuetal., 2012; Zou et al., 2013; Hancock et al., 2014;
Phay et al., 2015; Li et al., 2016; Martirosyan et al., 2016). In
addition, manipulation of miRNA expression in adult sensory
neurons promotes peripheral nerve regeneration (Jiang et al.,
2015; Gaudet et al., 2016; Hu et al., 2016). However, whether
manipulation of miRNAs in injured CNS neurons also enhances
CNS axon regeneration in mammals and, if so, through which
mRNA targets is unknown.

Here, we performed a genome-wide miRNA screen aimed at
identifying functional miRNAs with positive effects on axon
growth. High-content screening of >1000 miRNAs in neuronal
cells identified a novel role for miR-135b and miR-135a as axon
growth- and neuron migration-promoting factors. Further, our
data show that intravitreal application of miR-135s facilitates re-
generation of retinal ganglion cell (RGC) axons after optic nerve
injury (ONI) in adult mice. In contrast, decreasing the availability
of miR-135s further inhibits RGC axon regeneration. The devel-
opmental and regeneration-promoting effects of miR-135s both
rely in part on silencing of KLF4, a well known intrinsic inhibitor
of axon regeneration (Moore et al., 2009; Qin et al., 2013). To-
gether, these data identify novel neuronal functions for miR-135s
and highlight the potential of applying miRNAs to injured CNS
neurons as an approach for facilitating CNS axon regeneration.

Materials and Methods

Animals. All animal use and care was performed in accordance with
institutional guidelines and approved by the local ethical animal experimen-
tation committee (Dier Experimenten Commissie; DEC [in Dutch]).
C57BL/6] mice (RRID:IMSR_JAX:000664, male and female) were obtained
from Charles River Laboratories. When timed-pregnant females were used,
the morning on which a vaginal plug was detected was considered embry-
onic day 0.5 (E0.5). For pups, the day of birth was considered postnatal day
0 (PO).

Lentiviral human whole miRNome library high-content screen and hit
confirmation. SH-SY5Y cells, obtained from DSMZ (Acc 209, RRID:
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CVCL_0019), were grown in DMEM-F12 (Invitrogen) + 10% FCS +
L-glutamine + penicillin/streptomycin and used between passage 12 and
21. Cells were seeded in 96-well plates using an automated cell seeder
Multidrop Combi Reagent Dispenser (Thermo Scientific) at 6000 cells/
well. One day after seeding, cells were treated with 60 uMm retinoic acid
and transduced with a lentiviral human genome-wide miRNA library at
an average of 7.34 X 10° IFUs/well (infectious units per well) (InteRNA
Technologies). Each library plate was evaluated in triplicate. The lentivi-
ral library contains 640 annotated human miRNA genes (miRBase 12)
and 400 candidate miRNAs from deep-sequencing efforts and is based on
the pCDH-CMV-MCS-EF1-Puro vector (CD510B-1, System Biosci-
ences; Poell et al., 2011). Systems Biosciences performed the lentiviral
packaging and the library had an average of 1.22 X 10° IFUs/ml. The
library was stored in 14 96-well plates. At 4 d in vitro (DIV), cells were
fixed by the addition of 1:1 8% paraformaldehyde in PBS and blocked in
0.4% Triton X-100, 5% goat serum, 1% BSA, 1% glycin, and 0.1% lysin in
PBS. Cells were immunostained for BIII-tubulin (1:3000, mouse mono-
clonal T8660, Sigma-Aldrich, RRID:AB_477590) with an Alexa Fluor
488-conjugated secondary antibody (Invitrogen) and counterstained
with DAPI. Cells were automatically washed thoroughly by two washing
cycles with an AquaMax 2000 (Molecular Devices). Automated micros-
copy was performed using an ArrayScan VTT HCS Reader (Thermo Sci-
entific) and morphological features were extracted with the Cellomics
Neuronal Profiling V3 Bioapplication algorithm (settings can be found
in Table 1). Raw data (.mdb files) were converted into Excel format using
a custom script (courtesy of Ronald van Kesteren, Vrije Universiteit,
Amsterdam). All wells with a valid nucleus count <100 were removed.
Non-neuronal attributes and attributes dependent on cell number were
trimmed from the dataset. For all other attributes (as described in Table
1), the plate median was calculated. Each attribute of each well was scored
binary (0 or 1), with a positive score (1) when deviating >2 times from
the SD of the control median. The median of all miRNAs was used as a
control, assuming that most miRNAs would not affect cell morphology.
Triplicates of each plate were combined and a well attribute was taken as
“true” when a minimum of two of three plates scored positive. This
resulted in a final (cumulative) “hitscore,” which was used to rank the
lentiviral clones with effects on neuronal morphology.

For hit confirmation, SH-SY5Y cells were harvested by trypsinization,
washed with PBS, and resuspended at 8 X 10° cells/ml in INB buffer
containing the following (in mm): 135 KCl, 0.2 CaCl,, 2 MgCl,, 10
HEPES, and 5 EGTA, pH 7.3. Then, cells were mixed with 20 pmol of
miRIDIAN mimic [always the human (hsa) isoform; Dharmacon] and
electroporated with 3 120 V pulses of 900 us and a 2 s pulse interval in a
1 mm gap size cuvet in an ECM 830 square wave generator with PEP
cuvette module (all BTX; Harvard Apparatus). In this way, >98% of the
cells are electroporated. Each electroporation was divided and equally
distributed >4 wells of a 24-well plate, leaving the outer left and right
wells without cells to take into account possible edge-well effects. One
day after electroporation, cells were treated with 60 uMm retinoic acid to
induce the development of neuron-like features. Four days after electro-
poration, cells were fixed and immunostained as described above. Anal-
ysis of morphological cell features was performed using the Cellomics
software outlined above.

Locked nucleic acid (LNA) in situ hybridization. E16.5 C57BL/6] mouse
embryos were collected and decapitated. Brains were fixed in 4% PFA in
PBS and cryoprotected in 30% sucrose in PBS. Twenty-micrometer-
thick coronal brain cryosections were made. LNA in situ hybridization
was performed as described previously (Kan et al., 2012). Briefly, sections
were air-dried and postfixed for 10 min in 4% PFA, acetylated for 10 min
atroom temperature (RT), treated with proteinase K at 5 wg/ml for 5 min
at RT, and prehybridized for 1 h at RT and for 30 min at 55°C before
incubation with 15 nv LNA-containing, double DIG-labeled miR-135a,
miR-135b, or control in situ probes (Exiqon) for 2 h at 55°C. After hy-
bridization, slides were washed in 0.2X SSC (saline-sodium citrate) for
1 h at 55°C. Slides were blocked for 1 h with 10% FCS in PBS and
incubated with anti-digoxigenin-AP Fab fragments (1:2500; Roche Di-
agnostics) in blocking buffer overnight at 4°C. After PBS washes, slides
were incubated with nitroblue and 5-bromo-4-chloro-3-indolyl phos-
phate (NBT/BCIP, Roche Diagnostics) substrates for 2-20 h at RT. Stain-
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Table 1. Microscope settings and neuronal profiling algorithm parameters Table 1. Continued
Microscope settings Microscope settings
Image acquisition Object identification (Ch 2)
Objective 10x Method IsodataThreshold
Camera name ORCA-ER;1.00 Value 0
Acquisition camera mode Standard (1024x1024;2x2) Object selection parameter Min Max
Autofocus camera mode AutoFocus (1024x1024;4x4) -
Autofocus field interval 0 NeuriteLengthCh2 10 100000
Autofocus parameters NeuriteWidthCh2 0 1000
Fine focus step size 17.6 NeuriteAvglntenCh2 0 4095
Fine focus plane count 9 NeuriteTotallntenCh2 0 10000000000
Coarse focus step size 70.4 CellBodyNucCountCh2 1 1
Coarse focus plane count 9 CellBodyAreaCh2 0 250000
Smart focus plane count 21 CellBodyShapeP2ACh2 0 10
Use extended range focusing False CellBodyShapelWRCh2 0 10
Apply backlash correction False CellBodyAvglntenCh2 0 4095
Autofocus method STANDARD CellBodyTotallntenCh2 0 10000000000
Use relaxed pass/fail criteria False Display options (Ch 2)
Focus edge threshold 0 Composite color (Hex) #00FF40
Focus adjustment 0 Neurite #FFOOFF
Focus score min ratio 0.2 Neurite #00FF00
Focus score mid ratio 04 SelectedCellBody #0080FF
Focus score max ratio 0.5 Rejec'ted(gIIBody #FF0000
Focus exposure time for auto-expose (s) 0.1 NeuritePoint #FFFF00
Scan limits Assay algorithm neuronal profiling V3.5
Max fields for well 10 Assay version 6.2 (Local Version: 6.20.0.3519)
Min objects for well No Limit Focus channel !
Max sparse fields for well No Limit No. of channels 2
Min objects for field N/A
Max sparse wells for plate N/A Assay parameters for hit score
Channel 1: nudeus UseReferenceWells 0
Dye XF100 - Hoechst MinRefAvgNeuronCountPerField 1
Apply illumination correction False UseMicrometers 0
Apply background correction True PixelSize 1.29
Gain 25 Type_1_EventDefinition 90324.03
Use apotome False Type_2_EventDefinition 0
Loffset 0.00 Type_3_EventDefinition 0
Exposure parameters (Ch 1) . NucTypeCh1 0
Method Fixed BackgroundCorrectionCh1 =1
Exposure time (s) 0.495051 NucSmoothFactorCh1 0
Object identification (Ch 1) RejectBorderNucsCh 1
Method TriangleThreshold CellBodyNucTotalAreaCh1LevelHigh 110
Value 0 CellBodyNucTotalAreaCh1LevelHigh_(C 1
Object selection parameter Min Max CellBodyNucTotallntenCh1LevelHigh 80000
NucAreaCh] 50 400 CellBodyNucTotallntenCh1 Levelﬂlgh_CC 1
CellBodyNucAvgintenCh1LevelHigh 850
NucShapeP2ACh1 0 1000 )
CellBodyNucAvgintenCh1LevelHigh_(C 1
NucShapeLWRCh1 0 10 ;
MinCellBodyNucOverlapCh2 0
NuchvglntenCh 0 4095 CellBodyAndNeuriteTypeCh? 0
NucTotallntenCh1 0 10000000000 -
BackgroundCorrectionCh2 0
NucVarintenCh1 0 32767
. . CellBodySmoothFactorCh2 0
Display options (Ch 1) .
. CellBodyDemarcationCh2 2
Composite color (Hex) #0000FF .
. UseNucForCellBodySegmentationCh2 2
ValidNucleus #0000FF ’
ReiectedNucleus #FF7F00 CellBodyMaskModifierCh2 1
ejectedNucieus RejectBorderCellBodiesCh2 1
Channel 2: neuronal NeuriteSmoothFactorCh2 1
Dye XF100 - FITC (GFP) NeuriteldentificationModifierCh2 —0.97
Apply illumination correction False NeuriteDetectRadiusCh2 3
Apply background correction True NeuriteDetectMethodCh2 4
Gain 25 NeuriteDirectionCh2 3
Use apotome False NeuritePointResolutionCh2 1
7 offset 0.00 NeuritePointDisplayModeCh2 2
Exposure parameters (Ch 2) RejectMultiplyTracedNeuritesCh2 0
Method Fixed UseCellBodyZOIForNeuriteTracingCh2 0
Exposure time (s) 0.301046 CellBodyNucCountCh2LevelHigh 1

(Table continues)

(Table continues)
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Table 1. Continued
Assay parameters

CellBodyNucCountCh2LevelHigh_(C 1
CellBodyAreaCh2LevelHigh 340
CellBodyAreaCh2LevelHigh_CC 1
CellBodyShapeP2ACh2LevelHigh 13
CellBodyShapeP2ACh2LevelHigh_CC 1
CellBodyShapeLWRCh2LevelHigh 1.6
CellBodyShapeLWRCh2LevelHigh_CC 1
CellBodyTotallntenCh2LevelHigh 150000
CellBodyTotallntenCh2LevelHigh_(C 1
CellBodyAvgIntenCh2LevelHigh 650
CellBodyAvgIntenCh2LevelHigh_CC 1
NeuriteTotalCountCh2LevelHigh 3
NeuriteTotalCountCh2LevelHigh_CC 1
NeuriteTotalLengthCh2LevelHigh 20
NeuriteTotalLengthCh2LevelHigh_CC 1
NeuriteAvgLengthCh2LevelHigh 8
NeuriteAvgLengthCh2LevelHigh_(C 1
NeuriteMaxLengthWithBranchesCh2LevelHigh 10
NeuriteMaxLengthWithBranchesCh2LevelHigh_(C 1
NeuriteMaxLengthWithoutBranchesCh2LevelHigh 10
NeuriteMaxLengthWithoutBranchesCh2Level-High_CC 1
NeuriteTotalAreaCh2LevelHigh 60
NeuriteTotalAreaCh2LevelHigh_CC 1
NeuriteWidthCh2LevelHigh 3.57
NeuriteWidthCh2LevelHigh_(CC 1
NeuriteTotallntenCh2LevelHigh 8000
NeuriteTotallntenCh2LevelHigh_(C 1
NeuriteAvgIntenCh2LevelHigh 200
NeuriteAvglntenCh2LevelHigh_(C 1
NeuriteVarintenCh2LevelHigh 125
NeuriteVarintenCh2LevelHigh_(C 1
BranchPointTotalCountCh2LevelHigh 0.2
BranchPointTotalCountCh2LevelHigh_(CC 1
BranchPointAvgCountCh2LevelHigh 0.1
BranchPointAvgCountCh2LevelHigh_(C 1
BranchPointCountPerNeuriteLengthCh2LevelHigh 0
BranchPointCountPerNeuriteLengthCh2Level-High_(C 1
BranchPointAvgDistFromCellBodyCh2LevelHigh 1
BranchPointAvgDistFromCellBodyCh2Level-High_(C 1
CrossPointTotalCountCh2LevelHigh 0.1
CrossPointTotalCountCh2LevelHigh_(C 1
CrossPointAvgCountCh2LevelHigh 0.1
CrossPointAvgCountCh2LevelHigh_CC 1
NucSegmentationCh1 4.1
CellBodySegmentationCh2 14.1

Cellomics Arrayscan microscope settings are described in the text section “Image acquisition.” Nuclear DAPI staining
was detected in channel 1, whereas the cell body and neurites stained by 33-tubulin were detected in channel 2. The
neuronal profiling algorithm recognition parameters of the cells are described in the text sections “Channel 1:
nucleus” and “Channel 2: neuronal.” In the text section “Assay parameters,” parameters describing general neuron
morphology, such as the number of neurites, neurite length, number of branch points, are listed. The effect of each
miRNA on these parameters was scored as described in the Materials and Methods and in Figure 14.

ing was terminated by washing of the slides in PBS. Slides were mounted
in 90% glycerol in PBS. Sections stained with scrambled LNA-DIG probe
were devoid of specific staining.

qPCR. E14.5 and E16.5 C57BL/6 embryos, PO and P10 pups, and adult
mice were decapitated and brains were removed. Hippocampi and cor-
tices were dissected and frozen immediately in dry ice. Total RNA was
isolated from at least three animals from three different litters using the
miRNeasy kit (Qiagen) according to the manufacturer’s protocol. In
addition, total RNA was isolated from primary hippocampal neurons
from 3—4 coverslips of 2 different cultures at DIV2, DIV7, DIV14, and
DIV21. Furthermore, total RNA was isolated from retinas 14 d after ONI
experiments and intravitreal injection of miRNA mimics (see paragraph
describing ONI experiments). RNA quantity was determined using
Nanodrop (Thermo Scientific) and equal amounts of each sample were
used for first-strand cDNA synthesis using a universal cDNA synthesis kit
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(Exigon). qPCRs were run on Quantstudio 6 Flex Real-Time PCR system
(Applied Biosystems) using miRNA LNA PCR primer sets and SYBR
Green master mix (Exiqon). All samples were run in duplicate. Ct values
were determined using QuantStudio Real-Time PCR software version
1.1. The expression levels of different miRNAs were estimated by nor-
malization to 5S rRNA and the statistical significance was analyzed with
single-factor ANOVA. p < 0.05 was considered significant.

Culturing and transfection of mouse hippocampal and cortical neurons.
Hippocampal and cortical cultures were generated as described previ-
ously (Van Battum et al., 2014). In brief, PO—P1 C57BL/6 mouse pups
were decapitated and brains were rapidly removed in ice-cold dissection
medium. Hippocampi or cortices were isolated, trypsinized, and dissociated
into single cells and then cultured in neurobasal medium supplemented with
B-27, L-glutamine, penicillin/streptomycin, and [-mercaptoethanol on
acid-washed poly-p-lysine- (20 ug/ml) and laminin (40 pg/ml)-coated glass
coverslips at 37°C + 5% CO, in 12-well plates. On DIV1, neurons were
cotransfected with 0.5 ug of CAG-GFP vector and 50 pmol of miRIDIAN
mimics for miR-135a, miR-135b, or control-1 mimic (also known as
Negative control-A; Dharmacon) per well or 0.5 ug of miRNA HI1-
mCherry-sponge vectors per well for miR-135a or miR-135b (Tebu-Bio)
using Lipofectamine 2000 (Invitrogen). For rescue experiments, a
pCMV-KLF4-EGFP vector (Origene) was used. On DIV4, neurons were
fixed with 4% PFA and 4% sucrose in PBS. For immunocytochemistry,
neurons were incubated with rabbit anti-GFP (1:1000, A-11122, Invitro-
gen, RRID:AB_221569) or rabbit-anti-RFP (1:1000, Rockland, RRID:
AB_11182807) and mouse anti-BIII tubulin (1:3000, T8660, Sigma-
Aldrich, RRID:AB_477590) dissolved in 3% normal horse serum, 0.1%
BSA, and 0.1% Triton X-100 in PBS. Images were taken using an Axios-
kop 2 EPI fluorescent microscope (Zeiss). The longest neurites were
traced semimanually using the Neuron] plugin (RRID:SCR_002074) of
ImageJ and Sholl analysis was performed using Image] software (RRID:
SCR_003070). More than 100 transfected neurons from at least three
independent experiments were traced. Nonpaired parametric ¢ tests were
performed in Prism version 6 (GraphPad, RRID:SCR_002798) to ana-
lyze the data statistically.

miRNA target finding and validation. The miRecords database was
used to search for shared mRNA targets of miR-135a and miR-135b
predicted by at least six target prediction programs (Xiao et al., 2009).

Predicted targets shared by miR-135a and miR-135b were postselected
on the basis of potential involvement in neuronal development. For tar-
get validation, the entire 3'-UTR from KLF4 was retrieved from cDNA
and cloned into the psiCHECK2 vector (Promega). PCR-mediated mu-
tagenesis of the KLF4 3'-UTR was performed to alter the binding site
located at 394 nt of the KLF4 3'-UTR (see Fig. 5A, arrow). HEK293 cells
(RRID:CVCL_0045) were transfected using Lipofectamine with 250 ng
of vector and 20 pmol of miRIDIAN miRNA mimic (Dharmacon). Cells
were lysed 24 h after transfection and examined with a Dual-Luciferase
reporter assay (E1960; Promega) on a spectrophotometer. ¢ tests were
performed to compare luciferase activity in Prism version 6 software
(GraphPad, RRID:SCR_002798).

For protein analysis, miRIDIAN miRNA mimics (Dharmacon) were
transfected into Neuro2A cells (ATCC, RRID:CVCL_0470) using Lipo-
fectamine 2000. After 24 h, cells were lysed in lysis buffer (20 mwm Tris pH
8.0, 150 mm KCL, 1% Triton X-100, and protease inhibitor (Roche) in
milliQ (MQ). Samples were separated on 8% SDS-PAGE gels and blotted
onto nitrocellulose membrane. Nonspecific binding was blocked with
5% milk in TBS-Tween for 1 h at RT. After incubation with rabbit-anti-
KLF4 (1:500, Santa-Cruz Biotechnology, RRID:AB_669567) and mouse-
anti-B-actin (1:5000, Sigma-Aldrich, RRID:AB_476743) in 1% milk in
TBS-Tween, blots were stained with peroxidase-conjugated secondary
antibodies (Abcam). Signals were detected using Pierce ECL Western
Detection Reagent and images were made using the FluorChem M Im-
aging system (Protein Simple). Image] was used to determine protein
levels in the individual bands and KLF4 expression was normalized to
B-actin levels in the same sample. t tests were performed to compare the
relative KLF4 expression between conditions (GraphPad Prism version 6
software, RRID:SCR_002798).

Immunohistochemistry. E16.5 C57BL/6] mouse embryos or adult mice
were collected and decapitated. Brains were fixed in 4% PFA in PBS and
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cryoprotected in 30% sucrose in PBS. Twenty-micrometer-thick coronal
brain cryosections were made. Sections were incubated with rabbit anti-
KLF4 (Santa-Cruz Biotechnology, 1:500, no longer available) or LabNed
LN2023880 (1:100, RRID:AB_2687557) diluted in 3% BSA and 0.1%
Triton X-100 in PBS, stained with Alexa Fluor-conjugated secondary
antibody, and counterstained with DAPI. Images were made using an
AxioScope EPI fluorescent microscope (Zeiss) and a confocal scanning
microscope (Olympus).

Ex vivo electroporation. Ex vivo electroporation was performed as de-
scribed previously (Yau et al., 2014). In brief, pregnant C57BL/6 mice
were killed by cervical dislocation and E14.5 embryos were removed
rapidly and decapitated. Then, 30 um miRIDIAN mimics (Dharmacon)
for miR-135a, miR-135b, or control-1 combined with 0.4 ug/ul pCAG-
GFP vector were dissolved in 0,1% Fast Green in MQ and 1.7 ul of this
mixture was injected in the lateral ventricles using glass micropipettes
(Harvard Apparatus) and a microinjector. Heads were subjected to three
100 ms pulses of 30 V with 100 ms pulse interval using gold-plated gene
paddle electrodes and an 830 square-wave generator (BTX; Harvard Ap-
paratus). Brains were then isolated, collected in cHBSS, embedded in 3%
LMP-Agarose (Fisher Scientific) in cHBSS, and sectioned coronally into
250-pum-thick slices using a vibratome (Leica). Sections were collected
on poly-D-lysin-laminin-coated culture membrane inserts (Falcon),
placed on top of slice culture medium (70% v/v basal Eagle medium, 26%
v/v cHBSS, 20 mm p-glucose, 1 mM L-glutamine, and penicillin/strepto-
mycin) and cultured for 4 d to assess the degree of migration. Cultures
were fixed with 4% PFA, blocked in 3% BSA and 0.1% Triton in PBS, and
stained with rabbit anti-GFP (1:1000, A-11122, Invitrogen, RRID:
AB_221569) and mouse anti-MAP2 SMI 52 (1:1000, Abcam, RRID:
AB_776173) antibodies. Z-stack images were taken using a confocal
laser-scanning microscope (Olympus). Migration of GFP-positive cells
was analyzed as follows: using Adobe Photoshop, consistent rectangles
divided in 8 equal bins were placed on top of the image so that bin 1
included the ventricular zone (VZ) and bin 8 covered the marginal zone,
as shown schematically in Figure 4A. Cells in each bin were counted and
divided by the total amount of cells in the rectangle. The average of at
least two rectangles of each image was used for comparison. For each
condition, 12 cortical slices from at least three different experiments were
used. Nonparametric Mann—Whitney U tests were performed in Prism
version 6 software (GraphPad, RRID:SCR_002798) to compare migra-
tion between control and miRNA overexpression.

In utero electroporation. In utero electroporation was performed as
described previously (van Erp et al., 2015). Pregnant C57BL/6 mice at
E14.5 were deeply anesthetized with isoflurane (induction: 3—4%, sur-
gery: 1.5-2%), injected with 0.05 mg/kg buprenorfinhydrochloride in
saline, and the abdominal cavity was opened under sterile surgical con-
ditions. Uterine horns were exposed and 1.7 ul of DNA mixture contain-
ing 0.4 pg/ul pCAG-GFP and 15 uMm miR-135a and 15 uM miR-135b
mimic, 30 pmol of control-1 mimic, 0.6 pg/ul scrambled sponge vector,
or 0.3 ug/ul miR-135a sponge vector and 0.3 ug/pul miR-135b sponge
vector (H1-mCherry vectors; Tebu-bio) dissolved in MQ with 0.05%
Fast Green (Sigma-Aldrich) was injected in the lateral ventricles of the
embryo’s using glass micropipettes (Harvard Apparatus) and a PLI-100
Pico-injector (Harvard Apparatus). For rescue experiments, 0.2 ug/ul
pPCAG-GFP was combined with 0.2 ug/ul pCAG-KLF4 and 15 um miR-
135a and 15 um miR-135b mimic. Brains were electroporated using an
ECM 830 Electro-Square-Porator (Harvard Apparatus) set to five uni-
polar pulses at 30 V (50 ms pulse length interval and 950 ms pulse length).
The motor cortex was targeted by holding the head with a platinum
tweezer-electrode (negative pole) while a third a gold-plated Genepaddle
(positive pole; Fisher Scientific) was placed on top of the head. Embryos
were placed back into the abdomen and abdominal muscles and skin
were sutured separately. Release from isoflurane awakened the mother
mice. Embryos were collected at E16.5 and pups at P4 or P10. Heads were
fixed in 4% PFA in PBS and submerged in 30% sucrose. Then, 20-um-
thick coronal cryosections were made and immunohistochemistry and
cortical migration analysis were performed as described for ex vivo elec-
troporated slices. To measure neurite outgrowth in vivo, leading process
length was traced using Image]. In the case of endogenous miR-135
downregulation, where brains were electroporated with H1-mCherry
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sponge vectors (Tebu-bio), neuron migration and leading process length
were analyzed upon staining with rabbit-anti-RFP (1:1000; Rockland,
RRID:AB_11182807). Control and miRNA test conditions were always
equally distributed among the embryos in the uterus. Analysis was always
performed on the slice in which the corpus callosum was first complete
and in one or two consecutive slices. At least five embryos from at least
two separate experiments were used for comparison.

ONI and in vivo gene transfection. Three-week-old C57BL/6] mice
were obtained from Hamamatsu. ONI was performed as described pre-
viously in detail (van Erp et al., 2015). The left optic nerve was crushed
with fine forceps for 10 s ~1 mm posterior to the optic disc. Then, 50
pmol/ul miR-135a and 50 pmol/ul miR-135b or 100 pmol/ul control-1
mimic were injected intravitreally (with lipofectamine) immediately af-
ter injury and on day 7 after axotomy. In vivo gene transfection was
performed as described previously (van Erp et al., 2015). Briefly, pCAG-
GFP or pCAG-KLF4 was mixed with miRNA mimics and Lipofectamine
2000. Then, 2 ul of the complexes were injected intravitreally immedi-
ately after injury and on day 7 after axotomy. Nine mice were used for
each group. Similarly, 4 ug of sponge vectors specifically targeting miR-
135a and miR-135b or control sponge (Tebu-bio) were injected intrav-
itreally (with lipofectamine). Six mice per group were used. AAV2 virus
(AAV-miR-GFP-blank control virus, catalog #Am00102, GFP mmu-
miR-135a-5p AAV miRNA virus, catalog #Amm1006802, GFP mmu-
miR-135b-5p AAV miRNA virus, catalog #Amm1007002, abm) was
injected at 7 d before ONI. To visualize RGC axons, 1 ul of cholera toxin
B3 subunits conjugated to Alexa Fluor 555 (2 ug/ul; Invitrogen) was
injected into the vitreous with a glass needle 12 d after the injury. On day
14 after axotomy, animals were perfused with 4% PFA. The eye cups with
the nerve segment attached were postfixed and immersed in 30% sucrose
overnight at 4°C. Tissues were embedded in Tissue Tek and serial cross-
sections (16 wm) were prepared using cryostat and collected on MAS-
coated glass slides (Matsunami). Axonal regeneration was quantified by
counting the number of CTB-labeled fibers extending 0.2, 0.5, and 1.0
mm from the distal end of the lesion site in 5 sections. The cross-sectional
width of the optic nerve was measured at the point at which the counts
were taken and was used to calculate the number of axons per millimeter
of nerve width. The number of axons per millimeter was then averaged
over the five sections. > ad, the total number of axons extending distance
d in a nerve having a radius of r, was estimated by summing all the
sections having a thickness ¢ (16 um) as follows: >.ad = mrr* X [average
axons/mm]/t. Statistical analyses were performed using one-way
ANOVAs. p < 0.05 was considered significant.

Experimental design and statistical analysis. In this study, C57BL/6]
mice were used regardless of their sex. For statistical analyses, Prism
version 6 software (GraphPad) was used. Generally, unpaired t tests were
used to compare the means of two groups, with the exception of neuron
migration analyses (nonparametric Mann—Whitney U tests) and qPCR
analyses (single-factor ANOVA). For all statistical tests, significance was
set at p < 0.05. Exact p values, t-values, and degrees of freedom are
provided in the results and 7 values are provided in the figure legends.

At the start of this study, an automated morphological Cellomics
screen of retinoic acid-treated SH-SY5Y cells that were transduced with a
lentiviral library containing 1140 unique human miRNAs (Poell et al.,
2011) was performed to identify miRNAs that (positively) influence neu-
ronal features (Fig. 1A). The screen was conducted in triplo and morpho-
logical parameters were scored with a neuroprofiling algorithm (Table
1). To confirm the effect of the most robust miRNAs, the Cellomics
analysis was repeated on SH-SY5Y cells that were electroprated with
miRNA mimics for a selection of hits. This experiment was performed
three times in quadruplo (i.e., 3 X 4 coverslips; Fig. 1E) and analyzed
statistically using Student ¢ tests.

Expression of miR-135a and miR-135b in the mouse brain at different
ages was tested by LNA in situ hybridization and qPCR experiments (in
tissue of at least three different mice per age (Fig. 2). Expression of miR-
135a and miR-135b was also determined in cultured primary hippocam-
pal neurons (Fig. 3A). qPCR experiments were analyzed statistically
using single-factor ANOVAs.

Next, the effect of miR-135a and miR-135b overexpression and down-
regulation was examined in primary neuron cultures. Lipofectamine-based
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https://scicrunch.org/resolver/AB_776173
https://scicrunch.org/resolver/SCR_002798
https://scicrunch.org/resolver/AB_11182807

618 - J. Neurosci., January 17,2018 - 38(3):613—630

A Cell culture and immunocytochemistry

van Battum et al. @ miR-135-KLF4 in CNS Axon Growth and Regeneration

Day 1: DIV 1: DIV 1: DIV 4:
SH-SY5Y Retinoic Acid Virus Ilbrary Fix cells (4% PFA)
6000/well 60 uM 7.34*10° IFU/well Immunocytochemistry
(BllI-Tubulin, DAPI)
in triplo l — ‘ — l —
Cellomics Arrayscan —> Neuronal profiling algorithm

10x objective
10 fields/well
AutoFocus, Fixed exposure

binary scoring method:

parameter x > median+2*stdev, true=1 false=0

true if wells score 1 in 2/3 or 3/3 plates
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Figure 1. Image-based high-content screen identifies miRNAs involved in neurite growth. 4, Schematic representation of the Cellomics ArrayScan screen. SH-SY5Y cells were seeded and
differentiated using retinoicacid. Viral library was added and after 3 d cells were fixed and immunostained. Images covering the entire surface of the well were taken using a Thermo Fisher Arrayscan
automated microscope and analyzed using a neuronal profiling algorithm to assess the effect of miRNAs on general neuron-like features, such as the number of neurites, neurite length, and number
of branch points. The effect of amiRNA on each parameter was scored binarily (0 or 1). A positive score (1) was given when the effect on the parameter deviated >2 times the SD of the median value
for all miRNAs. Scores for each of the triplicate plates were combined, with the score for a certain parameter taken into account (effect is “true”) when the miRNA scored positive in a minimum of
two of three plates. This resulted in a final (cumulative) “hitscore,” which was used to rank the lentiviral clones for an effect on neuronal morphology. B, Representative images of untreated SH-SY5Y
cells (left) and SH-SY5Y cells treated with retinoic acid (middle). Right, Results of tracings generated by the neuronal profiling algorithm. Scale bar, 100 m. €, Graph showing the cumulative score
of all the parameters of the neuronal profiling algorithm for the top list of annotated miRNAs that have a positive effect on neuronal features of virus-transduced SH-SY5Y cells. D, Sequence and genomic location
of miR-135aand miR-135b. The mature sequence of miR-135a and miR-135b differs by only one nucleotide (underlined) outside of the seed region (inred). E, Graphs showing average total hitscore (left), hitscore
based on parameters describing neurite length (middle), and hitscore based on parameters describing neurite branching (right) of SH-SY5Y cells electroporated with the indicated miRIDIAN miRNA mimics. Data
are expressed as means == SEM. *p << 0.05, **p << 0.01, ***p < 0.001, ****p << 0.0001, one-way ANOVA with Tukey’s multiple-comparisons test. Scale bar, 200 um.
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Figure2. Expression of miR-135aand miR-135b during neuronal development. 4, €, Graphs showing results of qPCR experiments on RNA from isolated mouse cortex (4) or hippocampus (€) from
five different embryonicand postnatal stages. Tissue from three different mice from different litters was used for analysis. Samples were run in duplicate. Fold changes are relative to 5S housekeeping
rRNA expression. Data are expressed as means == SEM. B, LNA in situ hybridization shows miR-135a and miR-135b expression in the E14, P10, and adult cortex. miR-135a and miR-135b are expressed
inthe CP and upper layers of the adult cortex. Sections treated with scrambled LNA in situ probes were devoid of specific staining. Scale bars, 200 um. D, LNA in situ hybridization showing miR-135a
and miR-135b expressionin the E16, P0, P10, and adult hippocampus. In the hippocampus, the dentate gyrus (DG) and CA3 region specifically show strong miR-135a and miR-135b staining. Sections
treated with scrambled LNA in situ probes were devoid of specific staining. Scale bars, 200 um.

transfections were replicated at least 3 times in triplo (i.e., 3 X 3 coverslips). To assess the endogenous effects of miR-135a and miR-135b during
miRNA mimics were cotransfected with GFP vector and, in the case of ~ neuronal development, ex vivo electroporation of miRNA mimics com-
sponge vectors, internal RFP was exploited to trace neurite length usingthe ~ bined with a GFP vector and subsequent organotypic slice cultures of
Neuron] plugin of Image] (Fig. 3B-F). Student’s ¢ tests were performed to  mouse embryonic cortex were performed at E14 (Fig. 4A). Embryos of
compare the means of each group with the control condition. one mother were divided among the three conditions to compare litter-
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miR-135a and miR-135b increase neurite outgrowth and branching. 4, Graphs showing results of gPCR on primary hippocampal neurons at different DIV. RNA was collected from three

to four coverslips of two different cultures. Samples were run in duplicate. Fold changes are relative to 5S housekeeping rRNA expression. Data are expressed as means =+ SEM. B, Representative
silhouettes of primary neurons at DIV4 after transfection with control-1, miR-135a, miR-135b, and miR-135a/miR-135b mimics. Longest neurites are labeled in green. C, Graph shows results of
tracing of the longest neurite of DIV4 hippocampal neurons in experiments as in A. At least 173 neurons were traced from =3 individual experiments. Data are expressed as means = SEM. **p <
0.01, ****p < 0.0007, t test. D, Quantification of tracing of the longest neurite of DIV4 hippocampal neurons after transfection with scrambled or miR-135a and miR-135b H1-mCherry-sponge
vectors. At least 100 neurons were traced from =3 individual experiments. Data are expressed as means = SEM. **p << 0.01, ttest. E, Representative silhouettes of primary neurons at DIV4 after
transfection with control sponge- or miR-135ab sponge vector. Longest neurites are labeled in green. F, Sholl analysis from 31 control-1 (gray), 15 miR-135a (green), 16 miR-135b (blue), or 23
miR-135a and miR-135b (red)-overexpressing neurons reveals increased branching in proximal neurites and in the distal axon. Data are expressed as means = SEM. ****p < 0.0001, multiple
ttests. In the silhouette, proximal neurites are marked in blue and distal branches are marked in red. G, Cumulative intersections of neurites from neurons transfected with control-1or miR-135aand

miR-135b mimics with the Sholl circles (as in D). Data are expressed as means = SEM. **p << 0.01, ¢ test.

mates and the experiment was repeated three times. Similar cortical slices
of at least six embryos from three different mothers were used for com-
parison. Next, in utero electroporation experiments were performed in
E14 mice embryos to overexpress and downregulate miR-135a and miR-
135b in vivo. For embryonic analysis, the three conditions were divided
over the embryos that were present in the uterus to always compare
littermates. In utero electroporation dedicated to the isolation of postna-
tal tissue was performed in one condition per mother. For analysis of
migration and neurite outgrowth of electroporated cortical neurons,
three consecutive cryosections showing the corpus callosum were used
and taken from at least nine pups derived from at least three different
mothers. For both ex vivo and in utero electroporation analyses, Mann—
Whitney U tests were used to compare the distribution of the migrating

cells. These were counted manually in two to three rasters containing
eight cortical “bins” per slice placed exactly perpendicular to the direc-
tion of migration, with the bottom of bin 1 touching the border of the
ventricle (for embryonic brains) or the axons of the anterior commissure
(for postnatal brains) and the top of bin 8 reaching the cortical surface
(Fig. 4A).

Next, possible mRNA targets of miR-135a and miR-135b were identi-
fied using the bio-informatic tool miRecords (Xiao et al., 2009). KLF4
was selected based on its reported effects on neurite outgrowth and neu-
ronal migration. The strongest predicted binding site of miR-135a and
miR-135b in the KLF4 3’-UTR was selected and used for a luciferase
assay performed three times in HEK293 cells to confirm direct target
binding (Fig. 5A, B). Immunohistochemistry was then used to assess
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Figure 4.  miR-135s are required for cortical neuron migration. A, Representative images of cortices that were ex vivo electroporated with control-1, miR-135a, or miR-135b mimics. Neuron
migration was quantified by placing a rectangle containing eight square bins perpendicular on the cortex. Cells in each bin were counted and expressed as percentage of the total number of cells in
therectangle. The bins perfectly align with the layers of the cortex: VZ, subventricular zone (SVZ), intermediate zone (1), CP, and marginal zone (MZ). Cell counts of two to three rectangles per section
were used for comparison. At least two to three sections from =3 animals from different litters were used. Data are expressed as means = SEM. Red** bin7 control-1vs miR-135a: Mann—Whitney
U test (MWU) = 24, p = 0.0042; blue* bin 4 control-1 vs miR-135b: MWU = 32, p = 0.0195; blue** bin 7 control-1 vs miR-135b: MWU = 25, p = 0.0051, tests. Scale bar, 100 pm.
B, Representative images and quantification of neuron migration and leading process lengthin in utero electroporated E16.5 cortices of mice embryos treated with either control-1or miR-135a and
miR-135b mimics. GFP signal is shown in white. Neuron migration was quantified as described in F. Data are expressed as means = SEM. Bin 3: MWU = 198, p << 0.0001; bin 6 MWU = 282,p <
0.0053; bin 7: MWU = 161, p << 0.0001; bin 8: MWU = 164, p < 0.0001. **p << 0.01, ****p < 0.0001, MWU; ****p < 0.000,1 ¢ test. Scale bar, 100 wm. C, Representative images and
quantification of neuron migration and leading process length in in utero electroporated E16.5 cortices of mice embryos treated with either scrambled or miR-135a and miR-135b H1-mCherry-
sponge vectors. mCherry signal is shown in white. Neuron migration was quantified as described in A. Data are expressed as means = SEM. Bin 2: MWU = 70, (Figure legend continues.)
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whether KLF4 and miR-135a and miR-135b are expressed in similar
brain areas (Fig. 5C). Next, we tested whether endogenous KLF4 expres-
sion in N2A cells was downregulated upon miR-135a and miR-135b
administration. To determine an endogenous role for miR-135-KLF4
signaling, rescue experiments were performed in primary hippocampal
neuron cultures and in utero electroporation using KLF4 cDNA (insen-
sitive to miRNA regulation) using the same experimental procedures and
repetitions as described before in the in utero experiments described in
Fig. 4.

Because KLF4 is one of the most important signals counteracting axon
regeneration, we investigated whether miR-135a and miR-135b could be
used to decrease KLF4 expression in poorly regenerating neurons in a
specific and cell-autonomous fashion. We first injected miRNA mimics
intravitreally (on day 0 and day 7) to learn whether this was sufficient to
deliver miRNAs to the optic nerve and to downregulate KLF4 expression.
qPCR was performed on three optic nerves per condition 14 d after the
first injection of mimics. Then, mimics were combined with GFP vector
and/or KLF4 cDNA to determine axon regeneration 14 d after ONI. This
was repeated in nine mice per condition. qPCR experiments revealed no
differences in transfection efficiency between conditions. AAV2 virus
containing miR-135a, miR-135b, or control miRNA was injected to
transduce RGCs only in 6 mice 7 d before the optic nerve crush and to
assess the cell-autonomous nature of the effect observed with mimic
injections. Finally, we determined whether miR-135a and miR-135b had
an endogenous role in optic nerve regeneration measured 14 d after the
optic nerve crush by injecting sponge vectors at day 0 and day 7 in 6 mice.
Axon regeneration was tested statistically by ANOVAs followed by Sidak
post hoc tests.

Results
miRNome-wide screen for miRNAs that regulate
neurite growth
To identify miRNAs that can promote neurite growth, an image-
based miRNA screen was performed in neuronal SH-SY5Y cells, a
cell line regularly used for cellular screening. Neuronal differen-
tiation of SH-SY5Y cells was induced by retinoic acid treatment
followed by transduction of a lentiviral library containing 1140
unique human miRNAs (Poell et al., 2011; Fig. 1 A,B). Using a
Cellomics ArrayScan platform, thousands of cells in each condi-
tion were analyzed for parameters related to neuronal morphol-
ogy. This multiparametric analysis resulted in a cumulative
hitscore that was based on parameters such as neurite length and
branching (Table 1). To identify hits, scores for each individual
miRNA were compared with the median score of all miRNAs.
This approach assumes that the majority of miRNAs do not affect
neuronal morphology. This approach identified 13 annotated
miRNAs with pronounced effects on specific morphological
properties of differentiated SH-SY5Y cells (e.g., neurite length).
Of these miRNAs, miR-135b had the largest effect (Fig. 1C).

To confirm the effect of miR-135Db, retinoic acid-treated SH-
SY5Y cells were electroporated with miR-135b mimics to simu-

<«

(Figure legend continued.) p = 0.018; bin 5: MWU = 69, p = 0.016; bin 6: MWU = 75,p =
0.030; bin 8: MWU = 69, p = 0.016, MWU, *p << 0.05; ****p < 0.0001, t test. Scale bar, 100
m. D, Representative images and quantification of neuron migration in in utero electropo-
rated P4 cortices of mice pups electroporated with either control-1 or miR-135a and miR-135b
mimics at E14.5. GFP signal is shownin white. Neuron migration was quantified as described in
A.Data are expressed as means == SEM. Bin3: MWU = 475, p = 0.0114; bin 4 MWU = 392.5,
p=0.0016; bin 5:MWU = 148, p << 0.0001; bin 6: MWU = 319.5, p = 0.0004; bin 7: MWU =
194.5,p < 0.0001, MWU. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bar,
200 wm. E, Representative images and quantification of neuron migration in in utero electro-
porated P10 cortices of mice pups electroporated with either control-1 or miR-135a and miR-
135b mimics at E14.5. GFP signal is shown in white. Neuron migration was quantified as
described in A. Data are expressed as means == SEM. Bin 6: MWU 783.5, p = 0.032, MWU. *p <
0.05. Scale bar, 200 pm.
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late overexpression. miR-135a, a close homolog of miR-135b
(Fig. 1D), was also included because it shares many mRNA targets
with miR-135b and because we suspected that miR-135a was not
identified in the initial screen because of technical problems
(edge-well effects in the culture plates). miR-124, a well known
brain-enriched miRNA that was identified in the screen, was also
included (Fig. 1C), as well as two control miRNA mimics (both
originating from C. elegans and proven to not target specific
mammalian mRNAs (Dharmacon) (personal observations).
Consistent with the results of the screen, miR-135b mimics af-
fected the general morphology of SH-SY5Y cells [6.58 = 1.11 vs
1.24 * 0.50, £(;4) = 4.64, p < 0.0001 (control-1), or vs 1.67 *
0.52, t(1g5) = 4.19, p < 0.0001 (control-2), one-way ANOVA,
Sidak post hoc test; Fig. 1E, left]. Furthermore, miR-135b en-
hanced neurite outgrowth [3.53 * 0.69, t,59, = 4.46, p < 0.0001
vs 0.55 * 0.28 (control-1) or vs 0.90 = 0.35 t49, = 3.87,p =
0.0006 (control-2), one-way ANOVAs, Sidak post hoc tests; Fig.
1E, middle]. Total hitscore and hitscore related to neurite length
appeared to be affected by miR-135a, but these effects did not
reach statistical significance. Neurite branching was significantly
increased by miR-135a (2.00 * 0.71, t(;49) = 3.62, p = 0.0015 vs
control-1 and t(,59y = 3.54; p = 0.0020 vs control-2) and miR-
135b (1.53 * 0.36, t(,49) = 3.11, p = 0.0085 vs control-1 and ¢, 59y =
3.03, p = 0.011 vs control-2, one-way ANOVAs, Sidak post hoc
tests) mimics compared with control mimics [0.14 * 0.12
(control-1), or 0.15 = 0.11 (control-2); Fig. 1E, right]. Together,
these data confirm that miR-135b and miR-135a increase neurite
growth and complexity.

Expression of miR-135a and miR-135b in the developing
mouse cortex and hippocampus

miR-135a and miR-135b sequences are preserved across species
and detected in mouse brain tissue (Lagos-Quintana et al., 2002;
Sempere et al., 2004; Ziats and Rennert, 2014; Caronia-Brown et
al., 2016). However, the precise spatiotemporal pattern of expres-
sion and functional role of these miRNAs in neurons remained
poorly understood. Therefore, we first analyzed the expression of
miR-135a and miR-135b by qPCR in the developing (at E14, E16,
PO, and P10, during which neurite growth and branching occur)
and in adult mouse cortex and hippocampus. qPCR analysis de-
tected miR-135a and mR-135b in embryonic, postnatal, and
adult cortex and hippocampus. Expression of both miRNAs de-
clined as cortical development progressed, but was increased
again atadult stages. In contrast, whereas hippocampal miR-135a
expression decreased toward P10 and displayed higher levels
again at adult stages, miR-135b levels remained unchanged (Fig.
2A,C). LNA-based in situ hybridization was used to reveal the
spatial distribution of both miRNAs and revealed miR-135a and
miR-135b expression in the cortex (at E14, P10, and adult; Fig.
2B) and hippocampus (at E14, P0, P10, and adult; Fig. 2D). Spe-
cific signals were observed in the dentate gyrus and CA3 pyrami-
dal cell layers of the hippocampus and in the cortical plate (CP) of
the developing cortex. Furthermore, both miRNAs were ex-
pressed in the adult mouse brain (Fig. 2 B,D). Therefore, miR-
135a and miR-135b display specific spatiotemporal patterns of
expression in the developing mouse brain.

miR-135a and miR-135b control axon growth and branching

miR-135a and miR-135b displayed prominent hippocampal
expression; therefore, to investigate their functional role in neu-
rons, hippocampal neurons were dissociated, transfected with
miRNA mimics, and analyzed for axon growth at DIV4. First,
qPCR was used to confirm endogenous expression of miR-135a
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Figure5.  KLF4is a functional target for miR-135a and miR-135b during axonal development and neuron migration. A, Schematic representation of predicted miR-135a and miR-135b-binding
sites in the 3"-UTR of KLF4 mRNA. Site 394 is predicted to mediate strongest binding (arrow). B, 3’-UTR of KLF4 was cloned into a psi-CHECK2 vector and used for a Renilla-luciferase assay with
control-1or miR-135a and miR-135b mimics. Subsequently, a psi-CHECK vector with the KLF4 3"-UTR in which 3 nt within site 394 were mutated was used to confirm specificity of miRNA-135-KLF4
binding. Luciferase activity was normalized to the 3’-UTR only condition of either wild-type or mutated 3'-UTR (UTRm). The experiment was repeated three times. Data are expressed as means =
SEM. **p < 0.01, *p << 0.05, ¢ test. C, Immunohistochemistry of KLF4 in sections of mouse cortex and hippocampus at E16.5 and adulthood. KLF4 is highly expressed in the CP, in axons running
through the intermediate zone (1Z), in hippocampal granule cells in the dentate gyrus (DG), and in pyramidal cells of the CA3. Scale bars, 200 um. D, Western blot analysis of KLF4 protein levels after
transfection of control-1or miR-135a and miR-135b mimics in Neuro2A cells. Data are expressed as means == SEM. **p < 0.01, t test. E, Representative silhouettes of primary hippocampal neurons
at DIV4 after transfection with control-1 mimics, control-1 mimics combined with a KLF4 cDNA insensitive for miRNA binding (CMV-KLF4-GFP), miR-135a and miR-135b mimics, and miR-135a and
miR-135b mimics combined with CMV-KLF4-GFP. F, Graph showing the results of tracing of the longest neurite of DIV4 hippocampal neurons in experiments as in E. At least 182 neurons were traced
from =3 individual experiments. Data are expressed as means == SEM. *p < 0.05, ***p << 0.001, ****p < 0.0001, t test. G, Representative images and quantification of neuron migration and
leading process length in in utero electroporated E16.5 cortices of mice embryos treated with either miR-135a and miR-135b mimics or miR-135a and miR-135b mimics combined with a pCAG-KLF4
vector insensitive to miR-135 regulation. Neuron migration was quantified as described in Figure 4. Data are expressed as means == SEM. Bin 1: Mann-Whitney U test (MWU) = 422,p = 0.0171,
bin2: MWU = 332, p = 0.0005, bin 3: MWU = 293, p <<0.0001, bin 4: MWU = 395, p = 0.0068, bin 5: MWU = 357, p = 0.0016, bin 6: MWU = 261, p << 0.0001, bin 7: MWU = 219, p < 0.0001
and bin 8: MWU = 211.5, p < 0.0001, MWU. *p << 0.05, **p << 0.01, ***p << 0.001, ****p < 0.0001. Control-1 condition is as described in Figure 4B. Scale bar, 100 wm.
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and miR-135b in primary hippocampal cultures (Fig. 3A). At
DIV4, the longest neurite, confirmed to be the axon, was signifi-
cantly longer in neurons transfected with miR-135a (354.9 *
24.41 pm) or miR-135b (392.8 = 15.24 wm) mimics compared
with control [271.7 * 7.18 um, t,,,, = 4.443 (control-1 vs miR-
135a), t9p0) = 8.181 (control-1 vs miR-135b), both p < 0.0001,
unpaired t tests; Fig. 3 B, C]. Cotransfection of both miR-135a
and miR-135b further increased axon length (428.7 * 14.97 um,
vs control-1 t;,,, = 10.36, p < 0.0001; vs miR-135a t59) =
2.628, p = 0.0088, unpaired ¢ tests). To assess the endogenous
roles of miR-135a- and miR-135b, specific miRNA sponges de-
signed to sequester miR-135a and miR-135b were cotransfected
into hippocampal neurons. Decreased availability of the miRNAs
resulted in a significant decrease in axon length (270.1 * 13.63
um) compared with scrambled control sponge transfection
(340.1 = 18.09 um, t(;,, = 3.053, p = 0.0026, unpaired ¢ test;
Fig. 3E). Because the initial screen in SH-SY5Y cells showed ef-
fects on both neurite growth and branching, Sholl analysis was
performed on primary hippocampal neurons transfected with
miR-135a, miR-135b, and the combination of the two mimics.
Overexpression of both miRNAs alone and combined resulted in
a marked increase in neurite branching in more distal regions
(Fig. 3F). Interestingly, combined overexpression of miR-135a
and miR-135b or of miR-135b alone also resulted in increased
branching in the area close to the cell body. These data suggest an
increase in the number of (branches of) primary neurites (blue neu-
rites) and increased branching of the axon (red neurites; control-1 vs
miR-135a: £ 5400, ranges from 3.728 to 8.52, control-1 vs miR-135b:
t(13144) Tanges from 3.735 to 6.426; control-1 vs miR-135ab: ;564
ranges from 3.84 to 7.496; p < 0.001 for all; unpaired ¢ tests). The
number of cumulative intersections of neurites with the Sholl
circles was also higher in miR-135ab treated neurons (53.9 *+ 4.91)
compared with control (38.69 * 2.67, t5,) = 2.414, p = 0.021,
unpaired ¢ test; Fig. 3G). Together, these experiments show that
miR-135a and miR-135b regulate axon growth and branching.

Cortical neuron migration requires miR-135a and miR-135b

miR-135a and miR-135b are expressed in hippocampal and cor-
tical neurons as they migrate in the developing nervous system
and extend neurites (Fig. 2) and manipulation of these miRNAs
affects neuronal morphology in cultured hippocampal as well as
cortical neurons (Fig. 3 and data not shown). To assess the role of
miR-135aand miR-135b in neurons in the complex environment
of the embryonic brain, we performed ex vivo and in utero elec-
troporation (van Erp et al.,, 2015). Ex vivo electroporation of
mouse cortex with miR-135a and miR-135b mimics was per-
formed at E14.5 and brains were sliced and cultured and analyzed
at DIV4. Electroporation of miR-135a or miR-135b mimics in-
duced a marked increase in the migration of cortical neurons
from the VZ to the CP, exemplified by a larger number of elec-
troporated GFP-positive neurons in the CP and fewer cells in the
intermediate zone compared with control mimic conditions (Fig.
4A, see figure legend for statistical results). To confirm these
effects in vivo, we delivered miRNA mimics or sponges to the
E14.5 cortex by in utero electroporation and analyzed migrating
neurons at E16.5. Mimics for miR-135a and miR-135b were
combined to elicit significant phenotypes in a short time period.
Consistent with the ex vivo electroporation data, delivery of miR-
135ab mimics to the cortex enhanced neuronal migration toward
the pial surface and induced a concomitant depletion in deeper
layers such as the subventricular zone (Fig. 4B, see figure legend
for statistical results). Electroporation of miR-135a and miR-
135b sponges had a small, but opposite effect, delayed migration
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of cortical neurons, confirming an endogenous requirement for
miR-135a and miR-135b in cortical neuron migration (Fig. 4C,
see figure legend for statistical results). As a measure for in vivo
neurite outgrowth, we quantified the length of the leading pro-
cess of migrating neurons after in utero electroporation. Al-
though miR-135a and miR-135b mimics induced an increase in
leading process length (30.65 * 1.09 vs 23.91 & 1.01, (34, =
4.497,p < 0.0001, unpaired t test; Fig. 4B), leading processes were
shorter after application of miR-135 sponges (25.23 = 0.80 vs
33.78 + 1.28, t(5,5) = 5.712, p < 0.0001, unpaired ¢ test; Fig. 4C).
To assess the long-term effect of miR-135 overexpression in vivo,
we isolated the brains from embryos in utero electroporated at
E14.5 at P4 (Fig. 4D) and P10 (Fig. 4E). Interestingly, at P4 elec-
troporation of miR-135a and miR-135b enhanced neuron migra-
tion significantly, resulting in a larger number of neurons in
upper cortical areas (Fig. 4D, see figure legend for statistical re-
sults). At P10, a small but significant difference in the distribution
of cells in the upper cortical layers remained between embryos
electroporated with control or miR135 mimics (Fig. 4E, see figure
legend for statistical results). Overall, these data suggest that, con-
sistent with their effects in cultured neurons, miR-135a and miR-
135b control neurite length and neuron migration in vivo.

miR-135a and miR-135b control axon growth and neuronal
migration through KLF4

How do miR-135a and miR-135b control neuronal morphology
and migration? Based on high sequence similarity and compara-
ble biological effects in neurons, we hypothesized that miRNA-
135a and miRNA-135b may share many of their mRNA targets.
To identify those targets, we performed target prediction analysis
using miRecords (Xiao et al., 2009). By combining data from at
least six databases in miRecords, 57 overlapping targets were
found for miR-135a and miR-135b (Table 2). Several of these
targets had confirmed roles in neurite growth and neuronal mor-
phology. However, for many of these targets (e.g., PTK2, TAF4),
knock-down had been reported to reduce neurite growth or
neuron migration (data not shown). KLF4 was particularly inter-
esting because knock-down of KLF4 in neurons, similar to over-
expression of miR-135s, enhances axon growth, leading process
length, and neuronal migration (Moore et al., 2009; Qin and
Zhang, 2012). Furthermore, recent work in vascular smooth
muscle and hepatocellular carcinoma cells links miRNA-135a to
KLF4 (Lin et al., 2016; Yao et al., 2016). Finally, KLF4 contains
predicted binding sites for several miRNAs in the top list of our
initial screen (miR-124, miR-449, miR-488, miR-499; Fig. 1C).
The 3'-UTR of KLF4 harbors two predicted miR-135-binding
sites (Fig. 5A) and, to confirm that KLF4 is a bona fide target for
miR-135s, we first performed dual-luciferase reporter assays by
cotransfecting psiCHECK2-KLF4 3’'-UTR and miR-135a and
miR-135b mimics into HEK293 cells. miR-135a and miR-135b
mimics decreased luciferase activity significantly both when
transfected alone or when combined (Fig. 5B). To confirm direct
and specific binding, the miRNA-135-binding site that was pre-
dicted to have the strongest association (according to www.
microRNA.org) was mutated (site 394; Fig. 5A). This mutation
completely abolished miR-135-mediated effects on luciferase ac-
tivity, suggesting that site 394 is the main miR-135-binding site in
KLF4 (KLF4 WT miR-135a vs KLF4 mutated miR-135a, t,, =
4.715, p = 0.0092; KLF WT miR-135b vs KLF4 mutated miR-
135b, £,y = 2.933, p = 0.0427; KLF4 WT miR-135ab vs KLF4
mutated miR-135ab, t,) = 4.735, p = 0.0091, unpaired  test; Fig.
5B). Next, we performed immunohistochemistry for KLF4 to
assess whether miR-135s and KLF4 are expressed in the same
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Table 2. Potential shared mRNA targets for miR-135a and miR-135h
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Refseq Symbol Description

NM_001127511 APC Adenomatous polyposis coli (APC), transcript variant 1
NM_001002296 GOLGA7 Golgi autoantigen, golgin subfamily a, 7

NM_001117 ADCYAP1 Adenylate cyclase activating polypeptide 1 (pituitary)

NM_001156 ANXA7 Annexin A7

NM_001186 BACH1 BTB and CNC homology 1, basic leucine zipper transcription factor 1
NM_002015 FOX01 Forkhead box 01

NM_002031 FRK Fyn-related kinase

NM_002267 KPNA3 Karyopherin alpha 3 (importin alpha 4)

NM_002449 MSX2 Msh homeobox 2

NM_003144 SSR1 Signal sequence receptor, alpha (translocon-associated protein alpha)
NM_003145 SSR2 Signal sequence receptor, beta (translocon-associated protein beta)
NM_003185 TAF4 TAF4 RNA polymerase II, TATA box binding protein (TBP)-associated factor, 135kDa
NM_003262 SEC62 SEC62 homolog (S. cerevisiae)

NM_003304 TRPC1 Transient receptor potential cation channel, subfamily C, member 1
NM_004235 KLF4 Kruppel-like factor 4 (qut)

NM_004901 ENTPD4 Ectonucleoside triphosphate diphosphohydrolase 4

NM_004972 JAK2 Janus kinase 2 (a protein tyrosine kinase)

NM_005124 NUP153 Nucleoporin 153kDa

NM_005230 ELK3 ELK3, ETS-domain protein (SRF accessory protein 2)

NM_005569 LIMK2 LIM domain kinase 2

NM_005607 PTK2 PTK2 protein tyrosine kinase 2

NM_005813 PRKD3 Protein kinase D3

NM_005907 MAN1A1 Mannosidase, alpha, class TA, member 1

NM_006066 AKR1A1 Aldo-keto reductase family 1, member A1 (aldehyde reductase)
NM_006306 SMCTA Structural maintenance of chromosomes 1A

NM_006651 CPLX1 Complexin 1

NM_007216 HPS5 Hermansky-Pudlak syndrome 5

NM_014573 TMEM97 Transmembrane protein 97

NM_014790 JAKMIP2 Janus kinase and microtubule interacting protein 2

NM_014918 CHSY1 Chondroitin sulfate synthase 1

NM_014924 KIAA0831 KIAA0831

NM_016132 MYEF2 Myelin expression factor 2

NM_016453 NCKIPSD NCK interacting protein with SH3 domain

NM_017744 ST7L Suppression of tumorigenicity 7 like

NM_017770 ELOVL2 Elongation of very long chain fatty acids (FEN1/Elo2, SUR4/El03, yeast)-like 2
NM_018951 HOXA10 Homeobox A10

NM_019094 NUDT4 Nudix (nucleoside diphosphate linked moiety X)-type motif 4
NM_021020 LZTS1 Leucine zipper, putative tumor suppressor 1

NM_021255 PELI2 Pellino homolog 2 (Drosophila)

NM_022484 TMEM168 Transmembrane protein 168

NM_022731 NUCKS1 Nuclear casein kinase and cyclin-dependent kinase substrate 1
NM_022758 C60rf106 Chromosome 6 open reading frame 106

NM_032320 BTBD10 BTB (P0Z) domain containing 10

NM_032804 ADO 2-aminoethanethiol (cysteamine) dioxygenase

NM_032995 ARHGEF4 Rho guanine nucleotide exchange factor (GEF) 4

NM_033427 CTTNBP2 Cortactin binding protein 2

NM_138444 KCTD12 Potassium channel tetramerisation domain containing 12
NM_145257 (lorf96 Chromosome 1 open reading frame 96

NM_ 145735 ARHGEF7 Rho guanine nucleotide exchange factor (GEF) 7

NM_145753 PHLDB2 Pleckstrin homology-like domain, family B, member 2

NM_152271 LONRF1 LON peptidase N-terminal domain and ring finger 1

NM_152520 INF3858 Zinc finger protein 3858

NM_152758 YTHDF3 YTH domain family, member 3

NM_178496 Qorf59 Chromosome 3 open reading frame 59

NM_178500 PHOSPHO1 Phosphatase, orphan 1

NM_181054 HIF1A Hypoxia-inducible factor 1, alpha subunit (basic helix-loop-helix transcription factor)
NM_203350 ZRANB2 Zinc finger, RAN-binding domain containing 2

NM_207346 TSEN54 tRNA splicing endonuclease 54 homolog (S. cerevisiae)

Predictions were made by the online bioinformatic tool miRecords. Within miRecords targets were predicted using at least six different prediction programs: MiRanda, MirTarget2, PicTar, PITA, RNAhybrid, and TargetScan/TargetScansS.

brain regions. Indeed, consistent with our in situ hybridization
data for miR-135a and miR-135b, prominent KLF4 expression
was detected in neurons in the CP of the E16.5 and adult cortex
and in the developing and adult hippocampus (Fig. 5C). To fur-
ther validate the relation between miR-135 and KLF4, endoge-

nous KLF4 protein levels were analyzed in transfected Neuro2A
cells by Western blot. Reduced KLF4 expression was observed
after transfection with miR-135a and miR-135b mimics com-
pared with control mimic transfection (miR-135ab vs control-1:
0.378 = 0.032vs 0.643 * 0.01, t(,) = 3.170, p = 0.010, unpaired
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t test; Fig. 5D). Together, these data indicate that KLF4 is a target
for miR-135a and miR-135b.

Next, we assessed whether the effects of miR-135s (miR-135a
and miR-135b) on axon growth and neuronal migration require
KLF4. In primary hippocampal neurons, cotransfection of KLF4
cDNA lacking the 3'-UTR (KLF4A3'-UTR), and therefore miR-
135-binding sites, markedly reduced the increase in axon growth
by transfection of miR-135 mimics (Fig. 5E, control-1 vs
control-1 + KLF4:271.1 = 7.178 vs 239.9 + 9.701, t(755) = 2.250,
p = 0.025; control-1 vs miR-135ab + KLF4: 271.1 * 7.178 vs
331.7 % 10.92, tog0) = 4.787, p < 0.0001; miR-135ab + KLF4 vs
miR-135ab: 331.7 + 10.92 vs 428.7 * 14.97, t(;94) = 5.139, p <
0.0001, unpaired ¢ test; Fig. 5F). Similarly, the positive effect of
miR-135a and miR-135b overexpression on cortical neuron
migration and leading process length was normalized by co-
electroporation of KLF4A3'-UTR (Fig. 5G, see figure legend for
statistical results of neuronal migration, for leading process
length: miR-135ab: 32.34 = 1.084, miR-135ab+KLF4: 20.42 =
0.79; t(240) = 8.851, p < 0.0001, unpaired  test). Together, these
experiments indicate that miRNA-135s enhance axon growth
and neuronal migration by repressing KLF4 protein expression.

Exogenous miR-135 application promotes optic nerve
regeneration through KLF4

Lowering neuronal KLF4 expression not only promotes axon
growth in developing neurons but is also one of the few experi-
mental treatments that facilitates regenerative axon growth after
CNS injury. Knock-out mice lacking KLF4 showed significantly
enhanced RGC axon regeneration after ONI (Moore et al., 2009;
Qin et al., 2013) This effect of KLF4 requires downstream signal-
ing via the Janus kinase (JAK)-signal transducer and activator of
transcription 3 (STAT3) pathway (Qin et al., 2013), but upstream
regulatory mechanisms of this pathway remain unknown. Be-
cause of these results and our data showing that miR-135 mimics
can promote axon growth by reducing KLF4 expression, we next
investigated whether application of miR-135 mimics can facili-
tate regenerative axon growth in the CNS. To test this hypothesis,
we used the optic nerve crush model. siRNAs and miRNA mimics
can be targeted efficiently to adult RGCs and optic nerve regen-
eration can be quantified reliably (Dickendesher et al., 2012; van
Erp etal., 2015). Further, both KLF4 and miR-135s are expressed
in adult mouse RGCs and reducing KLF4 expression enhances
optic nerve regeneration (Moore et al., 2009; Qin et al., 2013).
First, we confirmed that intravitreal injection of miR-135 mimics
leads to an elevation of miR-135a and miR-135b levels (Fig.
6A,B). Although endogenous expression of miR-135s was de-
tected, intravitreal injection of mimics increased miR-135a and
miR-135b expression markedly compared with injections with
scrambled controls (control-1 vs miR-135a: ¢,y = 2.462, p =
0.0348; control-1vs miR-135b: ¢4, = 4.309, p = 0.0063, unpaired
t test). Consistent with our data identifying KLF4 as a miR-135
target (Fig. 5), injection of miR-135 mimics in the eye led to a
decrease in KLF4 expression (control-1 vs miR-135ab: ¢y =
2.901, p = 0.0312, unpaired ¢ test; Fig. 6C). Next, we assessed the
effect of miR-135 injection on optic nerve regeneration. After
administration of scrambled control mimics, most CTB-labeled
RGC axons stopped abruptly at the crush site and only few fibers
crossed the lesion into the distal nerve (Fig. 6 D,E). In contrast,
miR-135 mimics induced significant regeneration (0.2 mm,
control-1 + GFP vs miR-135ab + GFP: 46.89 = 6.816 vs 208.4 =
35.11, tgs) = 7.374,p < 0.0001, one-way ANOVA with Sidak post
hoc test) beyond the lesion site and more pronounced sprouting
in the distal segment of the nerve (Fig. 6 D,E). To determine
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whether this effect was caused by the ability of miR-135s to re-
duce KLF4 expression, we combined intravitreal injection of
miR-135 mimics with cotransfection of vectors expressing GFP
(pCAG-GFP) or a KLF4 ¢cDNA that is not targeted by miR-135s
(pCAG-KLF4; van Erp et al,, 2015). Overexpression of KLF4 did
not affect RGC axon regeneration, but partly normalized the re-
generation promoting effect of miR-135 mimic injection after
ONI (0.2 mm, control-1 + GFP vs miR-135ab + KLF4: 46.89 *+
6.816vs 115.4 & 24.63, t ¢, = 3.128, p = 0.028, one-way ANOVA
with Sidak post hoc test; Fig. 6 D,E). Importantly, this effect of
KLF4 was not due to its ability to regulate miR-135 expression
because miR-135a and miR-135b levels in the retina were similar
after miR-135ab + GFP and miR-135ab + KLF4 administration
(Fig. 6F).

Intravitreal injection may target miRNA mimics to different
cell types in the mouse retina. To ensure that miR-135a and miR-
135b can have a positive, cell-autonomous effect in RGCs on
axon regeneration, overexpression of both miRNAs was induced
by intravitreal injection of AAV2, a viral serotype known to target
RGCs specifically (Fig. 6 A, G; Weitz et al., 2013). Indeed, target-
ing miR-135s to RGCs induced RGC axon regeneration at a level
comparable to that observed after mimic injection (0.2 mm,
AAV2-control vs AAV2-miR-135ab: 53.76 * 10.62 vs 243.6 =
23.59, t(30) = 10.98, p < 0.0001. one-way ANOVA with Sidak post
hoc test; Fig. 6H ). Finally, to assess a potential endogenous role of
miR-135a and miR-135b in regenerating RGC axons, specific
miRNA sponges designed to sequester miR-135a and miR-135b
were injected intravitreally. Decreased availability of the miRNAs
resulted in a small but significant decrease in the number of re-
generating axons close to the injury site compared with scram-
bled control sponge transfection (0.2 mm, control sponge vs
miR-135a/b sponge: 49.6 = 4.566 vs 28.46 * 7.593, t(;5) = 3.589,
p = 0.0063. one-way ANOVA with Sidak post hoc test; Fig. 6I).
Together, these results indicate that overexpression of miR-135
promotes CNS axon regeneration in part by reducing KLF4 ex-
pression, whereas decreasing functional miR-135 levels further
reduces the regenerative potential of adult RGCs.

Discussion

miRNAs are highly abundant in neurons and have been linked to
various aspects of neuronal development and function. However,
the in vivo function(s) and downstream mRNA targets of many of
the neuronally expressed miRNAs remain unknown. Here, we
performed high-content screening of >1000 miRNAs in neuro-
nal cells and identified miRNA-135a and miRNA-135b as potent
stimulators of axon growth and neuron migration through the
inhibition of the transcription factor KLF4. Further, although
injured CNS axons generally lack significant regenerative capac-
ity, our data show that repression of KLF4 by intravitreal appli-
cation of miRNA-135 mimics promotes regeneration of RGC
axons after ONI. In contrast, lowering miR-135 levels further
inhibited RGC axon regeneration. Together, these results identify
novel neuronal roles for the miRNA-135-KLF4 pathway and
show that ectopic miRNA application to injured neurons can be
used to enhance mammalian CNS axon regeneration.

Novel neuronal functions for miR-135a and miR-135b

The expression of members of the miR-135 family is regulated in
specific types of cancer. miRNA-135s target many different
tumor-related genes and thereby affect cell proliferation, differ-
entiation, and metastasis formation (Nagel et al., 2008; Lin et al.,
2013; Valeri et al., 2014; Ren et al., 2015; Shi et al., 2015). Because
of their important role in cancer, both the diagnostic and thera-
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peutic use of miR-135s are being investigated intensely (Khatri  pere et al., 2004; Ziats and Rennert, 2014; Caronia-Brown et al.,
and Subramanian, 2013; Wu et al., 2014; Zhang et al., 2016). 2016), much less is known about the neuronal functions of miR-
Despite specific expression of miR-135s in the developing and ~ 135s. miR-135a is required for chronic stress resiliency, antide-
adult nervous system (Fig. 2; Lagos-Quintana et al., 2001; Sem-  pressant efficacy, and 5-HT activity in adult mice (Issler et al.,
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2014) and may contribute to early mouse brain development
(Caronia-Brown et al., 2016). At the cellular level, miR-135s me-
diate long-lasting spine remodeling in hippocampal synaptic
LTD by targeting complexin-1 and complexin-2 (Hu etal., 2014).
Previous work and our current results show developmentally
regulated expression patterns for both miR-135a and miR-135b
during late embryonic and postnatal development (Ziats and
Rennert, 2014). However, the role of miR-135s at these develop-
mental stages was unknown. Interestingly, miR-135b was the top
hit of our image-based miRNA screen for neuronal morphology
and subsequent experiments confirmed and extended this obser-
vation by revealing that neuronal miR-135b and its homolog
miR-135a are required for neurite outgrowth and cortical neuron
radial migration in vitro and in vivo. These observations reveal
novel functions for miR-135a and miR-135b and are intriguing
because miR-135a has been linked to disorders such as epilepsy
and schizophrenia, which are characterized by structural changes
in neuronal networks (Kan et al., 2012; Rossi et al., 2014;
Alsharafi and Xiao, 2015). For example, expression of miR-135a
is upregulated in the hippocampus of patients suffering from
temporal lobe epilepsy (Kan et al., 2012) and it will be interesting
to determine whether, and if so how, this miRNA contributes to
pathogenic processes such as mossy fiber sprouting and granule
cell dispersion observed during epilepsy.

KLF4 is a downstream target of miR-135a and miR-135b

in neurons

In this study, we identified KLF4 as a target of miR-135a and
miR-135b in neurons. KLF4 is a transcription factor that, apart
from its function in self-renewal of embryonic stem cells, regu-
lates the intrinsic neurite growth capacity of neurons (Moore et
al., 2009; Steketee et al., 2014). Overexpression of KLF4 in RGCs
strongly represses neurite outgrowth and branching. Conversely,
downregulation of KLF4 induces longer neurites and enhances
cortical neuron migration (Qin and Zhang, 2012; Fang et al,
2016). KLF4 is downregulated during neuronal differentiation
and development and KLF4 overexpression impairs neural pro-
genitor cell proliferation and differentiation (Qin et al., 2011).
KLF4 expression gradually increases in mature neurons, correlat-
ing with a gradual loss in the ability of neurons to regrow their
neurites (Moore et al., 2009; Blackmore et al., 2010). Several of
our observations identify KLF4 as an important neuronal target
of miR-135s. First, miR-135 mimics downregulate KLF4 expres-
sion in luciferase assays, neuronal cells, and RGCs in vivo. This is
consistent with the ability of miR-135a to regulate KLF4 and
KLF4-dependent STAT3 signaling negatively in non-neuronal
cells (Linetal., 2016; Yao etal., 2016). Second, KLF4 knock-down
and miR-135 overexpression have similar effects on neuron mi-
gration, neurite growth, leading process length, and RGC axon
regeneration. Third, the neurite (re-)growth and neuron migration-
promoting effects of miR-135 overexpression can be rescued by
expression of miR-135-insensitive KLF4 constructs. Interest-
ingly, whereas overexpression of KLF4 fully rescues the positive
effects of miR-135s on cortical neuron migration, it only partially
reverses the effects of these miRNAs on neurite growth and
regeneration. It is possible that the levels of exogenous KLF4
expression were insufficient to reverse KLF4 expression to endog-
enous levels. Alternatively, because miRNAs are known to target
multiple different mRNAs, it is possible that miR-135 mimics
affect different transcripts related to neurite growth and migra-
tion other than KLF4. Indeed, in non-neuronal cells, miR-135a
and miR-135b are known to target, for example, APC, GSK3p,
and FOXOI, all of which have been implicated in neurite growth
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or neuron migration (Nagel et al., 2008; Moritoki et al., 2014;
Yangetal., 2015; and data not shown). Furthermore, KLF4 is part
of a larger family of KLF proteins, several of which regulate axon
growth (Apara and Goldberg, 2014). Bioinformatics analysis re-
veals that other family members, including KLF6, KLF8, KLF9,
KLF13, and KLF16, have predicted binding sites for miR-135a
and miR-135b in their 3’-UTRs (data not shown).

Exogenous application of miR-135s enhances CNS

axon regeneration

The expression of miRNAs is strongly regulated after injury to the
PNS and CNS. Knock-out of Dicer, a protein required for
miRNA biogenesis, hampers peripheral nerve regeneration,
whereas select miRNAs can function as intrinsic inhibitors of
CNS axon regeneration (Song et al., 2012; Wu et al., 2012; Zou et
al., 2013; Hancock et al., 2014; Phay et al., 2015; Li et al., 2016;
Martirosyan et al., 2016). Consistent with these observations,
manipulation of miRNA expression in mammalian adult sensory
neurons promotes the regeneration of their axons in the PNS and
CNS (Jiang et al., 2015; Gaudet et al., 2016; Hu et al., 2016).
However, whether direct manipulation of miRNAs in injured
mammalian CNS neurons also enhances axon regeneration and,
if so, through which mRNA targets was unknown.

KLF4 binds STAT3 and represses the JAK-STAT3 pathway
(Qinetal., 2013). Optic nerve crush experiments have shown that
downregulation of KLF4 and concomitant activation of JAK-
STAT3 signaling induces regenerative axon growth markedly in
the hostile CNS environment (Moore et al., 2009; Qin et al.,
2013). The fact that miR-135b was the top hit of our functional
screen, together with the ability of miR-135b and miR-135a to
promote axon growth through repression of KLF4, prompted us
to explore whether miR-135s could be used to stimulate axon
regrowth after CNS injury. Intravitreal administration of miR-
135 mimics to the retina after ONI reduced retinal KLF4 levels
and triggered RGC axon regrowth into and across the lesion site.
This effect of miR-135s was in part KLF dependent because reex-
pression of KLF4 in RGC:s partially reversed the regrowth pheno-
type. Further, targeting miR-135s specifically to RGCs by viral
vector-mediated delivery was sufficient to promote RGC axon
regeneration. Previous studies have shown that miRNAs can be
used to stimulate axon regeneration in the injured CNS (Jiang et
al., 2015; Gaudet et al., 2016; Hu et al., 2016). However, our
findings are conceptually distinct from these previous reports: we
find that application of miRNAs to injured CNS neurons triggers
axon regeneration after CNS injury, rather than regeneration of
peripheral sensory axons in the CNS after delivery of miRNAs to
the injury site. Therefore, whereas previous work has shown that
miRNAs can be used to render the injured CNS more permissive
for CNS axon regeneration, our work now shows that miRNAs
can also be used to elevate the intrinsic growth potential of injured
CNS neurons and thereby elicit regenerative growth. The ability of
KLF4 reexpression to rescue the regeneration-promoting effects of
miRNA-135s only partially supports the idea that these miRNAs
target several different transcripts in the injured retina. miRNA—
mRNA binding only requires a ~7—8 nt match between miRNA
and mRNA, so an individual miRNA can have dozens or possibly
hundreds of targets. A single miRNA can regulate several genes in
a single pathway or single genes in several pathways. This multi-
targeting property has obvious applications for promoting axon
regeneration because it offers the means to disrupt several pro-
cesses at once, a feature likely to be necessary for any future
disease-modifying therapy. In addition, several different miRNAs
may be combined into one therapy to target different cellular
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processes affecting regeneration; for example, glial scar forma-
tion and inflammation.

In conclusion, this study identifies miR-135a and miR-135b as
novel regulators of intrinsic neurite outgrowth capacity and neu-
ron migration by targeting KLF4. In addition, we find that exog-
enous application of miR-135 mimics to injured CNS neurons
inhibits the intrinsic growth inhibitor KLF4 and thereby en-
hances CNS axon regeneration. Conversely, reducing miR-135
levels in the retina further decreased RGC axon regeneration.
These data provide new tools for enhancing CNS axon regenera-
tion and underscore the crucial role of these small noncoding
RNAs after neural injury. Although most studies select miRNAs
on basis of spatiotemporal expression or downstream targets, we
have used high-content screening as an alternative and powerful
strategy to identify novel neurite growth promoting miRNAs.
Our screen identified several miRNAs with potent effects on neu-
rite growth and branching. These included miRNAs with known
effects on neurite development (e.g., miR-124), but also previ-
ously unexplored candidates (e.g., miR-220b). Further work is
needed to establish firmly the function of these miRNAs and
whether their aberrant expression or function is functionally
linked to neural disorders such as epilepsy.
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