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Supplementary Figure 1: NOR training of mice before deep sequencing screening. (a) Experimental set-up for NOR training conducted prior to deep sequencing. (b) Performance of animals used for sequencing tested 5min after training, expressed as discrimination ratio. Both groups demonstrated significant discrimination of novel object (chance level set at 33%) (one-sample t-test, control: t5=4.589, p<0.01; NIPP1*: t5=8.525, p<0.001) but NIPP1* mice had better performance than controls (unpaired t test between controls and NIPP1*: t10=1.93, #p=0.08). Controls, n=6; NIPP1*, n=6. Bar graphs represent mean ± s.e.m.
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Supplementary Figure 2: Distribution of reads obtained by deep sequencing and correlation between groups. (a) Proportion of sequence reads mapping to the genome and known miRNAs. (b) Comparison of number of reads that uniquely map to miRNAs in each sample (c) Average distribution of all identified miRNAs based on reads count expressed as ‘read counts’. (d) Correlation of expression level of all identified miRNAs (each represented as a dot in ln(read count)) ) between the different experimental groups (NIPP1* and control littermates, trained or untrained). Red  dots represent differentially expressed miRNAs (adjusted p<0.05). 
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Supplementary Figure 3: qPCR quantification of major components of the miRNA biogenesis machinery in NIPP1* and control mice.  Drosha: t8=1.54, p=0.16; Dicer: t8=0.89, p=0.40; Ago2: t8=1.10, p=0.30; Controls, n=5; NIPP1*, n=5.  Bar graphs represent mean ± s.e.m.
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Supplementary Figure 4: Relative abundance of differentially expressed miRNAs based on reads count per million (log 2). (a) NIPP1* compared to control mice; (b) trained controls compared to non-trained controls.  The number above bars indicates fold change between groups. 
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Supplementary Figure 5: Correlation between deep sequencing and qPCR-based quantification of miRNAs differentially expressed: (a) in NIPP1* and control mice; (b) in NOR-trained and untrained mice.
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Supplementary Figure 6: Effect of PP1γ inhibition on miR-183/96/182 precursor and mature transcripts in N2A cells. (a) Representative Western blot of PP1γ in whole cell extracts of N2A cells transfected with PP1γ siRNA (left panel), and 
quantification of blots (right panel, t4=4.31, *p<0.05). (b) Mature miR-183/96/182 expression in N2A cells (whole cells fraction) 
afterPP1γ knockdown (miR-183: t4=3.26, *p<0.05; miR-96: t4=0.28, p=0.8; miR-182: t4=2.33, #p=0.08). (c) Pri-miR-183/96/182 and pre-miR-183/96/182 expression in whole cell extract of N2A cells after 1hr KCl stimulation (pri-miR-183/96/182: t4=4.31, ***p<0.001; pre-miR-183: t4 =6.13, **p<0.01; pre-miR-96: t4  =4.20, *p<0.05; pre-miR-182: t4=9.26, ***p<0.001). 
(d) Cytoplasmic pre-miR-183/96/182 level in N2A cells after PP1γ knockdown and 1hr KCl stimulation (pre-miR-183: t4=4.16, *p<0.05; pre-miR-96: t4=3.02, *p<0.05; pre-miR-182:  t4=2.68, #p=0.06). (e) Level of mature (t4=1.29, p=0.27) and precursor (t4=0.73, p=0.50) transcripts of miR-10b in cells treated with PP1γ siRNA. Bar graphs represent mean ± s.e.m.
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Supplementary Figure 7: Verification of Actinomycin D treatment on c-Fos expression in N2A cells treated with KCl for 1hr; (Two-way ANOVA, ActD- F1,8=29.77, p=0.0006. post-hoc: Control siRNA t8=3.86, **p<0.01; PP1γ siRNA: t8=3.86, **p<0.01). Bar graphs represent mean ± s.e.m.
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Supplementary Figure 8: MiRNA expression in hippocampus of mice trained with the strong NOR protocol and sacrificed at 1h, 3hr or 24hr after testing. (a) Left panel: pre-miR-183 one-way ANOVA F3,23 =1.16, p=0.35; right panel: pre-miR-182 one-way ANOVA F3, 23 = 4.00, p=0.02, posthoc (control, NOR 1hr) **p<0.01). (b) Left panel: miR-183 one-way ANOVA F3, 23 = 0.78, p=0.51; right panel: miR-182 one-way ANOVA F3, 23 = 2.00, p=0.14. Bar graphs represent mean ± s.e.m.
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Supplementary Figure 9: AAV-mediated expression of miR-183/96/182 in the mouse hippocampus. (a) GFP staining of a brain slice 21 days after injection of a scAAV-cluster 183-GFP virus into the hippocampus. Neurons are labeled in red and GFP-expressing cells are green (anti-GFP). The series of images shown on the right panel display the extent of spread in the antero-posterior direction. (b) qPCR measurement of mature miR-183/96/182 levels in mouse hippocampus after injection with scAAV-control-GFP or scAAV-cluster 183-GFP (miR-183: t4=10.53, ***p<0.001; miR-96, t4=9.43, ***p<0.001; miR-182, t4=14.58, ***p<0.001; miR-10b, t4=0.55, p=0.61; controls, n=3; miR-183/96/182, n=3). Bar graphs represent mean ± s.e.m.
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Supplementary Figure 10: MiR-183/96/182 overexpression (miR-183/96/182 OE) in the hippocampus does not influence long-term object memory with a strong training protocol. (a) Experimental setup. (b, c) Time spent exploring objects during acquisition (b, t10=0.88, p=0.40), and testing on the NOR task (c, time on novel object: t10=1.1, p=0.29; time on all objects: t10=1.2, p=0.26) (d) Discrimination ratio of novel object over familiar objects (one-sample t-test, control: t5=3.43, p<0.05; miR-183/96/182 - t5=3.27, p<0.05; unpaired t test between controls and miR-183/96/182: t10=0.34, p=0.74); the broken line shows chance level of discrimination set at 33%. (e, f) Total distance covered (t10=0.75, p=0.47) (e), and total time spent in the center of the arena (t10=0.30, p=0.77) (f), during open field-testing showing similar performance in control and miR-183/96/182 overexpressing mice. Controls, n=6; miR-183/96/182 OE, n=6. Bar graphs represent mean ± s.e.m.



a                     b                      c                            
Controls
miR-183/96/182 OE

Test 1 Test 2
d                               e

bisrat
Typewritten Text
Supplementary Figure 11: Performance of miR-183/96/182 expressing (miR-183/96/182 OE) mice and controls in a weak training protocol. (a) Total path length during open field test (t32=1.30, p=0.20); (b) Time spent in the center of the arena during open field test (t32=0.04, p=0.97); (c)Time spent exploring objects during acquisition (t32=1.32, p=0.197). (d) Discrimination ratio during test 1, 24hr after NOR training (One sample t-test, controls: t18=2.86, p<0.05; miR-183/96/182, t14=1.84, p<0.1); unpaired t-test between group comparison: (t32=0.3, p=0.77). (e) Discrimination ratio during test 2, 48hr after NOR training (One sample t-test, control: t18=8.82, p<0.001; miR-183/96/182: t14=22.37, p<0.001); unpaired t-test between group comparison (t32=2.65, *p<0.05).  Controls, n=19; miR-183/96/182 OE, n=15. Bar graphs represent mean ± s.e.m. 
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Supplementary Figure 12. Performance of mice expressing miR-183/96/182 sponge in the hippocampus under the weak NOR paradigm. (a) GFP expression in CA1 area of the hippocampus 10 days after scAAV-hSyn-miR-183 cluster sponge injection. (b) Quantification of miRNA expression in the hippocampus of mice expressing the sponge construct 30 days after virus injection (miR-183: t14=2.23, *p<0.05; miR-182: t14=2.40, *p<0.05; miR-10b: t14=0.57, p=0.58); Control, n=7, miR-183/96/182, n=9. (c) Total distance covered (left panel: t18=1.31, p=0.21) and time spent in center arena (right panel: t18=0.52, p=0.609) during open-field test. (d) Total object exploration during 10min acquisition session (t18=0.01, p=0.99). (e) Discrimination ratio 24hr (test 1: t17=0.25, *p<0.5) and 48hr (test 2, t16=0.28, p=0.78) after NOR training. Control, n=9-10; miR-183/96/182 sponge, n=9-10). Bar graphs represent mean ± s.e.m. 
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Supplementary Figure 13: Hippocampal miRNA expression 30 minutes after training with the weak NOR protocol. (a) Left panel: pre-miR-183, t6=2.32, #p=0.06; right panel: pre-miR-182, t7=3.01, *p=0.02. (b) Left panel: miR-183, t9=4.15, **p<0.01; right panel: miR-182, t9=4.8, ***p≤0.001. Control, n= 4-6; NOR, n=5. Bar graphs represent mean ± s.e.m.



a
                                     AUCGUGAAAACGGUUU

 ...GGAGACAUAGCACUUUUGCCAAA...3’

5’3’

5’ HDAC9 3’UTR

miR-182/HDAC9 TSB

b
Controls
miR-182/HDAC9 TSB

bisrat
Typewritten Text
Supplementary Figure 14: miR-182/HDAC9 target site blocker (TSB) and its effect on HDAC9 expression. (a) Alignment of miR-182 TSB at HDAC9 3’UTR; sequences labeled in red are miR-182 seed sequence binding sites. (b) HDAC9 mRNA level in N2A cells treated with miR-182 TSB (t6=2.05, #p=0.087). Bar graphs represent mean ± s.e.m. 
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Supplementary Figure 15: Western blots for HDAC9 and GAPDH on hippocampal extracts (a-c). The numbers on the sides refer to molecular
weight of the marker. C: cage control, H: habituation only, N: NOR training, T: training and test.  
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Supplementary Figure 16: Western blots for PP1 and beta actin on whole cell lysate from N2A cells transfected with PP1g siRNA (P) or scrambled
control siRNA (C). The numbers on the side indicate molecular weight of the marker. 
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Supplementary Figure 17: Top pathways with predicted target genes of miR-183/182/96 cluster. Many predicted target genes (highlighted with red stars) are involved in regulation of long-term potentiation
 (a), long-term depression (b), MAPK signaling (c), neurotrophin signaling (d), and actin cytoskeleton (e). Target prediction and pathway analysis performed using mirPath and DAVID respectively and 
schematics was generated using KEGG pathway database.
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Supplementary Table 1: List of primers, siRNAs, and plasmids
Primer/siRNA/plasmid Source/sequence
miR-183, forward primer Qiagen, cat. No.: MS00001722

miR-182, forward primer Qiagen, cat. No.: MS00011291

miR-96, forward primer Qiagen, cat. No.: MS00001456

miR-135a, forward primer Qiagen, cat. No.: MS00011130

miR-135b, forward primer Qiagen, cat. No.: MS00001575

miR-204-3p, forward primer Qiagen, cat. No.: MS00024514

miR-146, forward primer Qiagen, cat. No.: MS00001638

miR-200c, forward primer Qiagen, cat. No.: MS00001827

Let-7c, forward primer Qiagen, cat. No.: MS00005852

miR-190, forward primer Qiagen, cat. No.: MS00032438

Pre-miR-10b, forward primer Qiagen, cat. No.: MP00003983

miR-10b, forward primer Qiagen, cat. No.: MS00032249

RNU6, forward primer Qiagen, cat. No.: MS00033740
10X  miScript Universal reverse 
primer

Qiagen, cat. No.: 218193

Pre-miR-96, forward & reverse 
primers Qiagen, cat. No.: MP00006881

Pre-miR-183, forward & reverse 
primers Qiagen, cat. No.: MP00004438

Pre-miR-182, forward & reverse 
primers Qiagen, cat. No.: MP00004431

Pri-miR-183/96/182 forward CCC TCC TAA AAC CAC CCT AA

Pri-miR-183/96/182 reverse AGT TGG CAA GTC TAG AAC CAC

HDAC9, forward primer ACG AGA AAG GGC AGT GGC AAG C

HDAC9, reverse primer GAT GTG TGG TGG GCA GCC GT

NUFIP2, forward primer AAC GCC GAA GAA GAA AAC AGG CTA

NUFIP2, reverse primer GCT GAC ATC GGG ACC TGG GA

GAPDH, forward primer CCA CTG GTG CTG CCA AGG CT

GAPDH, reverse primer GGC AGG TTT CTC CAG GCG GC

Cacnb4, forward primer TAC CTG CAT GGA GTT GAA GAC T

Cacnb4, reverse primer TTC GCT CTC TCA AGC TGG ATA

Gabra1, forward primer TGT GCG AGG GAG AGC AAG TC

Gabra1, reverse primer AGC TAG GAA GCA GGG AGA TGT A

Prkcz, forward primer GAC TGG GTG CAG ACA GAG AAA C

Prkcz, reverse primer ACT CGA TGA CCA GGA ACA ACC G

18s rRNA, forward primer CGGCTACCACATCCAAGGAA

18s rRNA, reverse primer GCTGGAATTACCGCGGCT

Tubd1, forward primer TCTCTTGCTAACTTGGTGGTCCTC

Tubd1, reverse primer GCTGGGTCTTTAAATCCCTCTACG
Nrg1, forward primer TGT GGT GGC CTA CTG CAA AA
Nrg1, reverse primer TGG TGG GTT TGG ATG GTG AG
Ppp2ca, forward primer ATG GAC GAG AAG TTG TTC ACC
Ppp2ca, reverse primer CAG TGA CTG GAC ATC GAA CCT

Grm5, forward primer CGT CTG GGG AAA CCC TAA GCT CCA
Grm5, reverse primer TCA CCT CGA TGG CCG GCA GA

Gria1, forward primer GTC CGC CCT GAG AAA TCC AG
Drosha, forward primer GAG CCT AGA GGA AGC CAA ACA
Drosha, reverse primer GCC GGA CGT GAG TGA AGA T
Dicer, forward primer TTA ACC TTT TGG TGT TTG ATG AGT GT
Dicer, reverse primer GCG AGG ACA TGA TGG ACA ATT
Ago2, forward primer CCA TCT AGC TGT GAA GGC TCT GA
Ago2, reverse primer TTC TTA GGG CCA GGC TTT AAA A
Gria1, reverse primer CTC GCC CTT GTC GTA CCA C

Usp13, forward primer CCC AGG GTA CAC GGG CCT GA

Usp13, reverse primer GCT GAG GCT TGT GCT CCT CCT TC
Tubd1, forward primer GGG AGA ATC ATG GAC CAG AA
Tubd1, reverse primer TTG CTG CTG CTG TCT TTG TT

PP1γ siRNA pool
ON-TARGETplus Mouse Ppp1cc (19047) siRNA- 
SMARTpool, 5nmol. ThermoScientific catalog 
number L-040212-00-0005

Negative control siRNA AllStars Negative control siRNA (20 nmol). 
Qiagen, catalog Number 1027281

PP1γ 3’ UTR plasmid

Ppp1cc (GFP-tagged) - Mouse protein 
phosphatase 1, catalytic subunit, gamma isoform 
(cDNA clone MGC:13976 IMAGE:3487479), 
(10ug), 10µg. Origene, catalog number: 
MG204669



Supplementary Table 2: Results from t-tests, Fisher’s LSD (protected or unprotected) and Tukey’s 
posthoc analyses when appropriate.

Figure 
number

Description t-test One- or two-way 
ANOVA

Fisher’s LSD 
posthoc

Tukey’s posthoc

2c, left Effect of PP1γ 
knockdown on pre-

miR-183

Control vs  PP1γ k/d 
t(4)=3.09, p=0.037

F(2,6)=3.12, 
p=0.12

t(6)=2.43, p=0.05 n/a

2c, middle Effect of PP1γ  
knockdown on pre-

miR-96

Control vs  PP1γ k/d 
t(4)=3.75, p=0.02

F(2,6)=9.19, 
p=0.01

t(6)=3.83, p=0.009 n/a

2c, right Effect of PP1γ  
knockdown on pre-

miR-182

Control vs PP1γ  k/d 
t(4)=3.52, p=0.02

F(2,6)=4.13, 
p=0.07

t(6)=2.82, p=0.03 n/a

2d Effect of PP1γ  
knockdown on pri-
miR-183/96/182

PP1   
F(1,8)=5.37, 

p=0.049

ActD 
F(1,8)=35.62, 

p=0.0003

Vehicle t(8)= 3.30,
p=0.01

ActD t(8)=0.02, 
p=0.99

Vehicle q(8)=4.66, 
p=0.04

ActD q(8)=0.02, 
p>0.99

2e, left pre-miR-183 
production with PP1 
inhibition and ActD

Vehicle t(16)=3.47, 
p=0.004

ActD t(11)=2.53, 
p=0.028

PP1 
F(1,27)=17.61, 

p=0.0003

Vehicle t(27)=3.13, 
p=0.004

ActD
t(27)=2.85, p=0.008

Vehicle q(27)=4.43, 
p=0.02

ActD
q(27)=4.02, p=0.04

2e, middle pre-miR-96 
production with PP1 
inhibition and ActD

Vehicle t(16)=3.97, 
p=0.001

ActD t(27)=1.89,     
p=0.08

PP1 
F(1,27)=16.13, 

p=0.0004

Vehicle t(27)=4.05, 
p=0.0004

ActD t(27)=1.80,     
p=0.078

Vehicle q(27)=5.73, 
p=0.002

ActD q(27)=2.59,     
p=0.28

2e, right pre-miR-182 
production with PP1 
inhibition and ActD

Vehicle t(16)=4.80, 
p=0.0002

ActD t(12)=2.43, 
p=0.03

PP1 
F(1,28)=21.3, 

p<0.0001

Vehicle t(28)=3.45, 
p=0.002

ActD t(28)=3.11, 
p=0.004

Vehicle q(28)=4.88, 
p=0.009

ActD q(28)=4.40,     
p=0.02

6c HDAC9 protein level 
after NOR training

Cage control vs NOR 
testing

t(14)=2.05, p=0.06

Habituation vs NOR 
testing t(13)=2.24, 

p=0.04

F(3,28)=2.06, 
p=0.13

Cage control vs NOR 
testing t(28)=2.20, 

p=0.036

Habituation vs NOR 
testing t(28)=1.99, 

p=0.05

n/a

Suppl. 7 Effect of ActD 
treatment on C-fos 

expression

ActD 
F(1,8)=29.77, 

p=0.0006

Control t(8)=3.86, 
p=0.0048

PP1γ  k/d t(8)=3.86, 
p=0.0048

Control t(8)=5.46, 
p=0.02

PP1γ  k/d  t(8)=5.45, 
p=0.02

Suppl. 8a, 
left

Pre-miR-183 
expression after 

training with strong 
NOR protocol

F(3,23)=1.16, 
p=0.35

n/a n/a

Suppl. 8a 
right

Pre-miR-182 
expression after 

training with strong 
NOR protocol

F(3,23)=4.00, 
p=0.02

Control vs NOR 1hr 
t(23)=2.97, p=0.007

Control vs NOR 1hr 
q(23)=4.20, p=0.03

Suppl. 8b, 
left

miR-183 expression 
after training with 

strong NOR protocol

F(3,23)=0.78, 
p=0.51

n/a n/a

Suppl. 8b,  
right

miR-182 expression 
after training with 

strong NOR protocol

F(3,23)=2.00,
p=0.14

n/a n/a
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