
MAPP Name! Number  
Changed!

Number  
Measured!

Percent 
Changed! Z Score! PermuteP! AdjustedP!

Mm_Striated_muscle_contraction! 5! 17! 29.4! 4.61! 0! 0.099!
Mm_Nuclear_Receptors! 4! 20! 20.0! 3.08! 0.02! 0.59!
Mm_Steroid_Biosynthesis! 2! 8! 25.0! 2.58! 0.04! 0.81!
Mm_Gluthation_Metabolism_KEGG! 3! 10! 30.0! 3.15! 0.02! 0.60!
Mm_B_Cell_Receptor_NetPath_12! 8! 60! 13.3! 2.36! 0.03! 0.91!
Mm_Id_NetPath_5! 3! 18! 16.7! 2.26! 0.05! 0.94!

Supplemental Table S1. MAPPFinder results showing the most up- and down-regulated 
pathways.!
A fold change of 1.5 and a p-value of <0.05 were used as the criteria for gene expression 
changes in the Rp58 KO mouse cortex compared with WT. !
Number changed, number of genes changed; Number measured, number of genes measured 
on the chip; Number on MAPP, number of genes on the MAPP; Percent changed, number 
changed divided by the number measured. The z-score assumes a hypergeometric 
distribution. Permute P,  p-value calculated from repeated random sampling trials;  Adjusted p-
value, p-value derived from statistically multiplexed tests. !!
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Supplementary Figure S1. !
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Figure S1. Rp58 KO cortex showing cell cycle re-entry, even during late gestation.!
(A-B’) Coronal sections of WT and mutant cortex were stained with anti-cyclin-E (green) 
and Topro3 (blue, nuclear stain). Scale bars: 100 μm. LV: lateral ventricle. (C)	  The number 
of cyclin-E positive cells in the fixed area was measured (n=3).!
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Supplementary Figure S2. !

Figure S2. The number of GFAP-positive astrocytes was not clearly increased in the 
Rp58 KO rostral cortex compared with the control cortex.!
(A-B’) Representative images showing staining of coronal sections from  WT and mutant mice 
for GFAP. (A’) and (B’) represent magnified images from  (A)  and (B) , respectively. Nuclei 
were stained with Topro3. Scale bars: 0.1 mm. LV: lateral ventricle (n=3).!
!
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Figure S3. Astrocytes were not yet present in the E16.5 RP58 mutant or control cortex.!
(A-B’) Representative immunohistochemical staining of coronal sections for GFAP. Nuclei were 
stained with Topro3. (A’) and (B’) are merged image of GFAP and Topro3. Scale bars: 0.1 mm. LV; 
lateral ventricle. (n=3).!
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Figure S4. Rp58 KO mice show incremental increases in S100β-positive astrocytes. !
(A,B) Representative images showing staining for S100β in caudal sections from E18.5 WT (A) 
and mutant mice (B). The number of S100β-positive astrocytes was increased in Rp58 KO mice. 
(C-C”) Double immunostaining for S100β and GFAP in the mutant mice. (C) shows merged 
images of GFAP and nuclear staining (DAPI). C’ shows merged images of  S100β and nuclear 
staining (DAPI). C” shows merged images of  S100β and GFAP. Double-positive cells are 
indicated by arrowheads. Scale bars: 100 μm (A,B), 50 μm (C-C”). LV: lateral ventricle. The 
dotted line in (A) indicates the edge of the VZ (n=3).!
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Figure S5. Location and putative RP58-binding sequence in each Id genomic region 
(conserved between mouse and human).!
Red font indicates E-box sequences (CANNTG).!
!

Supplementary Figure S5. !



ca
ud

al
!

E18.5! +/+!
!
!
 !
!
!
-/-!

+/+!
!
!
 !
!
!
-/-!

+/+!
!
!
 !
!
!
-/-!

+/+!
!
!
 !
!
!
-/-!

ro
st

ra
l!

+/+!
!
!
 !
!
!
-/-!

+/+!
!
!
 !
!
!
-/-!

+/+!
!
!
 !
!
!
-/-!

+/+!
!
!
 !
!
!
-/-!

*!*!*!*!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

Id1 　 　 　　Id2　　 　  　 Id3 　　  　 　Id4 !

Supplementary Figure S6.!

Ac                      Bc                      Cc                      Dc!
!
!
!
!

!
Ec                      Fc                      Gc                      Hc!
!
!
!
!
!
!
Ar                      Br                       Cr                       Dr!
!
!
!
!
!

Er                      Fr                       Gr                       Hr!



E18.5! Id1                  Id2                   Id3                   Id4 !
+/+!
!
!
!

 !
!
!
 -/-!

+/+!
!
!

!
 !
!
!
 -/-!

+/+!
!
!
!

 !
!
 !
 -/-!

+/+!
!
!
!

 !
!
 !
 -/-!

ca
ud

al
!

*!*!*!*!

A’c                      B’c                     C’c                     D’c!
!
!
!
!
!
E’c                      F’c                     G’c                     H’c!
!
!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

LV!

Figure S6. Rp58 KO mice show ectopic expression of Id proteins in the cerebral cortex.!
(Ac-H’c, Ar-Hr) Representative images showing Id1, Id2, Id3, and Id4 in caudal sections (Ac-H’c) 
and rostral sections (Ar-Hr) from E18.5 WT and mutant mice. (A’c-H’c) represent magnifications 
of (Ac-Hc), respectively. The stars indicate the regions in which all Id proteins were ectopically 
expressed in the mutant cerebral cortex around the VZ/SVZ  (Ec-Hc, E’c-H’c) (star). Scale bars: 
100 μm. LV: lateral ventricle (n=3).!
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Figure S7. Expression of Id1-Id4 mRNAs was upregulated at each neurosphere level 
in Rp58 KO mice.!
(A) Reverse transcription (RT)-PCR shows the expression levels of endogenous Id and 
Gapdh (internal control) mRNAs. (B) Semi-quantification of the presented agarose gel 
image (A) was performed using Fiji software. Pax6 mRNA was used as a negative control. 
t-test: (*) P < 0.05, (**) P < 0.01. Error bars represent mean ± SD, n = 5.!
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Figure S8. RP58 reduces the self-renewal capacity of neurospheres under FGF2- or 
EGF- and FGF2-supplemented conditions. !
(A, B, E, F) Representative images of GFP- expressing neurospheres isolated from the 
E14.5 cortex and cultured for 7 days in the presence of FGF2 (A, B) or EGF and FGF2 (E, 
F).  (C, G) The average diameter under the conditions in (A, B)  or (E, F). (D, H) The 
number of neurospheres was counted after replating primary neurosphere cells of (A, B)  
or (E, F)  at 0.5×105 cells/ml. (C, D, G, H) Three independent experiments were 
performed. (**P < 0.01; t-test). Error bars indicate the SD. Scale bars: 100 μm. !
!
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Figure S9. Co-induction of Ids along with Rp58 partially rescued the size of the 
neurospheres.!
(A-G) Representative images showing GFP-expressing neurospheres isolated from the 
E14.5 cortex and cultured for 7 days in the presence of EGF. (B) shows Rp58-induced 
spheres, and (C-G) show Id- and Rp58-induced spheres. Three experiments were 
performed for each of the four embryos. (H) Quantification of the average of the diameter 
under the condition in (A-G). (**P < 0.01; t-test). Error bars indicate the SD. Scale bars: 
100 μm. !
!
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Figure S10. Self-renewal potential of NSCs from the Rp58 KO cortex. !
(A, B) Neurospheres from E14.5 at passage 4. Representative images showing 
neurospheres from WT and KO E14.5 cortex cultures. (C) Size distribution of E14.5 
neurospheres after four passages. Scale bars: 50 μm (n=3). Rp58 KO spheres were much 
larger than wild-type spheres as shown by a shift to the right in the size distribution plot. (D) 
The average diameter of >200 neurospheres per genotype. The Rp58 KO neurospheres 
were also roughly 2.7-fold larger in volume (**P < 0.01; t-test), indicating enhanced self-
renewal.!
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Figure S11. Id overexpression mimicked the Rp58 KO mouse phenotype of 
increased proliferating cells.!
(A, B, A”, B”) Representative images of WT brains electroporated at E15.5 with 
GFP expression vector (A-A”) or co-electroporated with GFP, Id1, Id2, Id3, and 
Id4 expression vectors (B-B”) were fixed at P0.5 and stained with anti-GFP 
(green) (A, B, A”, B”) and anti-Ki67 (red) (A’, B’, A”, B”) at P0.5. (C) 
Quantification of the ratio of Ki67-positive cells to GFP-positive cells in (A”) and 
(B”). Scale bars: 50 μm (A-B”). t-test: (**) P < 0.01. Error bars represent mean ± 
SD, n = 4. LV; lateral ventricle. !
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Figure S12. Downregulatory effect of shId expression in mouse NSC-derived 
neurospheres.!
(A) RT-PCR analysis showed that the dissociated cells from E14.5 WT cerebral cortex 
transduced with either GFP-IRES-scramble shRNA (Sc. sh) lentivirus or shId1, Id2, Id3 
and Id4-IRES-GFP (shId1-Id4) lentivirus produced neurospheres, which were 
harvested after 4 days. (B) Semi-quantification of the presented agarose gel image (A) 
was performed using Fiji software. t-test: (*) P < 0.05, (**) P < 0.01. Error bars indicate 
mean ± SD, n = 3.!
!

Supplementary Figure S12. !
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Figure S13. Id1-Id4 knockdown rescued the increase of proliferating cells in Rp58 
KO mice.!
(A-B’) Rp58 KO cortex electroporated at E14.5 with control scramble shRNA (Sc. sh ) 
expression vector (A, A’) or co-electroporated with shId1, shId2, shId3, and shId4 
expression vectors (B, B’) was fixed at E18.5 and stained with anti-GFP (green) and anti-
Ki67 (red) antibodies. (C) Quantification of the ratio of Ki67-positive cells to GFP-positive 
cells in (A’) and (B’). Scale bars: 25 μm (A-B’). t-test: (**) P < 0.01. Error bars indicate 
mean ± SD, n = 3. LV; lateral ventricle. !
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Figure S14. Comparison of the migration pattern in WT and Rp58 KO cortex.!
(A, B)Representative image of Rp58 KO cortex electroporated at E14.5 with GFP 
expression vector was fixed at E18.5 and stained with anti-GFP (green). Scale bars: 
25 μm (A, B). The dotted lines indicate the edge of the neocortical VZ or cortical 
plate. LV; lateral ventricle. !
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Figure S15. p57 overexpression rescued the increase of proliferating cells in 
Rp58 KO mice.!
(A-B) Representative image of Rp58 KO cortex electroporated at E14.5 with control 
GFP expression vector (A) or co-electroporated with p57 expression vectors (B) was 
fixed at E18.5 and stained with anti-GFP (green) and anti-Ki67 (red) antibodies. (C) 
Quantification of the ratio of Ki67-positive cells to GFP-positive cells in (A) and (B). 
Scale bars: 25 μm (A, B). t-test: (*) P < 0.05. Error bars indicate mean ± SD, n = 3. 
The arrows indicate the double-stained cells.!
!
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Figure S16. Functional inhibition of p57 protein mimics the Rp58 KO mouse phenotype.!
(A-B”c) Representative fluorescence images of coronal sections through cortices 
electroporated with control GFP or Cterp57 at E15.5 and analyzed after 9 days. Sections were 
double-labeled for GFP, GFAP and NeuN. (B”a-B”c) Magnification of the dotted square in 
(B” ). (C and D) Percentage of EGFP or NeuN-positive cells within the cortical mantle. GFAP 
and GFP double-positive cells indicated by arrowheads (B”, B”a-B”c) (n=3). *P<0.05, 
**P<0.01. Error bars indicate ± SD. Scale bars: 100 μm (A-B’”), 50  m (B”a-B”c). CS; cortical 
surface. !
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Figure S17. Progenitors from the E18.5 cortex maintain proliferative competency to the 
same extent as those from E14.5 in Rp58 KO mice. !
(A, B) Representative images showing neurospheres harvested from E18.5 cortex of WT (A) or 
Rp58 KO mice (B). The neurospheres were harvested from E14.5 or E18.5 after 7 days. Scale 
bars: 50 μm. (C) Quantitative analysis of neurosphere diameter. (**P < 0.01; t-test). Error bars 
indicate SD (n=20). !
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Figure S18. Expression of each Id in vivo impacts on the progenitor/astrocyte 
compartments.!
(A-K) E15.5 WT cortices were electroporated with control GFP or with each Id, and GFP 
overexpression was analyzed 4 days later. (A-E) Representative images showing labeling of 
the GFP signal in coronal cortical sections (n=3). (F-I”) Representative magnified images of 
the VZ/SVZ regions from A. (J,K) Quantification of Ki67+/GFP+ cells or GFAP+/GFP+ cells 
within the VZ/SVZ. Scale bars: 100 μm (A-E), 25 μm (F-I”). (**P < 0.01; t-test). Data represent 
the mean ± SD (n=3). The dotted lines indicate the edge of the neocortical VZ or cortical plate.!
!
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Figure S19. Knockdown of each Id gene could not rescue the Rp58 KO phenotype. !
(A-C) Rp58 KO cortex electroporated at E14.5 with control scramble (Sc) shRNA, shId1, shId2, 
shId3, or shId4 was fixed at E18.5 and stained with anti-GFP and anti-GFAP, anti-Tbr1 or anti-
Ki67. Quantification of the ratio of GFAP-positive cells to GFP-positive cells (A), the ratio of 
Tbr1-positive cells to GFP-positive cells in (B) and the ratio of Ki67-positive cells to GFP-positive 
cells in (C). Error bars indicate SD, n = 3.!



Hela cells! KO!WT! A                                                 B                         C !

Table S4. Colony formation of Rp58 KO mouse derived progenitors.!

Group                                                  No. of Colonies per field (×40)!

                                                                        Mean ± SD!
Hela cells (positive control)                                   15.3 ± 2.8!
WT                                                                                    0**!
Rp58 KO                                                                           0**!

**P < 0.01, compared to the positive control  (Hela cells).!

Supplementary Figure S20.!

Figure S20. Progenitor cells from the Rp58 KO cortex do not display anchorage- 
independent growth. !
(A-C) The results of a colony formation assay characterizing the Rp58 KO progenitor cells. 
Representative DIC images of colony-forming HeLa cells (A) and non-colony forming WT and 
Rp58 KO cells (B, C). Scale bars: 50 μm.!
!


