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Supplementary Figure 1. (a) Scheme of ASPM genomic organization. Putative protein functional domains as well as
coding exons are presented. To generate the ASPM mutant mouse, the majority of exon 18 was replaced via homologous
recombination with an iresCre cassette followed by CAG-driven FRT-flanked neo gene. Splicing sites remained intact.
Consequently, the mutant ASPM protein lacks the terminal 1717 amino acids containing the calmodulin binding domain
and the C-terminus. This strategy generates truncated ASPM protein that represents the median size of all known human
microcephaly associated mutations. 34 of 79 known human truncated ASPM proteins are due to mutations located before
exon 18 that lead to premature termination codons!- 2. Accordingly, the deletion of a 2.6 kb genomic region of exon 18
yielded a nonsense mutation resulting in a bicistronic mRNA product containing ASPM protein truncated at amino acid
1405, and ires-derived Cre expression. The region within exon 18 used for in-situ hybridization and Northern blotting is
indicated (orange bar). MTB, microtubule binding domain; CH, calponin binding domain; 1Q, calmodulin binding domain;
CTR, C-terminus; DTA, diphtheria toxin fragment A.

(b) Northern blot analysis of RNA from cortices of WT, heterozygous and ASPM? mice confirms ablation of ASPM mRNA
expression and emergent CRE expression. Western blot analyses confirming the predicted truncation of ASPM protein in
homozygous mutant mice are shown in Figure 9b.

(¢) Brain and body weight of ASPM? pups and their WT and heterozygous littermates 12 h after birth, illustrating that the
ASPM? brain is significantly lighter in total wet weight. In contrast, there is no significant difference in body weight.

(d) Average brain weights of E17.5 ASPM” embryos and their WT and heterozygous littermates shows that even at
embryonic stages the ASPM™ total wet weight brain is significantly lighter.

(e) Average gender specific brain weights of adult ASPM* mice and their WT and heterozygous littermates at 10 weeks,
which shows that the ASPM* total wet brain weight is significantly lighter irrespective of sex. In contrast, no significant
differences were evident in wet weight comparisons of two other internal organs.

(f) Adult mouse brains were separated into five major brain structures and the weight of each part is presented. In ASPM?
mice the weight of the cerebral cortex, olfactory bulbs and cerebellum structures are significantly reduced, whereas the
ventral brain and hindbrain are only slightly reduced. Ventral brain includes the basal ganglia, ventricles, thalamus,
hippocampus and the paleocortex.

(g) Sagittal view of ASPM” and WT cerebella of littermates at 10 weeks labeled with EGFP within the expression domain
of the protocadherin gene, Fat2>.

(h) Expression of ASPM in mouse embryo shown by whole mounts in situ hybridization to antisense probe (Supplementary
Figure 1a). Embryos at E9.5 to E12.5 exhibited progressively decreased ASPM expression, which ultimately intensified
predominantly along the four ventricles of the developing CNS that maintain the ventricular and subventricular
proliferative regions. Previously reported in situ hybridization analyses on E14.5 and E16.5 coronal cortical sections*, E14
parasagital section’, and IHC analysis on E15.5 cortical section® showed similar progressive decrease in ASPM expression
with predominant appearance in the cerebral cortical VZ, the proliferative region of the medial and lateral ganglionic
eminences, and the VZ of the dorsal diencephalon.



(i) Growth fraction (GF), defined as the proportion of cells that are actively proliferating, is taken to correspond to the
maximum labeling index (LI) achieved in a given proliferative zone. It is determined by cumulative labeling till saturation
of the cycling population with S-phase marker via a series of periodic injections, as previously described’”-3. E15.5 pregnant
females were i.p. injected with BrdU (50 ug/gm body weight). Injections were repeated at 3 h intervals over a period of 24
h, which was sufficient to embrace the duration of the entire cell cycle of both ASPM” and WT ventricle zone progenitors
(Fig. 2d). The last BrdU injection was administrated 0.5 h before the dam was sacrificed. The GF of normal VZ was
previously established to be uniformly near 1°. Likewise, GFs of ASPM? VZ as well as that of WT

littermates (not shown) were ~1, as cumulative BrdU administration over 24 h labeled nearly 100% of nuclei in the
developing cortex. Empirical data showed that GFs measured by BrdU cumulative labeling and Ki67 are the same®.
Accordingly, the GF for the ASPM” VZ was further confirmed to be homogeneously practically 1, as virtually all the VZ
progenitors were Ki67 positive. Dashed white and green lines indicate the border between cortical VZ and SVZ. The
figures shown are representative of three repeated experiments.

(j) E16.5 pregnant females were used for the evaluation of GF of SVZ proliferating cells. Thirteen periodic BrdU injections
were administrated to encompass the entire duration of cell cycle of both ASPM* and WT SVZ progenitors (Fig. 2e).
Labeling indexes for cortical layers outside of the VZ margin reaches the maximum value which is less than 1, due to the
presence of two distinct nonproliferative cell types: postmitotic young neurons which exited S-phase just before the initial
injection of BrdU and progenitor cells in GO. Accordingly, the fraction of cumulatively BrdU labeled cells in E16.5 + 36 h
SVZ of ASPM™ (39% + 0.4%) and WT (40% =+ 0.5%, not shown) littermates was comparable. Of note, not all cumulatively
BrdU labeled SVZ cells, over the period of 36 h, co-expressed Ki67 and vise versa; few Ki67-positive proliferating SVZ
cells did not incorporate BrdU. Nevertheless, assessment of GF as the proportions of Ki67-positive cells produced
comparable conclusion (ASPM?; 41% + 1.4%, WT; 43% + 0.9%). The figures shown are representative of three repeated
experiments. CP, cortical plate.

(k) Matching coronal somatosensory cortical sections were processed for terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick-end labeling (TUNEL-green), and were counterstained with DAPI (pseudo-purple). No significant
differences in the proportions of TUNEL-positive cells were observed between ASPM” and WT control littermates in both
VZ and SVZ proliferative zones, accommodating typical <1% apoptotic event per cell cycle!®.

Data are represented as mean + s.e.m. ** P <(.005, *** P <0.0005, **** P <(.0001 by Student’s #-test.

Scale bars, 100 pum.
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Supplementary Figure 2. ASPM is critical for maintenance of the VZ-NPC compartment and their balanced
proliferative/neurogenic divisions, but not for neuronal migration.

(a) Since gross cortical patterning of neurons appears relatively normal in ASPM“ brains (Fig. 1e,f), neuronal migration is
an unlikely etiology. Nevertheless, BrdU birthdating assay was carried out to study neural migration in ASPM?. Pregnant
females were singly injected intraperitoneally with BrdU at E13.5, E14.5, and E15.5. The offspring were analyzed the
morning after birth or eight weeks postnatal for BrdU-positive neurons in their cerebral cortices.



Matching coronal somatosensory cortical sections of ASPM* and their WT littermates were each divided into ten equal bins
from the ventricle to the pial surface, and the number of BrdU-labeled neurons in each bin was counted. Since fewer BrdU-
positive neurons were observed in ASPM" brains, especially when BrdU was administrated at later stage of cotricogenesis
(E15.5), the distribution of the BrdU-positive cells relative to the distance from the ventricular surface was plotted as
percentages of overall positive cells in the field. Neurons labeled at later stages of corticogenesis (E14.5 and E15.5) showed
mostly an outer layers distribution that was indistinguishable between ASPM? and WT. The distribution of ASPM? neurons
labeled at E13.5 differs significantly at d0.5 (P = 0.026, Chi-square test). On the other hand, distribution of E13.5 labeled
ASPM* neurons in their final, predominantly deeper layers position (week 8), resembles WT neurons (P = 0.877, Chi-
square test). The figures shown are representative of three brains from 4SPM” mutant mice and their WT littermates from
two different litters analyzed at each time point. Chi-squares (degrees of freedom 9): BrdU @ E14.5, assayed @ d0.5 P =
0.742. BrdU @ E14.5, assayed @ week 8 P =0.995. BrdU @ E15.5, assayed @ d0.5 P=10.970. BrdU @ E15.5, assayed @
week 8 P =10.994. These data rule out deficiency in neural migration as likely cause for the ASPM? cortical hypoplasia. The
slow or delayed early (E13.5) migrating neurons observed in d0.5 mutant eventually migrate to appropriate cortical layers,
suggesting that the transient setback was due to hindered cell cycle exit of progenitors. However, it does not rule out the
possibility of an unusual transient migration defects that are compensated for at later developmental stages.

(b) Premature exhaustion of the NPC compartment in ASPM? embryos. Embryos were pulse labeled for 30 minutes by
intraperitoneal BrdU injections to pregnant females. Matching coronal somatosensory cortical sections were stained with
anti-BrdU antibody. Approximately equal numbers of BrdU-labeled progenitors were observed in ASPM® and WT
littermate cortices in both VZ and SVZ proliferative regions at E13.5 and E15.5. At E16.5, on the other hand, strikingly
fewer BrdU-labeled cells were seen in ASPM™ cortex in both proliferative zones, indicating that ASPM deficiency leads to
depletion of cortical progenitor pool at late corticogenesis. White lines indicate the position of cortical ventricular surface.
Cell counts were performed manually in a fixed area of 500 pum (medial-lateral) and 6 pm thick (rostral-caudal) for the two
different zones of the embryonic cortex.

(¢) Enhanced pair cell assay (corresponding to Fig. 1j). In order to eliminate traces of orientation-dependent signals
transferred during isolation of NPC, the proportions of division events were measured in paired cell-siblings that underwent
one or two ex vivo divisions. Once again, ASPM? cells completed considerably more neurogenic P-N and N-N divisions.
ASPM? cells that underwent one ex vivo division (E12.5 + 24 h) completed considerably more P-N divisions, in
proportions similar to freshly isolated E12.5 NPC. Cells that underwent two ex vivo divisions (E12.5 + 48 h) carried out
significantly more terminal N-N divisions; a tendency exhibited by freshly isolated E14.5 NPC. Chi-squared statistical
analyses show that distribution of ASPM? mode of division is significantly different than control.

Data are represented as mean + s.e.m. * P < 0.05, by Student’s ¢-test. Scale bars, 20 um (c¢), 50 um (a, b).
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Supplementary Figure 3. Direct demonstration of the association between cell-cycle duration and NPC tendency to leave
the VZ. Previous studies demonstrating the link between C.C. duration and mode of division have relied on artificial
protocols that selectively modify the efficiency of G1 progression!!-'”. To establish the certainty of a relationship between
C.C. length and propensity to exit the VZ, we employed an in vivo double S-phase-labeling procedure.

(a-e) Schematic outline of the IdU/ChdU double-S-phase labeling paradigm. lododeoxyuridine (IdU) was administrated as
a single i.p. injection to WT pregnant dams carrying E15 embryos. It was followed by a second single i.p. injection of
chlorodeoxyuridine (ChdU) 15, 18, 21 and 24 h later. Mice were sacrificed 5 h later corresponding to a time interval
adequate for the cells to execute their decision to exit the VZ or re-enter S-phase in order to continue proliferate in the VZ.
This design identifies a cohort of progenitor cells that were at S-phase during the first injection of IdU (red), and whose
cell cycle duration was equal to the experimental ‘X’ hours. Thus, they reached S-phase once again when the second
injection of ChdU (green) was administrated (a) and appeared yellow.



Therefore, only these double-labeled yellow nuclei were counted for each time period. Cells that were at S-phase during
the first injection (IdU) but their cell cycle duration was shorter (b) or longer (¢) then the experimental ‘X’ hours, were not
in S-phase during the second injection (ChdU), therefore appeared as red nuclei and were not counted. Conversely, cells
that were not at S-phase during the first injection (IdU) and their cell cycle duration is shorter (d) or longer (e) then the
experimental ‘X’ hours therefore happened to be in S-phase during the second injection (ChdU) appeared as green nuclei,
and were ignored as well.

(f) The S-phase zone, that is, the outer VZ toward the ventricular margin® served as an approximate border between the VZ
and SVZ. It thoroughly corresponded with the dense pseudostratified appearance of the neuroepithelial VZ-NPC.

(g) Analyses were performed on coronal sections taken from approximately the mid-hemisphere level corresponding to the
primordial primary somatosensory cortex. Total cell counts in a fixed area of 500 um in its medial-lateral dimension and 6
um (corresponding to section thickness) in its rostral-caudal dimension shows roughly equivalent numbers regardless of the
duration of the experiments. Therefore, within the 9 h gap (E15.5+15 h to E15.5+24 h) comparatively similar number of
Medial Ganglionic Eminence (MGE) cells invades the SVZ and IZ. Thus, such cells do not have an effect on the paradigm
accuracy.

(h) Yellow nuclei above the S-phase zone were considered as fraction of cells that exit the VZ, while yellow nuclei within
and below the S-phase zone were considered as VZ-NPC. Data represented as double-stained IdU"ChdU" (yellow) nuclei
above the S-phase zone as percentage of total IdUTChdU™ cells in the field. Results show that WT E15 precursors with a
C.C. exceeding a threshold of 18 h are more likely to exit the VZ progenitor pool in a duration-dependent manner,
indicating an in vivo predisposition of longer cycling NPC to advance to the next corticogenesis step. In contrast, VZ-NPC
whose C.C. was faster than the given threshold were indifferent to its duration. Thus, fate decision of faster proliferating
cells appears to correlate with the cleavage plane orientation, previously shown to play pivotal role during early stages of
corticogenesis!”.

* P<0.05, ** P<0.005, by Student’s ¢ test. Scale bars represent 50 pm.
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Supplementary Figure 4. ASPM“ NPC exhibited delayed succession of an internal clockwise developmental sequence.

(a) Matching embryonic coronal somatosensory cortical sections of ASPM? and WT littermate stained for Cux1. Expression and cellular
localization of the Cux/ and Brnl transcription factors (genes that regulate the maturation and fate of later born neurons'® %) follows a
defined sequential pattern during corticogenesis. At E13.5 WT NPC exhibited diffuse cytoplasmic and nuclear Cux1 immunoreactivity
throughout the entire VZ while ASPM* NPC displayed scarce Cux1 expression. Widespread Cux1 expression was first observed in E14.5
ASPM? cortical NPC (nuclear, cytoplasmic and mitotic). At E15.5, a large number of Cux1* WT neurons destined to the cortical upper

layers, were observed migrating away from the proliferative zones through the intermediate zone (IZ) and the cortical plate (CP), while
none were detected in the VZ. g



From this point forward, immunoreactivity is strictly nuclear. However, behind schedule Cux1* cells were still located within the VZ and
SVZ of mutant cortex, some of which were basal mitoses with intense cytoplasmic Cux1 (e). By E16.5, all WT Cux1* neurons have
reached their final supragranular destination, while most of ASPM? Cux1* cells were still migrating through the 1Z and CP, and a few
were yet residing in the VZ.

(b) Matching embryonic coronal somatosensory cortical sections of ASPM* and WT littermate stained for Brnl at E16.5. Similar to Cux1
all WT Brnl" neurons have reached their final destination at layers II-IV, while most of ASPM® Brnl* cells were still migrating through
the IZ and CP, and a few were yet residing in the VZ.

(¢) Spreading of ASPM” NPC destined for deep cortical layers, marked by Thr1?°, was normal.

(d) High-magnification of ASPM? E15.5 coronal cortical section showing high resolution of basal mitoses stained for Cuxl. The
behindhand cytoplasmic presence of Cux1 is another feature of inappropriate maturation of supragranular layers II/III- and IV, indicative
of impaired proliferation rhythm of 4ASPM*NPC.

(e) Matching E15.5 coronal somatosensory cortical sections of ASPM? and WT littermate stained for Cux1 and the neuronal marker-Tujl,
verifying that the uncharacteristically positioned Cux1 positive 4ASPM* NPC were not impeded differentiated cells, as they lacked Tujl
expression.

(f) The delayed sequence of cortical development within ASPM? cortices is Cyclin E-dependent. Cux1 stained E16.5 coronal cortical
sections 48 h following lentiviral-Cyclin E transduction, each divided into five equal bins from the ventricle to the pial surface. The
number of Cux1* cells in each bin was counted and distribution of positive cells relative to the distance from the ventricular surface was
plotted as percentages of overall positive cells in the field. Chi-squared statistical analysis confirmed that distribution of Cuxl1* cells
differs significantly between ASPM? and WT. Delayed corticogenesis was rescued, as Cux1 distribution along Cyclin E transduced
ASPM? cortices doesn’t differ significantly from control mCFP treated WT controls. Notably, Cux1 distribution along Cyclin E
transduced WT cortices was significantly different than mCFP treated WT controls, demonstrating more peripheral positioning. ** P <
0.005, *** P <0.0001, by Student’s ¢ test.

(2) By E18.5, as embryonic corticogenesis ceases, the behindhand ASPM? Cux1* cells have finally reached their prospective destination
in layers II-1V.

Scale bars represent 10 um (d), 50 um (f), 100 um (a, b, c, e), 500 um (g).
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Supplementary Figure 5 (a) Experimental design of the double S-phase labeling paradigm for the estimation of cell cycle parameters
according to?!-22. IdU was administrated by a single i.p. injection to pregnant females (T0), followed by a single injection of BrdU 2 h
later (T2). Mice were sacrificed after half an hour (T2.5). IdU- and BrdU- labeled cells were stained green and red, respectively
therefore three types of labeled cells were expected. Cells that were within S-phase at TO-T2 and then proceeded to G2/M-phase at T2—
T2.5 should be 1dU labeled only- green. Cells entering S-phase at T2—T2.5 should be BrdU labeled only- red. Cells within S-phase at
both TO and T2 were IdU/BrdU co-labeled- yellow. 10



However, due to the nonspecific detection of the anti-IdU antibody for both IdU and BrdU, red-labeled cell were not noticeable.
Thus, only two cell types can be reliably distinguished and counted. These are IdU-only green labeled cells, which were in S-
phase at the time of the IdU injection and exited the S-phase by the time of the BrdU injection, and yellow labeled cells that are
both BrdU-only labeled and IdU/BrdU-double labeled. The cells that were not labeled with either IdU or BrdU were not in S-
phase when effective labeling concentrations of either tracer were available. For measurements of cell cycle parameters
following in utero administration of the proteosome inhibitor (Fig. 7d,e), MG132 or DMSO were injected at E15.25. TO was
15.5 h later and the entire double S-phase labeling procedure was carried out within 18 h.

(b) A representative coronal section taken from approximately the mid-hemisphere level corresponding to the primordial
primary somatosensory cortex of E15.5 embryo stained for IdU (green), BrdU (red) and DAPI (blue). Bearing in mind that the
neurogenetic schedule of progenitors in the LCZ is developmentally ’in advance’ of those in the MCZ by at least 24 h?> 23,
analyses were performed at two locations along the medial-lateral axis of the VZ. LCZ- and MCZ, lateral and medial cortical
zones, respectively; LV: lateral ventricle. A representative higher magnification view of a cortical sector, which allows detection
of the expected two cell types, is also shown. The IdU-only labeled cells are green (solid arrowheads) and IdU/BrdU-double
labeled cells are yellow (open arrowheads). Scale bar represents 50 pum.

To measure the cell cycle (T) and the S-phase (Tg) durations, three types of cells in a fixed area of 500 um (medial-lateral) and
6 um thick (rostral-caudal) were counted:

a; IdU-only labeled cells- NI.
b; scarce BrdU-only and BrdU/IdU double-labeled cells- NB.
c; all DAPI labeled cells in the VZ within the field- NT.

The number of unlabeled cells (NO) was taken by subtracting IdU and/or BrdU labeled cells from the total (Supplementary Table
1).

1. NO=NT-NI-NB

The kinetic parameters, T and Tg, were derived according to the double-labeling algorithm formulation in?2, according to the
following equations:

ii. To=2x (NT-NO/2)/NI
iii. Tq=2xNB/NI

Following assessment of the time-span for passing through G2- and M- phases using the PLM method (see Supplementary
Figure 8), the length of T;, was calculated by subtracting Tq and T, , from T

1111 TG] = TC - TS - TGZ—M

11
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Supplementary Figure 6 (a) Experimental design of the cumulative BrdU labeling for determination of T and Tg. Cell cycle (T,)
and S-phase (Tg) durations were determined according to published protocols® 2324, For SVZ measurements E16.5 dams were i.p.
injected with BrdU. Subsequent injections were performed at intervals of 2 h, with a final BrdU injection 0.5 h prior to termination.
Embryos were collected at 4 survival points, 3, 9, 12, and 36 h after the initial injection. LI (labeling index) was defined as the
proportion of labeled cells (BrdU™) to total proliferating (Ki67") cells. For each group, a least-square curve fit that considered all data
points from every survival time was generated using Microsoft (Seattle, WA) Excel (Fig. 2e). T and T were determined according to
following equations:

1. T = 1/slope
il. Ty 1000 = T — T (that is the extrapolated intercept of the LI = 0 on the x-axis)

For measurements of cell cycle parameters following in utero lentiviral-Cyclin E transduction (Fig. 5g), viral particles were injected
at E14.5. Labeling began 24 h later.

(b) A representative coronal section taken from approximately the mid-hemisphere level corresponding to the primordial primary
somatosensory cortex of E16.5 embryo, stained for Ki67 (green), BrdU (red) and DAPI (blue) for estimation of the in vivo duration of
Tc and Tg in SVZ-NPC by cumulative BrdU labeling.

Scale bars represent 20 um.

13
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Supplementary Figure 7. Normal distribution of 4SPM" cell cycle phases. (a) Taking advantage of qualitative differences in Ki67
staining within cell cycle phases. Comparable proportions of NPC exhibiting sparse punctuate staining (G1+S phases), dense punctuate
staining (G2 phase), and dense uniform staining (M phase) of Ki67 were evident in ASPM* and WT E15.5 cerebral cortices. Data points
represent mean + s.e.m. Not significant by Student’s ¢ test. Scale bar represents 10 um.

(b-¢) Quantification of NPC distribution across different cell cycle phases based on FACS analysis. Cell sorting was performed on
dissociated cells taken from E12.5, E15.5 or E16.5 ASPM* and WT telencephalic lobes. The single cell suspensions were treated with
propidium iodide (PI) to stain the DNA and generate histograms of DNA content, indicative of the cell cycle phase. At E12.5 (b) the
cerebral wall consists primarily of VZ-NPC and the beginnings of a primitive plexiform zone?. Cells isolated from older embryos were a
combination of progenitors and differentiated neurons. Hence, only the proliferating Ki67" fraction of cells were analyzed and its DNA
content was plotted (c).

(d) Data points represent mean + s.e.m. Not significant by Student’s ¢ test 14
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Supplementary Figure 8. Experimental design principles of PLM (percentage of labeled mitotic figures) procedure according to*.

(a) The procedure is based on a brief exposure of cells to IdU by a single i.p. injection with embryos harvested at increasing
intervals. The time interval (X) required for 100% IdU labeling of cells positive for the mitotic marker phosphohistone H3 (PHH3)
corresponds to the time needed for the progress through G2 and M phases. That is, in case of T, s < (X) h, all PHH3* cells should
be yellow whereas if T, \; > (X) h, some PHH3" cells would be red. Mitotic figures were considered to belong to the VZ only if
they were adjacent to the ventricular surface. For estimation of T, \, following in utero lentiviral Cyclin E transduction (Fig. 5),
viral particles were injected at E14.5. IdU labeling began 24 h later.

(b) Representative E14.5 coronal cortical sections stained for IdU and PHH3 for the evaluation of the VZ-PLM values (Tq,.0)-
Nearly 100% of WT mitotic PHH3" VZ-NPC were IdU labeled by 2 h post-injection. Conversely, the PLM of ASPM* VZ-NPC
reached roughly 100% only after ~3.5 h (not show) (Supplementary Table 3).

(c) Representative E16.5 coronal cortical sections stained for IdU and PHH3 for the evaluation of SVZ-PLM values (Tq,m)-
Among WT SVZ-NPC 100% IdU labeling of mitotic PHH3" cells occurred 4.5 h post-injection, but only after 6 h in ASPM?
mitoses (Supplementary Table 4).

Scale bars represent 50 um.
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Supplementary Figure 9. Experimental design principles for determination of the restriction point.

(a) To assess the R-point along the G-to-S interval, E12.5 telencephalic NPC were isolated and allowed to attach for 8 h in neurospheres
medium containing 15% chicken serum (ChS) and bFGF. Subsequently, cells were serum starved for 48 h in medium containing 0.25%
ChS (+bFGF) and synchronized in G,. To initiate cell cycle entry, 15% ChS-supplemented medium was re-applied, and later was
switched to serum-free medium containing EdU tracer at successive time points. The experiment was terminated after 24 h and
proportions of EAU labeled cells (relative to total DAPI-stained nuclei) were determined using the Click-iT EAU imaging kit, and plotted
against time of ChS stimulation (Fig. 2g). The half point in which 50% of cells have transferred to serum/growth factors independence is
considered as average early-G1-duration. 16



(b) Experimental design principles for determination of G1-phase duration. Synchronized NPC that had been deprived of serum for 48 h
received 15% ChS-supplemented medium containing EdU. S-phase entry was determined at successive time points as above (Fig. 2h).
Note, similar kinetics between ASPM® and WT confirm that mutant G, NPC reinstate C.C. at the same rate as WT.

(c) Protein lysates of E12.5 telencephalic NPC were analyzed for Cyclin E expression by Western blotting. Cells were cultured for 24 h in
regular 15% ChS plus bFGF supplemented medium. Aliquot of cells were serum starved for 48 h. Aliquot of starved cells were re-
cultured in 15% ChS plus bFGF supplemented medium. Equivalent kinetics of reinstatement of Cyclin E expression between 4ASPM? and
WT indicate that mutant G, NPC reinstate C.C. at the same rate as WT.

(d) Representative fields showing EdU labeled NPC.

(e) NPC synchronized in G, ((A) in the experimental design scheme) and after short (B) or long (C) exposure to serum were processed for
terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL-red). No significant differences in the
proportions of apoptotic cells were observed between ASPM® and WT NPC. Collectively, the absence of cell death and the control
experiment shown in Supplementary Figure 9c prove that ASPM* NPC do not endure decreased health or increased serum-dependency.

17
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Supplementary Figure 10. Cyclin D1 and p27 expression in early VZ.

(a) Matching E12.5 and E13.5 coronal somatosensory cortical sections of ASPM? and their WT littermates stained for Cyclin
D1. Similar Cyclin D1 expression pattern between WT and ASPM?VZ corresponds to the identical Cyclin D1 protein levels
(Fig. 3a) and the equal Cyclin D1 kinase activities (Fig. 3¢). Essentially, WT and ASPM* VZ exhibited cytoplasmic Cyclin D1
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immunoreactivity throughout the entire VZ, with increased levels in M- and S-phase NPC and vasculature structures.

(b) Matching E12.5 and E13.5 coronal somatosensory cortical sections stained for p27 demonstrating similar expression
pattern between WT and ASPM* VZ. Essentially, WT and ASPM® VZ exhibited cytoplasmic p27 immunoreactivity
exclusively in M- and S-phase NPC, and in vasculature structures. However, p27 expression appears much stronger in the

mutant VZ.

(c-d) Corresponding to the increased p27 protein levels detected by Western blotting (Fig. 3a), cortical ASPM* M-phase NPC
displayed increased p27 immunofluorescence intensity. E12.5 S-phase NPC also display increased p27 immunofluorescence

intensity. * P <0.05, by Student’s ¢ test. Scale bars represent 50 um
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The Cyclin-dependent Kinase Inhibitor (CKI), p27 plays an important role in regulating the development of neuronal tissues?®-
29 In particular, it has been shown to play an essential role in the development of the cerebral cortex by adjusting NPC internal
regulatory mechanisms of proliferation/differentiation behavior and the birth date of cortical neurons’’. Accordingly, in p27
null mice there is a decrease in neuronal production during mid-corticogenesis and an increase in production of late-born
neurons, resulting in an enlargement of upper cortical layers3?-3!. Conversely, overexpression of p27 in cortical NPC results in
a reduction in number of superficial layer neurons?%3!. Thus, p27 expression levels in cortical progenitors appear to determine
the probability of cell cycle re-entry3?, and differences in p27 expression levels between areas of the developing primate cortex
have been implicated in area-specific levels of neuronal production®. Although, p27 is a well-established modulator of the
G1- to S-phase transition3?, cortical NPC cell-cycle kinetic parameters are not altered even by extreme disregulation of p27
expression, whether the disregulation is either up or down. T and T, are unchanged in VZ-NPC of the p27 null mouse*, or
p27 overexpressing mouse??. However, p27 does play a key role in the probability of NPC cell-cycle exit (Q) independently of
cell cycle progression?? 3%, It has been shown to promote neuronal differentiation by stabilizing the Neurogenin2 protein34.
Therefore, the increase in p27 expression in ASPM* NPC could also be accounted for the observed orientation independent
premature neuronal differentiation (Fig. 1g,h, 1j). This would also be consistent with the rescue by both Cyclin E lentiviral
infection (Fig. 6b) and the blocking of ubiquitination (Fig. 7g).

(e) Although extracts from E12.5 ASPM?* telencephalon showed enhanced levels of p27 (Fig. 3a), it did not co-IPed with
ASPM (Fig. 8b). A working model suggests that via a negative feedback loop, ASPM? depleted Cyclin E results in a decreased
p27 phosphorylation, reducing its susceptibility to ubiquitination and degradation®, bringing about increased p27 in ASPM?.
(f) Cortices of E14.5 embryos were transduced with lentiviral Cyclin E or mCFP control (Fig. 5a). Expression of p27 was
determined 48 h later by Western blotting. Essentially, p27 protein levels in Cyclin-E overexpressing ASPM?” cortices were cut
back to WT levels.
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P-CycET®2

Supplementary Figure 11.

(a) E12.5 coronal cortical sections stained for P-Cyclin ET62, P-Cyclin ET38, and BrdU (30’ pulse). High-resolution images of Figure 3d.
(b) E12.5 coronal cortical sections stained for total pan-Cyclin E and P-Cyclin ET62, High-resolution images of Figure 3i.

Scale bars, 50 um. 20
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Supplementary Figure 12. Experimental design principles for in vitro tracking of Cyclin E expression and phosphorylation along the G,
to S interval.

(a) E12.5 telencephalic NPC were isolated and allowed to attach for 8 h in neurospheres medium containing 15% chicken serum (ChS)
and bFGF. Subsequently, cells were synchronized in G, by serum starvation for 48 h in medium containing 0.25% ChS. To initiate cell
cycle entry, 15% ChS-supplemented medium was re-applied. EQU tracer was added to the medium at successive time points. After 20
minutes incubation, cells were processed using the Click-iT EAU imaging kit, stained for the indicated antibodies and counterstained with
DAPI. Proportions of P-Cyclin E positive NPC (relative to total DAPI-stained nuclei) were plotted against time of ChS stimulation (Fig.
3j,1). In addition, proportions of P-Cyclin E positive/negative NPC relative to EAU labeled nuclei were plotted against time of ChS

stimulation (Fig. 3m).
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According to the R-point assessment experiments (Fig. 2g,h), an average NPC was still in early G1-phase 4 h past G,. After 13 h,
only WT NPC have past the R-point while ASPM* cells were still in early G1. By 19.5 h, also ASPM” NPC have reached late G1-
phase. Finally, at 26 h all NPC have entered S-phase. (n = 3 independent experiments, > 250 cells per experiment).

(b) Representative fields showing P-Cyclin E¥ WT-NPC. The IHC, conducted on in vitro cultured cells using rabbit anti pan-
Cyclin E antibodies, presents a strong support to the in vivo observation demonstrated in Figure 31 using different antibodies
(mouse anti pan-Cyclin E). In essence, non-phosphorylated Cyclin E showed nuclear and cytoplasmic localization from early
G1- all the way to S-phase. Phosphorylated Cyclin E, on the other hand, were mostly nuclear during G1-phase, and acquired
further cytoplasmic localization upon reaching S-phase.

(¢) myc-tagged wt-Cyclin E, Cyclin ET26, and Cyclin ET33%6 were immunoprecipitated from transiently transfected HEK293T
cells. The affinity purified myc-tagged proteins were blotted with antibodies directed at pan-, phospho-Thr®?, and phospho-Thr38°
of Cyclin E. Selective interaction with wild-type but not mutated Cyclin E confirms the antibodies specific interactions.
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Supplementary Figure 13. Semiquantitative RT-PCR for comparison of expression of E2F targets between ASPM* and WT E12.5
NPC. Tabulated by?¢ are genes that involve in C.C. progression, DNA synthesis and replication. Note that most genes regulating
early to late Gl-phase transition are induced in ASPM?® NPC, suggesting that the cells sense and try to overcome the setback.
Additionally, expression of E2F7, a family member mediating negative regulation of C.C., is greatly induced, presenting a probable
mechanism for the reduced overall E2F activity detected in Figure 4e and inefficient transitions throughout all C.C. phases.
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Supplementary Figure 14. Cyclin E dependent and independent ASPM regulation of mitotic succession.

(a) Matching coronal somatosensory cortical sections stained for PHH3 demonstrated over-accumulation of mitotic cells in the VZ (at
the ventricular lumen surface) and SVZ (abventricular mitoses) of the ASPM” cortex. Increased non-apical PHH3" cells might be
attributed to the elongated ASPM® SVZ G2/M duration (Supplementary Table 4). Otherwise, the extra SVZ PHH3" cells might result
from the change in plane of apical cell division (Fig. 1i) with increased tendency to detach from the VZ region and become SVZ
intermediate NPC. Likewise, the increased non-apical PHH3" cells might correspond to the delocalized abventricular Pax6 cells in the
ASPM? SVZ and 1Z (Fig. 1g) that remain proliferative and do not prematurely exit the cell cycle and differentiate. Data are represented
as mean + s.e.m.
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(b) Matching E12.5 coronal somatosensory cortical sections stained with anti-P-Cyclin ET? antibodies demonstrated significantly
reduced levels of Cyclin E phosphorylated on residue T62 in ASPM? mitoses, suggesting a correlation between ASPM and M-phase
duration.

(¢) Summary of PLM analyses of E15.5 VZ mitoses at increasing survival intervals after pulse labeling with 1dU, 24 h after in utero
lentiviral transductions (see Methods). In utero lentiviral transduction rescue just a fraction (one third) of the elongated ASPM? M-phase,
calling for an additional mechanism of ASPM regulation of M-phase duration in a Cyclin E independent manner.

(d) Protein lysates of E12.5 telencephalic NPC show diminished endogenous citron kinase (CITK) levels in ASPM“ by Western blotting.
(e) Mid-, late- and very late- telophase MEFs stained for a-tubulin and CITK show delayed progression of ring assembly and furrow
ingression. ASPM? MEFs in very late telophase exhibit extended intercellular bridge, just as in CITK mutated Drosophila neuroblasts?’.
Furthermore, furrow contraction in late telophase was also delayed. CITK is an ASPM interacting partner in mitotic midbody ring38,
therefore proposes an additional mode of regulating M-phase duration. Since Cyclin E does not localize to the midbody ring nor does it
co-IP with CITK (not shown) such regulation is Cyclin E-independent.

Scale bars represent 5 um (e), 20 um (a), 50 um (b).

The aforesaid are two non-exclusive scenarios that propose Cyclin E-dependent and independent ASPM regulation of M-phase duration.
In the first scenario, ASPM co-localizes with Cyclin E to the centrosomes where it plays an essential role in mitosis termination, G1
progression and S-phase initiation3°#2. Most of the attention in the literature follows the role played by the Cyclin E/Cdk2 complex in S
phase entry due to sharp peak of Cyclin E levels during the late G1 to S phase transition. However, others*-4* and we (Fig. 3d, 31 and
Supplementary Figure 14b) observed high cytoplasmic and nuclear levels of Cyclin E, mostly phosphorylated, in mitotic cells as well.
This suggests that ASPM/Cyclin E play a part in mitosis progression. Indeed, overexpression of ASPM has been shown to relieve the
G2/M block imposed by Hepatitis C viral nonstructural protein 5SA (NS5A) expression in mouse hepatocytes*>. Moreover, it took 1.5
hours longer for ASPM? NPC to proceed through G2/M phases (Supplementary Tables 3-4). Lentiviral transduced Cyclin E shortened
the delay by half an hour (Supplementary Figure 14c). These results correlate with published data demonstrating that aberrant
expression of Cyclin El or its low molecular weight isoforms inhibited progression through mitosis due to Cyclin E1-Cdhl binding,
which resulted in inhibition of the APC complex and prolonged metaphase*®47. In addition, Cyclin E/Cdk2 phosphorylates Cdc25C.
Thus, overexpression of full-length Cyclin E led to premature activation of Cdc25C and prolonged G2/M transition due to arrest in
prometaphase*?. Overexpression of low molecular weight Cyclin E isoforms, on the other hand, led to premature inactivation of Cdc25C
and faster mitotic exit*®. Dysregulation of Cyclin E periodic expression led to mitotic delay associated with genomic instability,
chromosome aberrations due to missegregation during metaphase, aberrant anaphase bridges, micronuclei and induction of multipolar
anaphases leading to anaphase catastrophe 4>47-49,

Similar to ASPM* (Supplementary Figure 14a), deletion of the microcephaly disease gene Wdr62, resulted in a significant increased
number of cortical PHH3" cells associated with mitotic arrest®?. Like Wdr62 null mitoses, reduced ASPM protein has been shown to
severely perturb a number of aspects of mitosis, including spindle assembly defects and failure to complete cytokinesis®!. However,
unlike Wdr62 null mice, ASPM” mitotic arrest was not associated with increased cell death (Supplementary Figure 1k), induced 4N
DNA context, or expended sub-GO population (Supplementary Figure 7b,c).
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The relationship between M-phase duration and mode of mitotic division has been established before®. Cells, advancing quickly
through mitosis while exhibiting little or no spindle rotation, practice vertical cleavage division. Prolonged mitoses, on the other hand,
exhibit extensive spindle oscillation resulting in diagonal or horizontal cleavage planes. ASPM, as part of the microtubule organization
center (MTOC) 13354 was shown to play an important role in directing the mitotic spindle orientation. The polarization of mitotic cells
in response to contacts with the extracellular matrix and neighboring cells results in a rapid alignment of the cellular subcortical
structure. However, the subcortical polarization signal is slowly transmitted to the mitotic spindle through asymmetrically distributed
subcortical cues mediated by protein interactions®>. ASPM interactions with calmodulin and dynein in the spindle poles are essential for
Lin-5 localization to the spindle and interaction with the subcortical Lin-5/Gpr-1/2/Ga complex>®. Hence, ASPM’s role in transmitting
extracellular signals in order to orient the mitotic spindle and subsequent M-phase duration is clearly Cyclin E-independent. In addition,
markedly declining levels of CITK offers another Cyclin E-independent scenario of ASPM-regulated M-phase duration, as progression
of ring assembly and mitotic furrow ingression are delayed in late and very late ASPM? MEFs in telophase.

(f) Protein lysates of ASPM® and WT E12.5 telencephalons, and primary neurospheres were analyzed for endogenous Cyclin A2 protein
levels by Western blotting, demonstrating reduced Cyclin A2 in ASPM? NPC.

(g) Embryos were pulse labeled for 30 minutes by intraperitoneal BrdU injections to pregnant females. Matching E12.5 coronal
somatosensory cortical sections were stained with anti- BrdU and Cyclin A2 antibodies. Although Western blot analysis of E12.5
telencephalic ASPM” protein lysates exhibited reduced endogenous Cyclin A2 protein levels, IHC analysis did not reveal significant
differences in proportions of NPC expressing Cyclin A2. Importantly, Cyclin A2 expressing cells were not labeled by BrdU, thus are not
S-phase cells. Moreover, Cyclin A2 positive cells were located outside of the cycling population of NPC in the superficial primordial
plexiform layer composed mainly by subplate and Cajal-Rezius cells.

(h) Matching E12.5 coronal somatosensory cortical sections stained with anti- Tujl and Cyclin A2 antibodies. All Cyclin A2 positive
cells were also positive for Tujl, expressed exclusively in differentiated neurons, further supporting the conclusion that Cyclin A2 is not
expressed in cycling VZ-NPC.

(i) Corresponding to ASPM co-immunoprecipitation with the Cyclin E/Cdk2 complex (Fig. 8b,c), ASPM also co-immunoprecipitates
with Cyclin A2. However, unlike the high molecular weight ubiquitinated smear detected by anti-Cyclin E antibodies in ASPM*
neurospheres treated with the proteasome inhibitor MG132 (Fig. 7a), no smear was detected by anti-Cyclin A2 antibodies (not shown).
Hence, Cyclin A2 is not hyper-ubiquitinated in mutant neurospheres.

Since there is no reliable procedure to precisely measure G2-phase duration in the mouse embryo or to differentiate G2 cell by FACS,
we had to broaden the interpretation into ASPM? elongated G2/M duration. There is no data available in the literature regarding Cyclin E
regulation of G2 progression, suggesting that the elongated G2/M duration is mostly attributed to inhibited mitosis progression.
Although, E12.5 ASPM? telencephalons exhibited reduced Cyclin A2 (Supplementary Figure 14f), it cannot justify an inhibited G2
progression hypothesis, since Cyclin A2 is exclusively expressed in differentiated neurons but not NPC (Supplementary Figure 12gh).
Scale bars represent 50 um.
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Supplementary Figure 15. Expression of $-catenin in ASPM” VZ.

(a) Protein lysates of E16 telencephlones 18 h after in utero MG132 administration show increased levels of endogenous
B-catenin by Western blotting.

(b) Matching coronal somatosensory cortical sections 18 h after in utero MG132 administration show enhanced levels of
B-catenin by IHC. Scale bar represents 10 pm.

Overexpression of ubiquitination-resistant -catenin isoform was shown to override ASPM deficiency®’. Keeping in
mind that MG132 is a ubiquitous proteasome inhibitor that prevents degradation of numerous proteins, the MG132
induced levels of B-catenin offer Cyclin E- and ASPM-independent mechanism of rescuing the unusual excessive
ASPM? NPC C.C. exit. Transgenic mice expressing the stabilized B-catenin in NPC, developed enlarged brains with
folded cortex resembling sulci and gyri, due to expansion of the progenitor pool as a result of reduced NPC
differentiation®®. B-catenin, an integral component of adherens junctions, was proposed to drive more apicobasal
divisions. Likewise, though not fully rescuing the irregular ASPM? mitotic cleavage orientation, in utero administration
of MG132 corrected the angle orientation such that it was no longer statistically different from WT (Fig. 7h). Hence,
brief in utero inhibition of the proteolytic machinery resulting in increased levels of Cyclin E (Fig. 7b,c) and B-catenin,
was sufficient to rescue both ASPM related deficiencies (Cyclin E-dependent C.C. progression and B-catenin-dependent
mitotic cleavage orientation). Consequently, aberrant ASPM? C.C. reentry was perfectly resolved (Fig. 7g).
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Supplementary Figure 18. Post blots and post-IPs.

(a) Figure 8b, the considerable size differences between ASPM (~410Kd) and the rest of the tested proteins (27-47Kd)
posed a problem to generate post-blots. It takes a long run (>36 hours) for the HA-ASPM to enter the gel. Therefore,
shorter runs to detect the co-immunoprecipitated proteins are not sufficient. Instead, in order to show the amount of bait
proteins that were pull-downed, prior to loading the gel for western blotting, 10% of immunoprecipitants were put aside.
These samples were assessed for the amounts of pull-downed HA-ASPM protein after long run, and were termed 10%
post-IP. In addition, the co-IP membrane was stripped and immunoblotted with rat anti HA antibodies to produce a post-
blot of the HA-tagged ORFs.

(b) Figure 8c, for the same reason as described above, 10% post-IPs are shown instead of post-blots.

(c-d) Figure 8e and 8f, the membranes were stripped and immunoblotted with mouse anti Cyclin E or anti Ub antibodies
to produce post-blots.

(e) Figure 9a, for the same reason as described above, 10% post-IP is shown instead of a post-blot.

(f) Figure 9c, the membrane was stripped and immunoblotted with mouse anti Ub antibodies to produce a post-blot.
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Age i Genotype

L El45 | MCZ 43042 1 1193130 4280+320 | 26622455
1163 £12.9 3962282 i 25152357
123.1 £10.8 41014221 | 2481262

1204 +17.5 386.6 £20.3 236.7 £21.7

WT 37019 102.0£54 4226 155 2958 £25.5
263.1 £22.0 l

KO | 299436 | 1017196 3853 +16.4

PLCZ i WT i 324330 i 1116485 408.5 5.1 P 2746154
KO | 26736 |  1076x137 3555119 1 23071243

E165 IMCZ | WT i 214%12 | 70383 2972498 204.6 +17.4

KO | 13107 | 664145 2720423 1924 £16.4

64.5£10.1 338.8+3.9 254.1 £10.2

WT 203109

KO | 13918 | 604166 |  3203:18 2459 £18.0
Supplementary Table 1
Mean of cell number in a fixed embryonic cortical area of 500 um in its medial-lateral dimension and 6 um (corresponding to
section thickness) in its rostral-caudal dimension =+ s.e.m.
Values are of NI (IdU-labeled only), NB (BrdU only- plus IdU/BrdU-co-labeled) and NT (all cells) per sector of the VZ in the
indicated embryonic day. The ASPM” and WT embryos were treated according to the double S-phase labeling protocol (see
Supplementary Figure 5). The number of unlabeled cells, NO, was calculated by equation i (Supplementary Figure 5). The values
are shown separately for two positions along the medial-lateral axis of the VZ, namely in the medial and lateral cortical zones
(MCZ and LCZ, respectively). Cell counts in each brain were performed on six non-adjacent coronal sections to avoid counting
the same cell more than once. The analysis was performed on data collected from brains of four embryos for each age and group,
one or two mice from each of two or three different litters.
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Age

El45 | MCZ

E155 MCZ
LCZ
EI65 | MCZ |

LCZ

Supplementary Table 2

Mean + s.e.m values of cell cycle parameters for VZ-NPC of the MCZ and LCZ in the indicated embryonic day. T and Tg, the
length of the overall cell cycle and the S-phase were calculated using the S-phase double-labeling protocol (see Methods), based
on data from Supplementary Table 1. The combined length of G, and M phase (Tg,.\,) was evaluated using the PLM method
(Supplementary Figure 8 and Supplementary Table 3), and duration of Gl-phase (Tj,) was calculated by equation iiii
(Supplementary Figure 5). Student’s ¢ test was used to calculate statistical significance with P < 0.05 representing a statistically

significant difference (*).
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Survival time
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Supplementary Table 3

Summary of the percentage of labeled mitoses (PLM) (Supplementary Figure 8) analyses for E14.5, E15.5 and El6.5 cortical VZ-
NPC of ASPM* (red) and WT (blue) embryos at increasing survival intervals after pulse labeling with IdU. For each embryo, the
PLM was determined over at least 200 PHH3" mitoses at the base of the ventricular zone. The T, was determined according to
the cut-off value of 98% of labeled mitoses. Three embryos from 2 litters were used to assess T, < (X) hours, and one embryo
was sufficient to determine that T, ;> (X) hours. The results indicate that in WT cortices T, lasted 2 h while in ASPM? it was
3.5 h, regardless of embryonic stage.



2 Hours 3.5 Hours 4 Hours 4.5 Hours 5 Hours 5.5 Hours 6 Hours
16.7% 5.0% 3.2% 0.5%
(32/160) (10/191) (6/184) (1/209)
0%
(0/206)
0.9%
(2/213)
19.8% 8.7% 6.6% 3.2% 8.5% 2.9% 1.6%
(23/93) (9/94) (8/114) (6/184) (17/183) (7/240) (5/317)
1.5%
(4/274)
1.6%
(4/241)
Supplementary Table 4

Summary of the percentage of labeled mitoses (PLM) analyses for E16.5 cortical SVZ-NPC of ASPM? (red) and WT
(blue) embryos as in Supplement Table 3. The results indicated that in WT SVZ-cortices T, lasted 4.5 h while in
ASPM? it was 6 h (Fig. 2e).



Supplementary Table 5, Primers used for RT-PCR;

gene sense antisense
B-actin gatgacgatatcgetgegetg gtacgaccagaggcatacagg
BRCALl gcagaaaatcttagagtgteeg ctgacacggttecggtagee
CDC2 tttcaagaaggacaaaggtgcc actgataagttctagetgagec
CDCo6 ggaaaaactgcetgtttaagee tictgtecgtgagatetaggg
CDC20 aaaccagccggaagacaggg gattcaggtagtagtcattecg
CDC25A gaccagctggaaggactggg tcagggcetgggctacateee
CDK2 tgtggcgcettaagaagatceg cagaagaatttcaggtgctcgg
CDKN2C gcaaaataatgtaaacgtcaacge cccatttgectecatcagge
CENPE tetgtgttegtgtgegacee cagtcctattggtgteticee
Cyclin A2 gcttcagettgtaggcacgg ggtatatccagtetgttgtgce
Cyclin D1 gcatgcacagacctttgtgge tetgttectggcaggeacgg
Cyclin D3 gtggctecatggeagttecgg aggcagtccacttcagtgee
Cyclin E1 tgaaagaagaaggtggcteeg tccaaacctettctctattgee
Cyclin E2 cttgaagagaatgtcaagacge gtgtitcaatgataatgcaaggg
E2F1 attggtaagcggcttgaagge ccgtetgeacteteeteeg
E2F2 cletttgtgegatgtgeacee caaatagttceetgectacee
E2F3 agagcctacaaatceatttgge tgctgtaaaaggtiggetggg
E2F7 catagaagaaagccaagatacce ttgcacacactcggatetgge
MCM2 cictggtggaggagetgeg cgggactctectggatgeg
MCM3 cteatctecaagageattieec tatcactgaggcagtcaagee
MYC cttaaaattctgtcacaacagec aaatgctgtgttatcctgacee
NPAT cccteggatgtagecagge ctetgatgggeageaaacce
ORCl1 tggaaagtaaacttcttgatggg tggtcagcacatacaagtggg
PCNA gacacataccgctgegacceg gcatatacgtgcaaattcacce
PLK cacagggacctcaagetggg cactgggttgatgtectiggg
POLA cagatccaaacttagagatggg cttcactttttaccttgtttcee
RADSI ccgtggtggaggtgaaggg gagtagtctgtictgtaaaggg
RFC2 geagtectggaactcaatgee attttgtctgaagcattacacge
RFC4 aaagtcaaaccagticettggg aagggaggacatggetteee
RRM2 ggctgacaaggagaacacge cttgaacttcttggetaaatege
TYMS gcatgcaggeacgatacagec gcatceccagattetcacteee
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Supplementary Table 6, Antibodies and dilutions

Target Dilution Host Supplier Catalog # Label/clone Target Dilution Host Supplier Catalog # Label/clone
actin 1:10000 WB rabbit Santa Cruz SC-7210 Flag 1:200 WB mouse w3
a-tubulin 1:1000 THC rabbit Thermo AB-9281-PO 1:2000 IP
Scientific GFAP 1:250 IHC mouse BD Biosciences | 556327 4A11
ASPM 1:100 WB rabbit Bethyl Labs THC-00058
1:50 IP HA 1:200 WB mouse i
1:200 THC 1:2000 1P
fB-catenin 1:500 IHC rabbit Epitomics 1247-1 E247 1:100 WB rat Roche 11815016001 3F10
1:1000 WB 1dU (BrdU) 1:25 IHC mouse BD Biosciences i 347580 IgGlk
B-1I-tubulin 1:1000 IHC mouse Covance MMS-435P Ki67 1:500 IHC mouse BD Pharmingen { 550609
(Tujl) 1:500 FACS
. R . ok
Brdif ITSTHE rat Axyli OBTOG30S 1i§355 mye 1:200 WB mouse
1:2000 IP
1:4 THC mouse DSHB G3G4 * Developed by
Dr.SJ. Kaufman p27Kipl 1:500 IHC mouse BD Biosciences | K25025-050 610243
; : : 1:2000 WB
Brnl 1:2000 THC guinea Kindly provided
. Pax6 1:300 IHC rabbit Covance PRB-278P
pig by Dr. M. Wegner
PCNA 1:200 IHC Mouse Millipore MAB424R (7- PC10
Cdk2 1:200 WB rabbit Santa Cruz sc-748 H-298
(Chemicon) 06-0) IgG2a
1:50 IP
PHH3 1:500 IHC rabbit Millipore 05-817R Serl0
ChdU (BrdU) 1:50 IHC rat Novus Nb500-169 BUI/75(ICRT1) . . . .
phospho Cyclin i 1:500 THC rabbit Cell Signaling 41368
Citron Kinase 1:500 IHC mouse Kindly provided
E Thr62 1:200 WB
1:1000 WB by Dr. J. LoT
v r orurco phospho Cyclin | 1:500 IHC rabbit BioSS bs-31208 referred to as
Ctip2 1:500 THC rat Abcam ab18465 25B6 E Thr3s0 1-200 WB Thr380 according
Cux1 (CDP) 1:1000 THC rabbit Santa Cruz sc-13024 M-222 1o
Cyclin A2 1:500 THC rabbit GeneTex GTX103042 NICI PETRG phospho- T 17506 Wi bhit Cell Signating G305
1:1000 WB Rb
Cyclin DI 1:100 WB rabbit Thermo RM-2113 PS&F T Phospio- | 17350 WH Fabbit Tnvitrogen TA583G
1:251p Scientific Rb 1:500 THC (Biosource)
1:1000 THC mouse Cell Signaling 29265 DCS6 Rb 1540°WR Mouse DSHB A% #Developed by
CyclinE 1:500 IHC mouse Covance SIG-3903-1000 Dr.J. Sage
1:40 WB RC2 1:4 THC Mouse DSHB * Developed by
1:1000 WB rabbit Millipore 07-687 Dr. M. Yamamoto
1:200 IP Tbrl 1:1000 IHC rabbit Chemicon AB9616
1:2000 WB rabbit Santa Cruz sc-481 M-20 Ubiquitin 0.2 mg/ml IP mouse Santa Cruz sc-8017 P4D1
1:200 IP 0.2 mg/ml IP mouse Cell Signaling 3936 P4D1

* Obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by the University of lowa, Department of
Biology, lowa City, A 52242.

** Obtained from the Bioprocessing Resource, Huntsman Cancer Institute, U of Utah.

For Immunofluorescence appropriate Alexa Fluor dye—conjugated secondary antibodies (1:1000, Invitrogen) were used. Protein bands on immunoblots were
visualized with HRP-labeled goat anti-rabbit or anti-mouse IgG followed by detection with chemiluminescence.

36



Supplementary Note 1. Figure 1g demonstrates displaced abventricular Pax6™ foci located in heterotopic positions outside the
VZ in E15.5 and E16.5 ASPM? cortices (arrowheads). Similar far-basal Pax6* cells located in the SVZ and intermediate zone
(IZ) regions that would normally have been occupied by differentiated neurons have been previously described in mutant
embryos with abnormally developed cortices®?%3. This has been shown to result from a premature detachment of VZ radial glial
cells from the ventricular surface due to loss of both basal and apical end feet attachments. Nevertheless, the SVZ and 1Z Pax6*
cells maintained their radial glial molecular phenotype and remained proliferative and undifferentiated, even in the aberrant
regions.

Supplementary Note 2. The cartoon depicted in Figure 3k summarizes the interpretation of data shown in Figures 3d-3j. It
represents cellular localization of Cyclin E along the inter-nuclear movement of WT VZ-NPC. Because cells between M- and S-
phase zones are overwhelming in the G1, G2 cells are not discussed. Cyclin E is mostly not phosphorylated in early G1-phase,
therefore resides in the cytoplasm. As cells transverse the R-point into late G1, increasing amount of Cyclin E is being
phosphorylated, mainly on residue T62, and translocated to the nucleus while non-phosphorylated Cyclin E remains cytoplasmic.
Gradually nuclear Cyclin E is being phosphorylated on residues T380. During S-phase all Cyclin E is phosphorylated and
distributed along all cellular compartments. Mitotic cells contain high levels of nuclear and cytoplasmic P-Cyclin E whereas non-
phosphorylated Cyclin E retracts to the cytoplasm. Inferred from Figure 8a, Cyclin E mainly concentrates in anaphase spindle
poles.
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Supplementary Methods

Quantitative fluorescence intensity analysis. All quantifications of fluorescence intensity were performed using ImageJ software
according to®. Identical acquisition exposure-time parameters were used to capture images. A region was drawn around each cell to
be measured. Integrated Density (the sum of the intensity of the pixels for one cell) was determined. A second region without
fluorescent objects just beside to the selected cell was drawn to used for background subtraction. The net average fluorescence
intensity of a pixel in the region of interest was then calculated with the following formula:

Corrected Total Cell Fluorescence (CTCF) = (Integrated Density) — (Area of selected cell) X (Mean Fluorescence of background
readings).

Average of corrected intensity values of 50 cells were calculated per cortex.

Determination of the Q fraction. At each passage through the NPC-C.C., the proportion of daughter cells that exit the C.C. and are
no longer proliferating (Quiescence fraction cells) increases from 0 at the onset of the corticogenesis to 1 at the end of the
corticogenesis. The proportion of daughter cells that re-enter the C.C. and remain Proliferative (P fraction) changes in a
complementary trend from 1 at the onset of the corticogenesis to 0 at the end of the corticogenesis?* ¢7-7!, BrdU was administered as
a single i.p. injection to pregnant dams. Embryos were collected after 24 h and coronal sections were stained for Ki67 and BrdU.
This design identifies the cohort of Q-cells that exit the C.C. as those that are positive for BrdU but negative for Ki67. Q fraction
cells are presented as the percentage of total BrdU-positive cells.

Cell cycle analysis by FACS. E12.5 telencephalic lobes or E15.5-E16.5 cerebral cortex hemispheres were dissected and digested for
30 minutes at 37°C with 500 U/ml papain (Worthington) and 100 U/ml DNase I (Fermentas) in PBS with rocking followed by gentle
repeated pipetting to dissociate cells. 5 x 107 E15.5-E16.5 cells were resuspended in 50 ml ice-cold 75% ethanol while vortexing, and
further fixed at -20°C for 2 h. Subsequent to adequate washings in FACS buffer (0.5% BSA, 0.05% NaN3 in PBS), cells were
successively stained with primary anti-Ki67 and the appropriate secondary antibody for 30 minutes at RT in FACS buffer, and post-
fixed 15 minutes with 2% PFA. E12.5 freshly isolated cells or Ki67 stained cells were incubated with 0.1% Triton X-100, 0.5 mM
EDTA, 0.05 mg/ml RNase A (Qiagen), and 50 pg/ml propidium iodide (Sigma-Aldrich) in PBS at 4°C for 1-2 h, before analyses.
Cells were analyzed with a BD FACScan flow cytometer (BD Biosciences), and cell cycle gating was examined using FLOWIJO -
Flow Cytometry Analysis Software.
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Preparation of lentiviral vectors. A Cyclin E expression vector was constructed by replacing the native IRES-hrGFP in CSII-EF-
MCS-IRES-hrGFP lentiviral expression vector’> 7 with a full-length Cyclin E1 ¢cDNA. The Cyclin E stop codon was removed and
the cDNA was linked to a DNA fragment encoding in frame the FMDV 2A sequence’ and membrane bound mCerulean (mCFP)
(addgene). A mCerulean fragment was also inserted instead of the IRES-hrGFP, thus creating a mCFP expression vector that served
as control. A transient-transfection system was used to create lentiviruses harboring Cyclin E ¢cDNA. HEK293T cells were
transfected by HIV-1-based lentiviral vectors according to’> 73. Viruses were subsequently concentrated from conditioned media
harvested 48 h after transfection by ultracentrifugation at 25,000 rpm in a Beckman SW28 swinging bucket rotor. The pellet was
resuspended in sterile PBS. Viral titers, determined by QuickTiter™ Lentivirus Titer Kit (Cell Biolabs Inc. VPK-107), were on
average 5 x 107 to 1 x 10% Lentiviral particles (LP)/ml. For rescue assays, freshly isolated E12.5 or E14.5 NPC were immediately
infected with 1 pl of viral suspension in 0.5 or 1 ml media, and cells were seeded and treated as described above for pair-cell or
neurospheres analyses, respectively. Adherent cells were cultured for 24 h before fixation. Neurospheres were cultured for 6 days
before examination. Expression of the reporter mCFP gene, under control of the EF-la promoter, confirmed ~40% infection
efficiency of neurospheres and >90% for the pair-cell analysis, for both Cyclin E-F2A-mCFP and mCFP vectors.

Cell cultures. HEK293T cells (kindly provided by Dr. Y. Groner, WIS, Rehovot, Israel) were maintained in Dulbeco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum at 37°C in a humidified incubator containing 7.5% CO,.
Calcium phosphate was used for plasmid transfection as previously described’>.

Coimmunoprecipitation. Lysates of MG132 treated neurospheres (6 h, 20 uM, Sigma-Aldrich) or HEK293T cells transiently
expressing HA-tagged respective proteins were incubated overnight at 4°C with anti-HA or anti-Ub antibodies, respectively, cross-
linked (dimethyl pimelimidate) to Dynabeads Protein G (invitrogen). Adequately washed bound material was subsequently eluted by
50 mM Glycine (pH 2.8) and boiled for 10 minutes. The immunoprecipitants and input samples were analyzed by standard Western
blotting procedure for ubiquitinated Cyclin E or for endogenous proteins.

Whole mount in situ hybridization. Synthesis of the RNA in situ probe was performed according to manufacturer’s directions
(Roche BioSciences). The hybridization was carried out according to’®.
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