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Biallelic mutations in the gene encoding centrosomal CDK5RAP2 lead to autosomal recessive primary microcephaly
(MCPH), a disorder characterized by pronounced reduction in volume of otherwise architectonical normal brains and
intellectual deficit. The current model for the microcephaly phenotype in MCPH invokes a premature shift from
symmetric to asymmetric neural progenitor-cell divisions with a subsequent depletion of the progenitor pool. The
isolated neural phenotype, despite the ubiquitous expression of CDK5RAP2, and reports of progressive microcephaly in
individual MCPH cases prompted us to investigate neural and non-neural differentiation of Cdk5rap2-depleted and
control murine embryonic stem cells (mESC). We demonstrate an accumulating proliferation defect of neurally
differentiating Cdk5rap2-depleted mESC and cell death of proliferative and early postmitotic cells. A similar effect does
not occur in non-neural differentiation into beating cardiomyocytes, which is in line with the lack of non-central
nervous system features in MCPH patients. Our data suggest that MCPH is not only caused by premature differentiation
of progenitors, but also by reduced propagation and survival of neural progenitors.

Introduction

Autosomal recessive primary microcephaly (MCPH) is a rare
neurodevelopmental disease characterized by intellectual disabil-
ity and pronounced reduction in brain volume.1 The latter affects
disproportionally the cerebral cortex, rendering MCPH a model
disorder for neocortical development. The prevailing model for
the microcephaly phenotype of MCPH invokes a stem cell defect
with a premature shift of progenitor cell cleavage planes and sub-
sequently of symmetric to asymmetric cell divisions. This entails
premature neurogenesis, a depletion of the progenitor pool, and
a reduction of the final number of neurons.1-4 A shift of the
cleavage plane is most likely not the only underlying mechanism
as microcephaly still occurs in MCPH mouse models where the
cleavage plane is unaltered.5,6

Specifically, for MCPH caused by biallelic mutations of the
cyclin-dependent kinase-5 regulatory subunit-associated protein
2 gene CDK5RAP2,7-10 underlying mechanisms include a

deregulation of CDK5RAP2 in centrosome function, spindle
assembly and orientation, and/or response to DNA damage
(reviewed in refs. Eleven, 12). We recently described mitotic
spindle defects, lagging chromosomes, and abnormal centro-
somes in patient-derived lymphoblastoid cells.10 Cdk5rap2
mutant or Hertwig’ s anemia mice have small brains and thin cor-
tices already at early stages of neurogenesis during embryonic
development.2 These mice demonstrate abnormal morphology
and orientation of mitotic spindles in progenitors with putative
shift from symmetric to asymmetric divisions and a predisposi-
tion to chromosomal aneuploidy.2 Moreover, they display phe-
notypes suggestive of a delay in mitotic progression, an early exit
from the cell cycle, a decrease of progenitors as development pro-
ceeds, and increased apoptosis of progenitors and neurons prior
to and at the onset of neurogenesis.2 While Cdk5rap2 downregu-
lation through shRNAi in vivo was likewise associated with
decreased cell proliferation, early cell cycle exit, and increased
premature neuronal differentiation, apoptosis was not increased.3
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Data from early studies using Hertwig’ s anemia mice, when
these mice were known only for their haematopoietic phenotype
and not for microcephaly, indicate accumulating proliferation
defects and cell death of differentiating stem cells. In this line,
anemia was reported to result from a ‘loss’ of cells during ery-
throid differentiation of pluripotent stem cells, rather than from
proliferation defects of multi- or pluripotent stem cells.13 In
addition, a significant decrease of mitosis and a massive increase
in germinal cell degeneration was reported during embryonic
development of testes and ovaries.14

In addition to popular models and based on previous data,
we hypothesized that microcephaly in MCPH is caused by
the accumulation of 2 defects, an accumulating proliferation
defect of differentiating neural stem cells and from cell death
of differentiating and early postmitotic cells. To study the
stem cell defect in MCPH caused by CDK5RAP2 dysfunc-
tion, we generated stable Cdk5rap2-depleted murine embry-
onic stem cell (mESC) lines through lentivirus infection. In
the present study, we report the cellular consequences of a
loss of Cdk5rap2 in mESC. We are thereby able to attribute
the microcephaly phenotype in MCPH3 at least partially to a
defect of neural mESC proliferation, survival, and differentia-
tion. We further demonstrate that this effect is present in
neural differentiation, but not in non-neural mESC differen-
tiation into beating cardiomyocytes.

Results

To characterize the role of CDK5RAP2 in mESC prolifera-
tion and differentiation and thereby also of a stem cell defect in
the microcephaly and intellectual disability phenotype of
MCPH, we studied the expression of Cdk5rap2 in mESC and
the effect of a stable shRNAi-lentivirus induced Cdk5rap2
depletion.

Neural differentiation of mESC
mESC maintained in an undifferentiated, proliferating state

in the presence of mLIF form colonies, i.e. tight clusters of cells
with well-defined boundaries (Fig. 1A–C). About 97% of these
colonies were immunopositive for the stem cell marker Oct4
(Fig. 1D, E). For induction of neural differentiation, we applied
a protocol that enables a neural differentiation in adherent mono-
layers through removal of mLIF and FBS in a defined medium
rather than additional steps of EB formation in suspension cul-
tures (Fig. S1A).15-17 This method avoids a selection of subpo-
pulations through re-plating of cells during differentiation and
thereby rather integrates all developing cells and cell types in a
culture.15 Following differentiation induction on day 1, cells
were proliferating and formed cell clusters that progressively
organized in rosette-like structures by day 5 and began to extend
first processes by day 8 (Fig. 1A, B). A compact network of pro-
cesses sprouting from neuronal and glial cells within expanded
rosette-like cell clusters was visible on days 12, 15, and 19
(Fig. 1A, B). These rosettes consist of radially arranged neuroepi-
thelial progenitor cells (NPCs), which have an apico-basal

polarity and are comparable with NPCs in the embryonic neural
tube.16 On day 5, about 91% of these cell clusters contained
highly Oct4-positive cells, while at day 8 nearly all of them
(98%) were Oct4-immunonegative (Fig. 1D, E). Map2-positive,
early neurons were first detected between days 5 and 8 (Figs. 1F
and 2A) and had increased strongly by day 12. NeuN-positive,
mature neurons were first detected in the periphery of rosette-for-
mations between days 8 and 12 (Figs. 1F and 2B; Fig. S2) with
increasing numbers on the following days. Single cells, positive
for the astrocyte marker GFAP were identified on day 15 with
increasing numbers on day 19 (Figs. 1F and 2C). Cells in the
center of rosettes remained proliferative, thereby establishing
large cell clusters (data not shown).

Cdk5rap2 in undifferentiated mESC and throughout neural
differentiation

In undifferentiated mESC, Cdk5rap2 localized to the centro-
some throughout the cell cycle and co-localized with g-tubulin
and pericentrin (Fig. S3A, B). During inter- and prophase,
Cdk5rap2 further accumulated in close vicinity to the cis-Golgi
matrix protein marker GM130 with no clear co-localization as
reported in HeLa cells18 (Fig. S3C). This result is consistent
with our previous finding in human lymphoblastoid cells.10

Upon neural differentiation and the formation of rosette-
like structures with highly polarized cells, Cdk5rap2 still co-
localized with centrosome markers and adopted a strongly
polarized position within the cells by day 8 (Fig. 1A, C; Fig.
S4A). This position was first detected on day 5, when 3 main
types of cell agglomerations could be detected: (i) those still
expressing the stem cell marker Oct4 and without a polarized
position of Cdk5rap2, (ii) those organized in rosettes which
were already negative for Oct4, had thus lost their pluripotent
stem cell character, and showed a strongly polarized Cdk5rap2
position, and (iii) an intermediate type just beginning to orga-
nize in rosettes and still partially Oct4-positive (Fig. 1E). Spe-
cifically, Cdk5rap2 signals assembled in the center of rosettes,
reflecting the apical localization of centrosomes in the polar-
ized NPCs.16 Again, Cdk5rap2 was localized in close proxim-
ity to the cis-Golgi marker GM130, which was arranged
radially veering toward the center of rosette-formations
(Fig. 4B). Acetylated a-tubulin-positive primary cilia origi-
nated from Cdk5rap2-stained basal centrosomes, possibly act-
ing as basal bodies, and extended into the lumen of the rosette
formations (Fig. 4C). Rosette formations develop into large 3-
dimensional cell groups through ongoing proliferation of
NPCs. Cdk5rap2 further assembles in the center of these cell
groups, forming large spherical clusters, which subsequently
disassemble between days 15 and 19 (Fig. 1A, C). We
detected Cdk5rap2 in progenitors, Map2-positive early neu-
rons, and GFAP-positive astrocytes, but not in NeuN-positive
mature neurons (Fig. 2). This is consistent with our previous
results in the developing and adult murine neocortex.19

Cdk5rap2 expression as detected by qPCR decreases at the
beginning of differentiation and rises again in later stages of
neural differentiation parallel to gliogenesis (Fig. 1G).
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Figure 1. For figure legend, see page 2047.
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Generation of stable Cdk5rap2-depleted mESC
To study the stem cell defect hypothesized to cause MCPH,

we generated stable Cdk5rap2-depleted mESC lines. For this, we
infected mESC with 4 Cdk5rap2 shRNAi lentivirus constructs
A-D or a scramble sequence (Fig. S5A). We detected a significant
downregulation of Cdk5rap2 with constructs B, C, and D when
compared to the effect of the scramble shRNAi construct,
through qPCR and immunocytology (Fig. S5A, B). The most
efficient Cdk5rap2 downregulation occurred when mESC were
infected with shRNAi construct B. To reduce variability of the
Cdk5rap2 downregulation efficiency between cell clusters within

one cell culture, we established 16 single clone-derived cultures
from mESC infected with the shRNAi construct B (Fig. S5C).
Downregulation of Cdk5rap2 mRNA in these cultures was con-
firmed through qPCR (Fig. S5D). Four clones were selected for
further studies, the 2 clones sh1 and sh2 with a strong downregu-
lation of Cdk5rap2 mRNA to about 20% and the 2 clones sh3
and sh4 with intermediate downregulation to about 40% of nor-
mal RNA levels (Fig. S5F). The findings established through
qPCR were consistent with our findings when we analyzed these
cultures via Western blot and immunocytology (Fig. S5E–G).
Notably, in mitotic cells, a faint centrosomal Cdk5rap2

Figure 1 (See previous page). Neural differentiation of mESC. (A–C) Scheme, phase contrast microscopy pictures, and immunocytochemistry of succes-
sive phases and cellular stages during neural differentiation of mESC. (A) Undifferentiated mESC formed colonies. After neural differentiation induction,
pluripotent mESC developed into neuroepithelial precursor cells (NPCs). By day 5, these NPCs were organized in rosette-formations, giving rise to devel-
oping neurons around days 8 to 12 (neurogenesis) and to astrocytes by day 15 (gliogenesis). Processes extended from the cell clones by day 8, sprouted
further and formed networks around day 12, resulting in a compact network of neuronal and glial fibers by day 19. Cells in the center of rosettes still pro-
liferated, thereby establishing large cell clusters. Red dots depict centrosomes. (B) Phase contrast microscopy images illustrating morphological changes
of mESC during neural differentiation. Scale bars 20 mm. (C) Cdk5rap2 (red) adopted a strongly polarized position in the center of rosettes from day 5 to
day 12; this formation slowly disappeared around day 15. DNA was stained with DAPI (blue). Immunofluorescence images, scale bars 20 mm. (D) mESC
were immunopositive for the stem cell marker Oct4 (red) on days 0 and 5, but not on day 8 after neural differentiation induction. DNA was stained with
DAPI (blue). Immunofluorescence images, scale bars 10 mm. (E) On day 0 and 5 about 97% and 91%, respectively, of all cell groups were Oct4-immuno-
positive (n D 3 per group, one-way ANOVA, P < 0.0001, Bonferroni’s Multiple Comparison Test), while at day 8 nearly all of them (98%) were immuno-
negative. (F) Presence of cells positive for Cdk5rap2, stem cell markers (Oct4, Lin28) and markers for differentiated cells (Map2, NeuN, Gfap) during
neural differentiation analyzed by immunocytochemistry: -, not present; C/¡, first positive cells detectable; C, some positive cells; CCC, many positive
cells. (G) Cdk5rap2 mRNA levels, analyzed by qPCR, in undifferentiated mESC and during neural differentiation in vitro (nD6 per group, one-way ANOVA,
P < 0.0001, Bonferroni’s Multiple Comparison Test). Cdk5rap2 expression decreased at the beginning of differentiation and rose again, especially at the
later stage (day 19) when astrocytes appeared in the differentiating mESC culture. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 2. Cdk5rap2 in neurons and glial cells. Cdk5rap2 (red) was present in postmitotic cells immunopositive for (A) Map2 (green; marker for early neu-
rons) and (C) Gfap (green; marker for glial cells), but not in (B) NeuN-positive cells (green; marker for mature neurons). Arrowheads, Cdk5rap2-positive
centrosomes; arrows, NeuN-positive and Cdk5rap2–negative cells; confocal images, scale bars 10 mm.

www.tandfonline.com 2047Cell Cycle



immunopositivity was present even in clones with strong down-
regulation of Cdk5rap2.

Cdk5rap2 downregulation causes proliferation defect
of undifferentiated mESC

Because CDK5RAP2 impacts on human brain size and has
been associated with progenitor proliferation, we next sought to
examine the effect of Cdk5rap2 downregulation on mESC prolif-
eration, cell survival, cell cycle, and the integrity of the centro-
some and the mitotic spindle apparatus in shRNAi-treated
mESC. Cdk5rap2 co-localized with the centrosomal protein
g-tubulin throughout the cell cycle in control mESC (Fig. S6A).
In shRNAi mESC sh1 and sh2 with strong downregulation of
Cdk5rap2, we detected a more diffuse g-tubulin staining around
the centrosome, while total g-tubulin levels were not reduced as
detected through Western blot (Fig. S6A–C). Pericentrin locali-
zation was normal in Cdk5rap2 shRNAi mESC when compared
to control mESC, and we did not detect spindle defects (data not
shown). Cdk5rap2 shRNAi caused decreased rates of cell culture
growth that was mainly due to a reduction of proliferation of
undifferentiated mESC, which correlated in severity with the
degree of Cdk5rap2 reduction (Fig. 3A–C). Apoptosis rates dif-
fered among the 4 shRNAi clones and could not be correlated
with Cdk5rap2 presence in mESC (Fig. 3D, data not shown). As
Cdk5rap2 knockdown has been reported to cause increased cell
cycle exit leading to premature neuronal differentiation in vivo,3

we analyzed cell cycle distributions of undifferentiated mESC
clones by flow cytometry. They showed similar proliferation
(similar S-phase fractions) of vital cells comparing sh1–4, scram-
ble, and control (Fig. S7A). In control mESC we observed

beginning/first fragmentation of the Golgi apparatus stacks in
prometaphase and subsequent dispersion of small Golgi vesicles
in the cytoplasm until reassembly in the 2 forming daughter cells
during telophase (Fig. S3C). This is consistent with previous
reports in HeLa cells.20,21 Analysis of the Golgi integrity through
immunostaining with the cis-Golgi marker GM130 revealed a
premature Golgi fragmentation during mitosis in the mESC
clone with strongly downregulated Cdk5rap2 (sh2) (Fig. S8). In
contrast to control mESC, in which the Golgi apparatus frag-
mentation began in prometaphase and reassembly occurred in
the daughter cells during cytokinesis, in clone sh2, the Golgi frag-
mented earlier in prophase and had already disappeared by prom-
etaphase. In mESC with intermediate Cdk5rap2 downregulation
(sh3), the timing was similar to control mESC. This result is in
line with our findings in cultured immortalized lymphoblasts
from patients with MCPH3.10 In addition, Cdk5rap2-depleted
mESC did not show increased sensitivity to cell-stress applied
through treatment with the apoptosis inducing substances22,23

H2O2 or staurosporine (Fig. S7B).

Cdk5rap2 downregulation causes a severe proliferation
defect and apoptosis during neural mESC differentiation

Induction of neural differentiation of strongly Cdk5rap2-
downregulated mESC clones resulted in a strong decrease of
proliferation rates and cell survival as well as a failure of rosette-
formation. Cdk5rap2 shRNAi mESC clones with strong
Cdk5rap2 downregulation (sh1, sh2) did not survive differentia-
tion (Fig. 4A). Here, cell cluster numbers and cell cluster sizes
were reduced strongly on day 5 and cultures had disintegrated by
day 8 (Fig. 4A–C). We therefore also analyzed clones with

Figure 3. Proliferation defect of undifferentiated mESC with Cdk5rap2 downregulation, but no enhanced spontaneous apoptosis. (A) Phase contrast
microscopy pictures of cultures at DIV3; note the reduced density and size of cell clusters particularly for clones sh1 and sh2. Scale bar 100 mm. (B) Cell
viability of undifferentiated mESC days in vitro (DIV) 1–3 of culturing (n D 4 ¡12 per group, one-way ANOVA, P < 0.0001, Bonferroni’s Multiple Compari-
son Test) demonstrated a reduced growth of Cdk5rap2 shRNAi cell cultures. (C) Proliferation and (D) relative apoptosis of undifferentiated mESC at DIV3
(n D 4 ¡6 per group, one-way ANOVA, P < 0.0001, Bonferroni’s Multiple Comparison Test). Proliferation was strongly or moderately reduced for strongly
(sh1 and sh2) or intermediately Cdk5rap2-downregulated clones (sh3 and sh4), respectively. Apoptosis varied between shRNAi clones and was not
increased compared to control cells at DIV3. Abbreviations: Co, control; scr, scramble; sh1–4, shRNAi clones 1–4; ns, not significant, *P < 0.05, **P < 0.01,
***P < 0.001.
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intermediate Cdk5rap2 downregulation (sh3, sh4), which were
still viable at day 19 (Fig. 4A, data not shown). In these clones,
cell clusters were also significantly reduced in number but not in
size at day 5 and day 8 (Fig. 4A–C). Only few ‘cell aggregates’
had formed by day 12. Live-cell imaging recordings confirmed
that the main defect in Cdk5rap2-depleted cultures emerged
already by day 3 of neural differentiation (Fig. 5A, B, Movies S1

and S2): In control cultures, cells proliferated rapidly, and subse-
quently migrated into the periphery while still keeping contact to
adjacent cells, leading to an expansion of the cell clusters and the
formation of monolayers between cell clusters. Cdk5rap2-
depleted cell clusters were already much smaller on day 3 of neu-
ral differentiation with cells at the edge of these clusters rapidly
losing contact to adjacent cells and undergoing cell death. Thus,

Figure 4. Loss of mESC cell culture during neural stem cell differentiation through strong Cdk5rap2 downregulation. (A) Low magnification of mESC cul-
ture growth after neural differentiation induction depicted complete loss of clone sh2 (similar results for sh1, data not shown) and only few surviving cell
groups in clone sh4 (similar results for sh3, data not shown). Pictures of day 15 and 19 are similar to day 12; results for scr are similar to co (data not
shown). Phase contrast microscopy pictures, black scale bar 1 mm. Inset pictures show representative cell clusters in higher magnification. White scale
bars 50 mm. (B) Cell cluster number and (C) size at day 5 and 8 of neural differentiation (nD 6 per group, one-way ANOVA, P< 0.0001, Bonferroni’s Multi-
ple Comparison Test). At day 5, cell cluster number and size was strongly reduced in clones with strongly downregulated Cdk5rap2 (sh1, sh2). Cell clus-
ters of clones with intermediately downregulated Cdk5rap2 (sh3, sh4) were reduced in number, but not in size. At day 8, cultures of clones sh1 and sh2
were completely lost. In cultures of clones sh3 and sh4 few cell clusters with normal size were present. Abbreviations: Co, control; scr, scramble; sh1–4,
shRNAi clones 1–4; ns, not significant, *P < 0.05, **P< 0.01, ***P < 0.001.
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no cells migrating away from the cell clusters could be visualized,
and by day 5 after differentiation induction no viable cells
remained. We further analyzed proliferation, apoptosis, and
growth behavior during this early phase of neural differentiation.
Knockdown of Cdk5rap2 caused decreased rates of cell culture
growth of differentiating mESC, which was both due to a reduc-
tion of proliferation and an increase of apoptosis (Fig. 6A, B).
Apoptosis was particularly increased in the first days of neural dif-
ferentiation (Fig. 6B).

Cdk5rap2 downregulation affects neurogenesis
To verify the prevailing hypothesis of premature neurogenesis

being a part of the MCPH pathomechanism, we analyzed loss of
stem cell marker Oct4 and emergence of neuronal marker NeuN
in Cdk5rap2-depleted mESC, control, and scramble. No prema-
ture loss of stem cell marker Oct4 appeared in the Cdk5rap2-
depleted mESC when mLIF-treatment was discontinued to allow
neural (Fig. 6C, D) or spontaneous (Fig. 6G, H) differentiation.
Here, Oct4-positive cells were even discerned longer than in the

Figure 5. Severely reduced proliferation and apoptosis of neuroepithelial cells in Cdk5rap2-depleted mESC. Representative, sequential bright field live-
cell imaging pictures starting at day 3 after differentiation induction (imaging 65h, pictures taken every 7 min, scale bar 50 mm). (A) In control cultures,
cells proliferated rapidly, leading to an extension of the cell clusters, and subsequently migrated into the periphery while still keeping contact to adjacent
cells. Monolayers between cell clusters were formed. (B) Cdk5rap2-depleted cell clusters were already much smaller at the beginning of live-cell imaging
and cells at the edge of these clusters lost contact to adjacent cells and underwent cell death. Thereby, no viable cells were left at day 5 after differentia-
tion induction (images 50 and 65 h), and no migrating cells were visible. Abbreviations: Co, control; scr, scramble; sh1–4, shRNAi clones 1–4.
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Figure 6. For figure legend, see page 2052.
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control/scramble cultures when neural differentiation was
induced (Fig. 6C, D) and also when cells differentiated sponta-
neously only by withdrawal of mLIF (Fig. 6G, H). While most
cell clusters were already Oct4 negative in the controls on day 8
of neural differentiation, 68% of the surviving sh3 clones con-
tained grouped Oct4-positive progenitors in their center
(Fig. 6D). Similarly, in spontaneous mESC differentiation, the
relative amount of Oct4-positive cells was increased significantly
in sh2 and showed a trend toward an increase in sh3, when com-
pared to control and scramble mESC by days 5 and 6 (Fig. 6H).
Here, the total amount of cells was decreased significantly by day
6. While at this time about 42% confluent control and scramble
cultures contained 41–48% Oct4-positive cells, the only 1–10%
confluent sh2 and sh3 cultures had 86–100% Oct4-positive cells.
These results indicate a loss of early differentiating cells in
Cdk5rap2-depleted mESC upon spontaneous differentiation
since cell death is increased in parallel to a (compensatory)
increase of proliferating cells. This effect is even more severe in
induced neural differentiation of strongly Cdk5rap2-depleted
clones as none of these survive differentiation. In clone sh3, the
fraction of cells expressing the neuron marker NeuN was
increased at day 15 of neural differentiation when compared to
the control situation (Fig. 6E, F), indicative of premature neuro-
genesis. NeuN-positive cells were arranged in abnormal clusters
in the periphery of large, spherical cell agglomerates.

Cdk5rap2 downregulation does not affect non-neural
differentiation into contracting cardiomyocytes

To study the effects of Cdk5rap2 downregulation on non-neu-
ral differentiation, the ability of the clones to differentiate via the
cardiac lineage was investigated in differentiation assays of
the validated embryonic stem cell test (EST),24 which exploits
the ability of pluripotent mESC to differentiate into cardiac tis-
sue upon removal of the cytokine mLIF. In the presence of fetal
bovine serum, the cardiomyocyte lineage is the predominant dif-
ferentiation route in mESC cells, resulting in contractile areas

within the embryoid body (EB) outgrowth. In a number of stud-
ies it has been demonstrated that these cells share properties with
major cardiac cell types (atrial-, ventricle-, purkinje-, and pace-
maker-like cells), show functional electrophysiological activity,
and display dose-dependent pharmacological responses to cardi-
oactive drugs.25-28 Mesoderm-derived cardiomyocytes are among
the first cells acquiring functionality in the embryo. The extent
of differentiation in the EST assay is assessed as the number of
beating EB outgrowths after 10 d of culture. Applying the criteria
of the validated EST for normal cardiac differentiation that is at
least 21 out of 24 wells containing contracting myocardial cells,
cardiac differentiation was unaffected in the Cdk5rap2 shRNAi
mESC clone with strong Cdk5rap2 downregulation (sh1) similar
to that in control and scramble clones (Fig. 7).

Discussion

In this report, we demonstrate that microcephaly in MCPH3
results not only from a premature shift from symmetric to asym-
metric mESC division and a subsequent depletion of the progeni-
tor pool, but also from subsequent proliferation defects of
differentiating stem cells and from cell death of proliferative and
early postmitotic cells (Fig. 8). We further demonstrate that this
effect occurs in neural but not in non-neural differentiation of
stem cells.

To study in detail the stem cell defect in MCPH caused by
CDK5RAP2 dysfunction, we generated stable Cdk5rap2-
depleted mESCs through lentivirus infection and analyzed their
phenotype during neural and non-neural differentiation. This
mESC culture-based model conveniently imitates neural devel-
opment of MCPH patients through induction of neural differen-
tiation of Cdk5rap2-depleted mESC (Figs. 1, 2, Fig. S5). We
detected a slight proliferation defect already in undifferentiated,
symmetrically proliferating Cdk5rap2-depleted mESC, which
was not due to an enhanced sensitivity toward apoptosis inducing

Figure 6 (See previous page). Accumulating proliferation defect and apoptosis of neurally differentiating mESC. (A) Cell viability and (B) relative apopto-
sis of neurally differentiating mESC. Severely affected cell viability in clones with strongly downregulated Cdk5rap2 (sh1, sh2) as well as in clone sh3,
becoming clearly apparent at day 5 after neural differentiation induction. Significant increase of apoptosis in clone sh1 on days 2 and 3 after differentia-
tion induction. (C) Representative Immunofluorescence pictures at day 8 depicting the typical loss of Oct4-positivity (red) in control and scramble cell
groups, while Cdk5rap2-downregulated clones still contained Oct4-positive cells in their center; DNA was stained with DAPI (blue). Scale bar 100 mm. (D)
Oct4 quantification of undifferentiated (day 0) mESC and at day 5 and 8 of neural differentiation (n D 3 per group, 2-way ANOVA, Bonferroni’s Multiple
Comparison Test). No significant differences in Oct4 staining were detected between the undifferentiated clones. At day 5 after differentiation induction,
in clone sh3 significantly less cell groups were Oct4-positive (***P < 0.001), but significantly more cell groups with Oct4-positive cells in the center (**P
< 0.01) were present compared to the control mESC. At day 8, in clone sh3 significantly less cell groups were Oct4-negative (***P < 0.001) compared to
control/scramble mESC and significantly more were Oct4-positive (*P < 0.05) or had Oct4-positive cells in their center (***P < 0.001). No premature loss
of Oct4-positivity was detected in Cdk5rap2-downregulated mESC. (E) In control and scramble cultures, NeuN-positive Neurons (green) were distributed
harmoniously in the periphery of rosette-formations on day 15, while in downregulated clones they arranged in abnormal clusters (clone sh3, similar
results for sh4, data not shown); Cdk5rap2 (red), DAPI (blue); confocal pictures, scale bar 50 mm. (F) Quantification of NeuN-positive cells relative to DAPI
at day 15 after neural differentiation induction revealed an increase of NeuN-positive mature neurons in clone sh3. (G) No premature spontaneous differ-
entiation of Cdk5rap2-depleted mESC. At day 6 after withdrawal of mLIF, cells in sh2 were still Oct4-positive (red), while most cells in the control were
already Oct4-negative at day 5; DNA was stained with DAPI (blue). Immunofluorescence pictures, scale bars 50 mm. (H) Quantification of Oct4-positive
cells during spontaneous differentiation after withdrawal of mLIF and amount of cells determined indirectly by measurement of DAPI-positive area per
view field. At day 4 after withdrawal of mLIF no significant differences could be found between the control, scramble and shRNAi clones sh2 and sh3. At
day5 and 6 the relative amount of Oct4-positive cells was significantly increased in the Cdk5rap2 strongly downregulated clone sh2, whereas the number
of all DAPI-positive cells was dramatically reduced. Results for the clone with intermediate Cdk5rap2 downregulation (sh3) showed the same trend, but
were not significant.
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factors (Fig. 3, Fig. S7). We further detected a reduction of cen-
trosomal but not of total g-tubulin and a premature fragmenta-
tion of the Golgi apparatus (Figs. S6, S8). However, neither
abnormal mitotic spindle morphology nor changes in cell cycle
distribution could be detected in undifferentiated mESC
(Fig. S7 and data not shown), while a premature cell cycle exit
had been reported in more differentiated neural progenitors.2,3

Our findings are in line with previous reports in MCPH3 patient
lymphoblastoid cells,10 in neuronal precursors of Hertwig’ s

anemia mice,2 in Cdk5rap2 siRNA electroporated murine
brains,3 and in various tumor cell lines.29-33

The most prominent effect of Cdk5rap2 downregulation in
mESC was apparent after induction of neural differentiation,
which resulted in a complete loss of cell cultures with strongly
downregulated Cdk5rap2 (Figs. 4, 5, Movies S1 and S2). This
defect was due to both a severe reduction in proliferation and an
increase of apoptosis of early differentiating cells, NPCs. After
induction of neural differentiation, proliferation of NPCs is

Figure 7. Loss of Cdk5rap2 does not affect non-neural mESC differentiation into beating cardiomyocytes. (A) Scheme of assay to evaluate mESC differen-
tiation into beating cardiomyocytes according to the validated embryonic stem cell test.24 (B) Normal cardiac differentiation was obtained for a Cdk5rap2
shRNAi mESC clone with strong Cdk5rap2 downregulation (sh1) as well as for control and scramble (n D 3 experiments, 24 wells each, one-way ANOVA,
p D 0.1238, Bonferroni’s Multiple Comparison Test, ns, not significant). Abbreviations: Co, control; scr, scramble; sh1–4, shRNAi clones 1–4; ns, not signifi-
cant, *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 8. Schematic of proposed pathomechanisms underlying microcephaly in MCPH. A premature shift from symmetric to asymmetric cell division
with a subsequent depletion of the progenitor pool (left part) and proliferation defects of differentiating stem cells and cell death of proliferative cells
and early postmitotic cells (right part) lead to microcephaly. Abbreviations: SC, stem cell; N, neuron; NP, neural precursor.
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essential for cell culture survival by producing a sufficient number
of neurally differentiating cells. In Cdk5rap2-depleted cell cul-
tures, the proliferation defect was increased strongly after differ-
entiation induction. Furthermore, we detected cells ‘breaking
out’ of their cell clusters, presumably by losing contact to adja-
cent cells and undergoing apoptosis. This severe proliferation
defect is in line with previous descriptions of reduced apical pro-
genitors and increased cell-cycle exit in the murine neocortex.2,3

Rosette formation after neural differentiation of mESC is
acknowledged as a model for neural tube development in vivo,
where pluripotent mESC develop into NPCs.16 The strict assem-
bly of Cdk5rap2 at the centrosome and basal bodies of primary
cilia in the center of rosettes and cell clusters during neural differ-
entiation implies that Cdk5rap2 may play a role in the organiza-
tion of these cell clusters. Here, the strongly ‘polarized’
positioning of Cdk5rap2 may be important for apical-basal
polarity of NPCs, as described for other centrosomal proteins.34

Processes such as the polarization of differentiating NPCs are
crucial for normal central nervous system development.35 This
not only applies to neural progenitors where, e.g., the apical-basal
polarity is key for sustaining interkinetic nuclear migration and
thus maintaining the neural progenitor pool during neocortical
development,36,37 but also to postmitotic cells such as neu-
rons.38,39 Reduced proliferation and increased apoptosis of
NPCs secondary to a loss of Cdk5rap2 can ultimately result in a
reduced generation of neurons and subsequently in the micro-
cephaly phenotype typical for MCPH. The increased proportion
of NeuN-positive neurons at day 15 of neural differentiation in
Cdk5rap2-reduced mESC in parallel to the reduction of the total
number of cells in these cell cultures supports the hypothesis that
microcephaly in MCPH3 results also from a temporary increase
of progenitor differentiation leading to a depletion of the stem
cell pool.

Given the current model that CDK5RAP2 mutations cause
microcephaly not only via the temporarily increased differentia-
tion of stem cells, but also through a premature shift from sym-
metric to asymmetric cell divisions and thus premature
neurogenesis, we applied a protocol that enables spontaneous
mESC differentiation after withdrawal of mLIF. We hereby
investigated whether Cdk5rap2-depleted mESC generally tend to
differentiate prematurely or if this is specific for neural differenti-
ation. In spontaneous differentiation of mESCs, we detected nei-
ther a premature loss of stem cell markers (Fig. 6), nor a
premature differentiation into beating cardiomyocytes (data not
shown) in Cdk5rap2-depleted cell cultures. This indicates that
Cdk5rap2 depletion does not lead to premature differentiation in
all tissues.

Since biallelic CDK5RAP2 gene mutations cause an isolated
brain phenotype in humans despite CDK5RAP2 expression in
several tissues,2,40 we addressed the question whether Cdk5rap2
downregulation has a different effect on mESC differentiation
into neurons and glial cells versus differentiation into beating car-
diomyocytes. We demonstrate that non-neural differentiation
into beating cardiomyocytes is not affected in mESC with
strongly downregulated Cdk5rap2 with regard to the criteria of
the validated EST (Fig. 7). This indicates that loss of Cdk5rap2

function does not affect differentiation in general, but must
impair a mechanism, such as polarization, which is important for
neural differentiation, but not for differentiation into cardiomyo-
cytes. For non-neural tissues not affected in patients with
MCPH, it can be speculated that loss of Cdk5rap2 can be in part
compensated in progenitor proliferation and differentiation and/
or that its role in those tissues is not as crucial for development.

Taken together, our results support our hypothesis that micro-
cephaly in MCPH3 results not only from a premature differenti-
ation as previously reported, but also from an accumulating
proliferation defect of differentiating cells as well as from cell
death of differentiating and early postmitotic cells. In view of the
‘isolated’ neurological phenotype of MCPH3 and with respect to
the Cdk5rap2 localization during neural differentiation, it is
most likely that Cdk5rap2 further plays a role in functions, which
are exclusively important in neuronal development. Further stud-
ies are needed to enlighten the role and impact of Cdk5rap2 in
these functions.

Materials and Methods

mESC culture
mESC (W4/129S6 originally developed by Wojtek Auer-

bach in the laboratory of Dr. Alexandra L. Joyner at the
New York University School of Medicine) were cultured in
maintenance medium, consisting of high glucose Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, https://www.life-
technologies.com/order/catalog/product/41965039) supple-
mented with 15% heat inactivated fetal bovine serum (FBS;
Gibco, https://www.lifetechnologies.com/order/catalog/prod-
uct/10270106), 2 mM glutamine (Gibco, https://www.life-
technologies.com/order/catalog/product/25030024), 50 U/ml
penicillin, 50 mg/ml streptomycin (Gibco, https://www.life-
technologies.com/order/catalog/product/15140122), 1% non-
essential amino acids (Gibco, https://www.lifetechnologies.
com/order/catalog/product/11140035), 0.1 mM b-mercaptoe-
thanol (Sigma-Aldrich, http://www.sigmaaldrich.com/catalog/
product/sigma/m7522), and 1000 U/ml murine leukemia
inhibitory factor (mLIF; Chemicon, http://www.merckmilli-
pore.com/DE/de/product/ESGRO%C2%AE-Leukemia-Inhib-
itory-Factor-%28LIF%29%2C-1-million-units1-mL,MM_NF
-ESG1106). The cytokine mLIF, which is known to sustain
mESC self-renewal,41,42 was added to the medium to main-
tain the mESC in an undifferentiated, proliferating status. In
addition, 2 mg/ml puromycin (Sigma-Aldrich, http://www.
sigmaaldrich.com/catalog/product/sigma/p9620) was added to
the medium of W4/scramble and W4/shRNAi cells to selec-
tively culture those cells that stably express shRNA. Cells
were passaged every second to third day.

mESC differentiation into neural cells
Neural differentiation was induced according to a modified

protocol based on the method of Visan et al. 201215 (Fig. S1A).
In addition, 1 mg/ml puromycin was added to the medium of
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W4/scramble and W4/shRNAi cells to selectively culture those
cells that stably express shRNA.

mESC differentiation into contracting cardiomyocytes
To analyze the ability of mESC to differentiate via the cardiac

route, differentiation assays were performed according to the vali-
dated protocol described previously24 (Fig. S1B).

Spontaneous mESC differentiation
For the spontaneous, non-directed differentiation of mESC

through mLIF withdrawal, cells were plated in maintenance
medium without mLIF. Medium was changed every second to
third day (Fig. S1C).

RNA extraction and quantitative real-time PCR (qPCR)
RNA extraction, cDNA synthesis, and qPCR were performed

with established methods.43 Primer and probe sequences and
PCR conditions are given in Tables S1 and S2.

Protein extraction procedure and Western blot
Protein extraction and Western blot was performed with

established methods. A comprehensive list of antibodies is given
in Table S3.

Immunocytology
Coverslips were incubated in 4% PFA for fixation and subse-

quently in staining buffer (0.2% gelatin, 0.25% triton X-100, 10%
donkey normal serum in PBS 1x; Sigma-Aldrich, http://www.sig-
maaldrich.com/catalog/product/sigma/g2500, http://www.sigmaal-
drich.com/catalog/product/sigma/t8787, http://www.sigmaaldrich.
com/catalog/product/sigma/d9663) for 30 minutes at RT for
blocking. Coverslips were incubated overnight at 4�C with primary
antibodies in the staining buffer followed by an incubation with the
corresponding secondary antibodies for 2 hours at RT. Nuclei were
labeled with 40,6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich, http://www.sigmaaldrich.com/catalog/product/sigma/
d9542). See Table S3 for a comprehensive list of antibodies and
concentrations.

Lentivirus shRNAi, stable Ckd5rap2-depleted mESC,
and establishment of isolated mESC clone cultures

To establish cell lines with stable Cdk5rap2 downregulation,
mESC were infected with Cdk5rap2 MISSION� shRNAi lenti-
viral transduction particles (shRNAi-A: GCACATCTACAA-
GACGAACAT; shRNAi-B: GCCATCAAGATACGATTCA
TT; shRNAi-C: CCTCAAGACTTACTAATGGAA; shRNAi-
D: CGTGAGATCATGGAGGACTAT; Sigma-Aldrich, http://
www.sigmaaldrich.com/catalog/genes/CDK5RAP2). In addi-
tion, MISSION� non-target shRNAi control transduction par-
ticles representing a scramble control were used as a negative
infection control. The infection was performed according to a
modified protocol from the manufacturer (Fig. S1D). To estab-
lish homogeneous Cdk5rap2-depleted mESC clones (Fig. S1E),
single clone-derived colonies from a culture infected with
Cdk5rap2 shRNAi clone B were isolated by picking each of them
with a glass Pasteur pipette and transferring them individually to

a separate well of a 96-well plate. Colonies were expanded for 10
d before aliquots were used for RNA-extraction and immunos-
taining to analyze the efficiency of Cdk5rap2 downregulation.
For all further experiments a not infected control (co) and the
scramble control (scr) were used in parallel to Cdk5rap2-depleted
clones.

Quantification of cell cluster size and number
For quantification studies, cells were fixed at day 5 and 8 after

neural differentiation induction, and nuclei were labeled with
DAPI. From each sample, 7 pictures were taken using a 10x
objective, providing a 2.312 mm2 view area. Number and size of
cell groups were calculated using ImageJ software (http://imagej.
nih.gov/ij/).

Quantification of cell viability, apoptosis, and proliferation
Cell viability was quantified using the MTS-based CellTiter

96� AQueous One Solution Cell Proliferation Assay (Promega,
https://www.promega.de/products/cell-health-and-metabolism/
cell-viability-assays/celltiter-96-aqueous-one-solution-celL-prolif-
eration-assay-_mts_/), the Fluorimetric CellTiter-Blue� Cell
Viability Assay (Promega, https://www.promega.de/products/
cell-health-and-metabolism/cell-viability-assays/celltiter_blue-cell
-viability-assay/), and/or by counting the cells using a Neubauer
hemocytometer. Apoptosis and proliferation were assessed by
multiplexing with the ApoONE� Homogeneous Caspase-3/7
Assay (Promega, https://www.promega.de/products/cell-health-
and-metabolism/apoptosis-assays/fluorometric-and-colorimetric-
caspase-assays/apo_one-homogeneous-caspase_3_7-assay/) and
by using the colorimetric Cell Proliferation BrdU-ELISA (Roche
Diagnostics, http://lifescience.roche.com/shop/products/celL-
proliferation-elisa-brdu-colorimetric-), respectively, according to
the manufacturers’ instructions.

Spontaneous and induced apoptosis assays
To determine the sensitivity of cell clones toward apoptosis-

inducing agents, cells were treated with staurosporine (0.2 mM;
Tocris, http://www.tocris.com/dispprod.php?ItemIdD1570#.
VNM-96Mwe70) or H2O2 (300 mM, Sigma-Aldrich, http://
www.sigmaaldrich.com/catalog/product/sigma/h1009) for 18 h,
and cell viability, apoptosis, and proliferation were analyzed as
described above.

Live-cell imaging
For live-cell imaging at early stages of neural differentia-

tion, mESC were plated on 35 mm Fluoro dish cell culture
dishes (World Precision Instruments, http://www.wpi-europe.
com/products/cell-and-tissue/fluorodish-cell-culture/fd35–100.
aspx) at day 1 of neural differentiation. Images were collected
every 7 minutes with an exposure time of 100–135 ms over a
time period of 68 hours (day 3 to 6 of neural differentiation)
using the Axio Observer Z1 platform (Carl Zeiss Microscopy,
http://www.zeiss.de/microscopy/de_de/home.html) with a
plan-apochromat 20x/0.8 M27 objective.
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Cell cycle analysis
For cell cycle analysis, cells were detached with trypsin 0.05%

and EDTA 0.02%, pelleted and stained with 1 mg/ml DAPI in a
buffer containing 154 mM NaCl, 0.1 M TRIS pH 7.4, 1 mM
CaCl2, 0.5 mM MgCl2, 0.2% BSA, and 0.1% NP40. Univariate
flow histograms were recorded on a triple-laser equipped LSRII
flow cytometer (Becton Dickinson, http://www.bdbiosciences.
com/eu/bd-lsr-ii/c/744818) using UV excitation. Data was quan-
tified with the MPLUS AV software package (Phoenix Flow Sys-
tems, http://www.phnxflow.com/).

Imaging
Phase contrast microscopy pictures were taken with an Axio-

Vert 40 CFL microscope (Carl Zeiss Microscopy), fluorescently
labeled cells were imaged with a fluorescent Olympus BX51
microscope (Olympus, http://www.olympus-ims.com/de/micro-
scope/bx51p/), and confocal-microscopy images were taken by
an lsm5exciter Zeiss confocal microscope (Carl Zeiss Micros-
copy). All images were processed using Adobe Photoshop (Adobe
Systems Inc.., http://www.adobe.com/).
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