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Abstract

BUB-related 1 (BubR1) encoded by Budding Uninhibited by Benzimidazole 1B (BUB1B) is a crucial mitotic checkpoint protein
ensuring proper segregation of chromosomes during mitosis. Mutations of BUB1B are responsible for mosaic variegated
aneuploidy (MVA), a human congenital disorder characterized by extensive abnormalities in chromosome number. Although
microcephaly is a prominent feature of MVA carrying the BUB1B mutation, how BubR1 deficiency disturbs neural progenitor
proliferation and neuronal output and leads to microcephaly is unknown. Here we show that conditional loss of BubR1 in
mouse cerebral cortex recapitulates microcephaly. BubR1-deficient cortex includes a strikingly reduced number of late-born,
but not of early-born, neurons, although BubR1 expression is substantially reduced from an early stage. Importantly,
absence of BubR1 decreases the proportion of neural progenitors in mitosis, specifically in metaphase, suggesting shortened
mitosis owing to premature chromosome segregation. In the BubR1 mutant, massive apoptotic cell death, which is likely due
to the compromised genomic integrity that results from aberrant mitosis, depletes progenitors and neurons during
neurogenesis. There is no apparent alteration in centrosome number, spindle formation or primary cilia, suggesting that the
major effect of BubR1 deficiency on neural progenitors is to impair the mitotic checkpoint. This finding highlights the
importance of the mitotic checkpoint in the pathogenesis of microcephaly. Furthermore, the ependymal cell layer does not
form in the conditional knockout, revealing an unrecognized role of BubR1 in assuring the integrity of the ventricular
system, which may account for the presence of hydrocephalus in some patients.

Introduction
Mosaic variegated aneuploidy (MVA) is a congenital disorder
characterized by widespread abnormalities in chromosome
number (aneuploidy). Individuals with this autosomal recessive

syndrome show growth retardation, microcephaly, intellectual
disabilities, developmental delays, mild dysmorphia, structural
central nervous system abnormalities and an increased
predisposition to cancer (1–6). MVA has also been classified as a
ciliopathy due to overlap with the features of cilia dysfunction,
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such as polycystic kidneys and, in some cases, Dandy–Walker
malformation and hydrocephalus (7). In agreement with this
classification, fibroblasts cultured from patients with MVA
have shown impaired ciliogenesis (7,8). MVA has been linked to
mutations in the Budding Uninhibited by Benzimidazole 1B (BUB1B)
gene, which encodes BUB-related 1 (BubR1) protein (2,9). While
some reported cases of MVA do not carry genetic mutations in
BUB1B, these cases are comparatively mild and do not present
with microcephaly, suggesting that BubR1 loss is one of the
important causes of MVA-related microcephaly (10).

To model this disorder, a hypomorphic allele of BubR1, the
mouse ortholog of BUB1B, has been generated to circumvent
early embryonic lethality resulting from complete loss of the
gene. BubR1H/H (BubR1 hypomorphic allele) reduces protein pro-
duction; its embryonic fibroblasts express ∼11% of the proteins
found with normal endogenous BubR1 (11). Similar to the human
phenotype, these mice exhibit small stature, cancer predispo-
sition and reduced lifespan, but whether the cortical BubR1
protein level is correspondingly reduced was not examined (11).
Recent studies demonstrated that the hypomorphic allele does
not significantly alter cortical progenitor cell division and that
cortical size does not significantly differ from wild type (WT)
controls up until the young adult stage (12). Thus, although it
is likely that BubR1 is directly involved in cortical development,
perhaps through directing faithful segregation of chromosomes,
there is no information about its function in cortical progenitor
cell division and ultimate cortical size. This is partly due to the
lack of an animal model that features a substantial reduction
in BubR1 expression in cortical progenitors without affecting
viability.

Abnormal regulation of mitosis plays a critical role in
the pathogenesis of microcephaly as proteins encoded by
microcephaly-causing genes are associated with the mitotic
apparatus and their deficiency causes mitotic defects (13–24).
For instance, MCPH6 (CENPJ), whose deletion results in the
absence of centrioles (25), and MCPH2 (Wdr62) were shown
to regulate mitotic progression through activation of the SAC
(15). Recent studies have also identified a link between mitotic
delay and microcephaly: a delay in mitosis leads to both cell
death and to premature differentiation, which ultimately reduce
progenitor cells in number (15,26,27). Interestingly, substantial
chromosomal aneuploidy has been found in normal neural
progenitor cells (28). However, when aneuploidy becomes
extensive (>5 chromosomal variations), cells are subject to
apoptosis, which provides an additional mechanism through
which aberrant mitosis can deplete the progenitor pool (29).
It is therefore necessary to investigate the role of the mitotic
checkpoint in assuring faithful chromosome segregation and
genomic integrity and to evaluate its contribution to the
pathogenesis of microcephaly.

BubR1, a core component of the mitotic checkpoint complex,
is required to prevent anaphase until all chromosomes are
properly aligned and attached to microtubule spindles at the
metaphase plate (30). BubR1 works directly at the kinetochore,
the link between the centromere and the spindle, to ensure
stable kinetochore-microtubule attachments, and as a member
of the spindle assembly checkpoint to help maintain inhibition
of the anaphase-promoting complex (31–35). In addition to its
functions in preventing premature progression of mitosis, BubR1
is implicated in suppression of centrosome amplification by
inhibiting Polo-like kinase activity (36). Evidence also supports a
critical function in ciliogenesis: primary cilia are malformed
in the fibroblasts of MVA patients and in medaka fish with
morpholino knockdown (7). Primary cilia are antenna-like,

microtubule-based cellular protrusions important for diverse
cellular processes, including mitogenic signaling such as Sonic
Hedgehog (37). Defects in ciliogenesis may contribute to the
pathogenesis of Dandy–Walker syndrome, hydrocephalus and
microcephaly (7). A recent study of knockdown of BubR1 and
of several other ciliopathy genes demonstrated its role in
maintaining progenitor populations and neuronal migration
during cortical development (38). Thus BubR1 is implicated in
multiple critical cellular processes, but which defective function
alters the neural progenitor population and whether this
alteration is sufficient to generate microcephaly remain to be
determined.

Here we show that conditional knockout (CKO) of BubR1 in
the developing cortex can mimic the microcephaly found in
human MVA. We demonstrate that nearly complete reduction
of BubR1 is required to generate microcephaly and that drastic
reduction of stem cell–like apical neural progenitors (aNPCs)
affects the output of intermediate progenitors and postmitotic
neurons, and ultimately cortical size. Furthermore, our progen-
itor analyses, including flow cytometry data, reveal that, in the
absence of BubR1, the proportion of cells in mitosis, especially
in metaphase, is reduced. Defective mitosis is therefore likely
to cause faulty chromosome segregation, which may result in
subsequent cell death due to compromised genomic integrity.
Remarkably, although primary cilia did not appear to be affected
by loss of BubR1, we observed complete absence of the ependy-
mal layer in the BubR1 CKO. Thus, our findings reveal that
BubR1 plays a novel role in the ventricular system by properly
generating and/or maintaining the ependymal layer.

Results
BubR1 is highly expressed along ventricular
neuroepithelium in the developing cortex

To determine the role of BubR1 in progenitor cell division
and cortical development, we first assessed BubR1 expression
and subcellular localization during neurogenesis. As expected,
at embryonic day (E) 14.5, BubR1 expression was limited to
proliferating cells in a distinct ventricular zone (VZ) enriched
with Sox9-expressing aNPCs and in Sox9-negative proliferating
subventricular zones (SVZ) comprising intermediate progen-
itors. Conversely, BubR1 was lacking in intermediate zone
(IZ) and cortical plate (CP) where postmitotic neurons were
migrating and forming layers, respectively. BubR1 was expressed
throughout the VZ/SVZ (Fig. 1A and B) and enriched along the
ventricular lining of the developing cortex where cells were
undergoing mitosis (Fig. 1A). In interphase, BubR1 showed a
granular, diffuse cytoplasmic distribution with minimal nuclear
localization. The intensity of its signal varied among cells in
interphase, likely representing cell cycle status and whether
the cell was close to either entering or leaving mitosis. During
mitosis, localization of BubR1 was dynamic, depending on
the mitotic phases, as previously demonstrated in cell culture
(35). As its distribution has been shown to be concentrated on
kinetochores, very small amounts of BubR1 began to appear on
chromosomes in prophase, but expression on chromosomes
was robust during prometaphase and metaphase. BubR1
proteins moved to opposite poles of the chromosomes as
they segregated in anaphase (Fig. 1C). In late anaphase and
telophase, they were largely decreased and less punctate in
chromosomes, but highly concentrated in spindles (Fig. 1C).
This dynamic expression pattern is consistent with its roles
in stabilizing microtubule attachment to the kinetochore and
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Figure 1. BubR1 is dynamically localized in NPCs. (A and B) At E14.5, BubR1 expression is confined to actively proliferating cells, such as Sox9+ apical NPCs in the VZ

and Sox9− intermediate NPCs in the SVZ, and is absent from IZ and CP, where postmitotic cells are situated. (C) In the VZ/SVZ, BubR1 is present in the cytoplasm of

cells in interphase. It is abundant in chromosomes from prometaphase until early anaphase and is concentrated in the kinetochore during mitosis (arrowheads); its

association with the spindle is evident at the end of mitosis, including in late anaphase and telophase (arrows). Scale bar, 50 μm.

spindle checkpoint. In summary, our studies of BubR1 expression
in NPCs demonstrated that it is localized on chromosomes and
spindles during NPC mitosis and that it persists in the cytoplasm
of cycling cells during interphase.

Significant loss, but not reduction, of BubR1 generates
microcephaly

Because microcephaly is a hallmark of BubR1-associated MVA,
we first determined whether BubR1H/H mice show any alterations
in brain size; these mice demonstrate a significant reduction of
BubR1 expression in various organs and embryonic fibroblast
culture (11). Consistent with previous reports, BubR1H/H mice
were markedly smaller than WT littermates (Fig. 2A) (11). At
postnatal day (P) 21, the size of their cortex appeared normal
(Fig. 2B and C). We also analyzed the cerebellum for structural
abnormalities such as Dandy–Walker malformation, which also
occurs in MVA. We observed no obvious alterations in the size
or shape of the cerebellum (Supplementary Material, Fig. S1).
These results provide evidence that reduced BubR1 expression
in a hypomorphic allele is compatible with normal histogenesis
of the brain. Our study of BubR1H/H therefore corroborates pre-

vious reports that BubR1 reduction does not produce significant
changes in embryonic brain development despite its importance
in age-related decline of myelination and in proliferation and
differentiation of adult neural stem cells (12,39).

To further investigate the impact of complete BubR1 loss
in the developing cortex, without affecting viability of the ani-
mals, we took advantage of CKO technology using Emx1-Cre,
which ablates the gene of interest in the dorsal telencephalon,
beginning around E9.5, on BubR1H/H background (designated as
BubR1 CKO; Supplementary Material, Fig. S2). BubR1 CKOs, like
BubR1H/H mice, were much smaller than their age-matched litter-
mates (Fig. 2A). However, in contrast to the BubR1H/H mice, BubR1
CKO had a grossly obvious decrease in cortical size (Fig. 2B).
Histological analyses demonstrated that cortical thickness of
BubR1 CKO was significantly reduced compared to both BubR1H/H

and WT and that the overall number of neurons was globally
reduced (Fig. 2C). The hippocampus of BubR1 CKO showed some
lamination but a striking reduction in size (Fig. 2C).

Next, we used layer-specific markers to characterize lamina-
tion and neuronal composition in the cortex of BubR1 CKO. Inter-
estingly, the number of FoxP2+ (layer VI) and Ctip2+ (layer V)
early-born neurons was comparable to WT, but Cux1+

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz022#supplementary-data
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Figure 2. Loss of BubR1 induces microcephaly. (A) BubR1H/H and BubR1 CKO mice exhibit dramatic reduction in body size. (B) BubR1 CKO, but not BubR1H/H, has smaller

cortex compared to WT. (C and D) H&E staining shows significantly reduced cortical thickness in BubR1 CKO, but not in BubR1H/H compared to WT. (E and F) Production

of early-born neurons (FoxP2+ cells in layer VI, Ctip2+ cells in layer V) is not significantly affected, but late-born neurons (Cux1+ cells in layers II–IV) are severely

depleted in BubR1 CKO cortex. Some Cux1+ late-born neurons are present in deeper cortical layers (arrows). ∗P < 0.05, ∗∗∗P < 0.001. Scale bar, 200 μm.

late-born neurons (layer II–IV) were significantly decreased
(Fig. 2E and F). It is therefore possible that progenitors of late-
born neurons have a specific requirement for BubR1 or that they
are mainly affected because defects accumulate in progenitors
through multiple cell divisions. However, we cannot rule out the
possibility that the number of early-born neurons is affected
to a smaller extent because incomplete Cre recombination or
prolonged protein stability caused insufficient removal of BubR1
from the progenitors of early-born neurons.

A striking reduction of late-born neuron numbers is therefore
a major contributor to decreased cortical thickness in BubR1 CKO.
Cortical size was also reduced and late-born neurons specifically
reduced at early postnatal stages (P8), which demonstrate a con-
sistent congenital phenotype (Supplementary Material, Fig. S3)
rather than gradual loss due to neuronal degeneration over

time. Cux1+ late-born neurons were also located ectopically in
deeper cortical layers, suggesting deficits in neuronal migration
(Fig. 2E, arrows). This result is consistent with a previous report
showing that BubR1 knockdown impairs neuronal migration in
developing cortex (38).

Due to the striking difference in cortical phenotype, we then
investigated whether the BubR1H/H and BubR1 CKO mice express
distinctly different levels of BubR1. BubR1 immunostaining
showed that BubR1 expression was strikingly diminished in
both BubR1H/H and BubR1 CKO mice at E12.5 (Fig. 3A–C). However,
loss of BubR1 expression was more pronounced in BubR1 CKO
than BubR1H/H as immunohistochemistry detected residual
expression in BubR1H/H at E12.5 (Fig. 3A, arrows). Of note, the
residual BubR1 protein was localized to the chromosomes
in BubR1H/H, but largely absent in BubR1 CKO (Fig. 3B and C).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz022#supplementary-data
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Figure 3. Depletion of BubR1 during neurogenesis is nearly complete in BubR1 CKO. (A–C) At E12.5, minimal BubR1 is present at the ventricular surface in BubR1H/H

neuroepithelium (B, inset, arrows), where it is located on the chromosomes of PH3+ cells undergoing mitosis (arrows). It is almost completely absent in BubR1 CKO

(C) but highly enriched in WT (A). Arrowheads indicate nonspecific or auto-fluorescence signals from blood cells (B and C). (D) Western blot of E15.5 cortices confirms

significant reduction of BubR1 expression in BubR1H/H and BubR1 CKO compared to WT. (E) The graph compares the relative levels of BubR1 protein in the BubR1H/H

and BubR1 CKO to the WT level after normalization with GAPDH. ∗∗P < 0.01. Scale bar, 50 μm; enlarge image, 10 μm.

A previous study using overexpression of BubR1 domain
demonstrated that expression in the kinetochore correlates with
improved phenotypic outcomes (40). Thus, it is possible that the
difference in kinetochore expression in BubR1H/H and BubR1CKO
accounts for why only BubR1 CKO demonstrates a severe cortical
phenotype. To quantify the reduction of BubR1 expression in the
neuroepithelium of both BubR1H/H and BubR1 CKO, we used west-
ern blot to analyze cortical lysates at E15.5. We normalized the
level of BubR1 to Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and then compared the relative amount to WT. BubR1
expression in the BubR1H/H was about 1.8% of that of WT, in the
BubR1 CKO, about 0.5% of that of WT (Fig. 3D and E, N = 3 for
each genotype). Taken together, this data supports the idea that
substantial loss, approaching complete absence, of BubR1 in
cortical progenitors is required to induce microcephaly in mice.

Cortical progenitors are reduced in BubR1 CKO embryos

To determine the pathogenic mechanism underlying reduced
brain size and decreased number of late-born neurons, we inves-
tigated anatomical alterations that occurred during neurogen-
esis. Interestingly, despite the significant reduction in cortical
thickness in the BubR1 CKO mice seen postnatally, cortical thick-
ness was variably affected during early to mid-neurogenesis

(Fig. 4A). Importantly, there was a significant reduction in the
length of the ventricular surface beginning at E14.5 compared
to both WT and BubR1H/H cortices (Fig. 4A and B). As ventricular
surface comprises the endfeet of aNPCs and aNPCs undergoing
mitosis, reduction of ventricular length suggests a reduction
in aNPC population and potentially cells undergoing mitosis.
Accordingly, we detected reduced Pax6+ aNPC number in CKO,
but not in WT or BubR1H/H cortices at E14.5 (Fig. 4C and D). Since
aNPCs generate intermediate progenitors and neurons through
asymmetric cell division, we also examined the changes in
population of Tbr2+ intermediate progenitors. As expected, we
found a significant reduction in Tbr2+ intermediate progenitors
(Fig. 4E and F). Furthermore, cell cycle inhibitor P27+ postmitotic
cells were also decreased in the BubR1 CKO, as compared to
WT or BubR1H/H though the difference did not reach statistical
significance (Fig. 4E and G). Because progenitors and neurons
were reduced in number in the BubR1 CKO compared to both
BubR1H/H and WT, it is unlikely that BubR1 loss either causes
premature cell cycle exit leading to precocious differentiation or
promotes asymmetric cell division that increases intermediated
progenitors or neurons at the expense of apical progenitors.
Together, the loss of BubR1 reduces cortical ventricular surface
and cortical progenitors, including apical and intermediate pro-
genitors, which subsequently decreases neuronal production.
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Figure 4. Cortical progenitors are reduced in developing cortex in the absence of BubR1. (A and B) At E14.5, ventricular length is significantly reduced in BubR1 CKO

compared to WT and BubR1H/H. (C–F) Compared to WT, numbers of cortical progenitors are significantly reduced in BubR1 CKO, including apical NPCs (Pax6+ C, D) and

basal intermediate progenitors (Tbr2+ E, F). (E and G) Post-mitotic cells (P27+ E, G) are also decreased in BubR1 CKO to a lesser degree. WT and BubR1 CKO cells counted

from images of three sections from each animal are compared (n = 3 for each genotype) ∗P < 0.05. Scale bar, 100 μm.

BubR1 deficiency causes massive cell death in
progenitors and postmitotic cells

Because pyknotic nuclei were common in the BubR1 CKO cortex
but not in WT or BubR1H/H, a decrease in overall cell viability
likely accounts for the reduction across all cell types. To test this,
we first used cleaved caspase-3 (CC3) immunostaining to detect
cells undergoing apoptotic cell death at E14.5. As expected, we
found significantly more CC3+ cells in BubR1 CKO than in WT
(Fig. 5A and B). Next, to determine if the DNA damage caused cell
death, we examined the prevalence of γH2AX (S139), a marker
of double-strand DNA breaks, in BubR1 CKO (Fig. 5A). γH2AX+
cells in the BubR1 CKO were significantly increased compared
to WT, but CC3+ cells were twice as abundant as γH2AX+ cells,
suggesting that the DNA damage may not be the main cause
of apoptosis (Fig. 5A–C). As expected, double immunostaining of
CC3 and γH2AX revealed that γH2AX+ cells partially overlapped
with CC3+ apoptotic cells (Fig. 5A, inset).

To identify cells undergoing apoptotic cell death, double
immunostaining using CC3 and markers for progenitor (PCNA)

and post-mitotic (P27) cells was performed at E14.5. As shown in
Figure 5D and E, apoptosis occurred in the subsets of progenitor
(PCNA+) and post-mitotic (P27+) cell populations (insets). Cell
death in these cell populations was observed as early as E12.5
(Supplementary Material, Fig. S4). Although a few cells were
found in which CC3 overlapped with P27, it rarely overlapped
with Ctip2+ layer 5 neurons (Supplementary Material, Fig. S5).
This result suggests that the dying cells are mainly progen-
itors or cells that have just become postmitotic but not yet
differentiated into neurons. Taken together, our results provide
clear evidence that massive cell death reduces progenitors and
cortical neurons in BubR1 CKO and that this reduction is likely
to be a major contributor to the pathogenesis of microcephaly.

BubR1 is required for proper progression of mitosis

To determine the BubR1 functions required for the viability
of neural progenitors, we compared several features of neural
progenitors in BubR1 CKO and WT. First, we looked for changes in

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz022#supplementary-data
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Figure 5. Absence of BubR1 severely compromises cell survival. (A–C) Numbers of dying cells stained for apoptosis (CC3+) or cells exhibiting double-strand DNA damage

(γH2AX+) are drastically increased in the developing cortex of BubR1 CKO but not BubR1H/H or WT at E14.5. Arrows indicate examples of cells expressing both markers

(inset). (D and E) Subsets of progenitors (PCNA+) and post-mitotic cells (P27+) undergo apoptosis in BubR1 CKO (arrows in inset). ∗P < 0.05. Scale bars, 100 μm.

cell cycle progression by determining mitotic index. The fraction
of S-phase cells among total aNPCs was calculated from BrdU+
Pax6+/total Pax6+ cells at E14.5. Although the number of Pax6+
aNPCs was reduced, there was no significant change in the
fraction of S-phase cells in BubR1 CKO (Fig. 6A and B). Next,
because BubR1 acts predominantly during M-phase, we used
PH3 immunostaining to determine the number of mitotic cells
(Fig. 6C). In contrast to the majority of microcephaly models, in
which the number of mitotic cells increases due to mitotic delay,
BubR1 CKO mice showed a significant decrease in the number of
M-phase cells compared to WT (Fig. 6C and D). Given the known
role of BubR1 in controlling progression through the mitotic
checkpoint until all conditions are satisfied, it is plausible that
M-phase cells are reduced because loss of BubR1 allows cells to
progress through mitosis prematurely and without being prop-
erly checked.

We confirmed reduction of cells in mitosis by using flow
cytometry to compare the proportion of cells in each phase of

the cell cycle at E14.5 in the BubR1 CKO and WT cortices. Timed
pregnant females were injected with BrdU to label S-phase cells
30 min prior to embryonic cortical tissue harvest. All nuclei were
labeled with propidium iodide and plots of propidium iodide to
BrdU labeling were analyzed to determine the fraction of cells in
cell cycle phases. Flow cytometry analysis revealed no change in
the proportion of S-phase cells in the BubR1 CKO mice compared
to WT, confirming our immunofluorescent assay results
using BrdU (Fig. 6B, E and F). Consistent with our observation
of abundant apoptotic cells, subG cells were significantly
increased, corroborating the presence of substantial cell death
at this stage (Fig. 6E and F and Supplementary Material, Fig. S6).
Importantly, G2/M-phase cells were significantly reduced, which
corroborates the results of our PH3+ mitotic cell counting and
suggests that cells were more likely to exit M-phase prematurely
than to be arrested in mitosis (Fig. 6C, D and F).

We hypothesized that the changes in BubR1 CKO mitotic
cells resulted from cell autonomous alterations caused by

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz022#supplementary-data
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Figure 6. BubR1 loss reduces the number of cells in mitosis. (A and B) Loss of BubR1 does not affect the proportion of S-phase cells marked by 30-min BrdU pulse

labeling, among total proliferating aNPCs (BrdU+/Pax6+), in BubR1 CKO at E14.5. (C and D) The total number of mitotic cells across the ventricular lining is significantly

reduced in BubR1 CKO. PH3+ cells counted from three sections from each animal are compared between WT and BubR1 CKO (n = 3 for each genotype). (E and F) Cell

cycle analyses using flow cytometry after 30-min BrdU incorporation and propidium iodide staining show a reduction of mitotic cells (G2+M) without affecting other

cell cycle phases in BubR1 CKO. BubR1 CKO cortices also include a significant proportion of SubG cells. ∗P < 0.05. Scale bar, 100 μm.
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BubR1 loss. To evaluate the effect of BubR1 loss at a single cell
level, we used in utero electroporation of BubR1 shRNA. E13.5
embryos of timed pregnant females were electroporated with
either shBubR1 or empty vector control. Plasmids were co-
electroporated with pCAG-GFP to detect electroporated cells.
Embryos were harvested 2 days later (E15.5). Decreased BubR1
expression confirmed BubR1 knockdown in the majority of GFP+
electroporated cells (Supplementary Material, Fig. S7A). As we
expected, BubR1 shRNA electroporation significantly decreased
the proportion of M-phase cells among total electroporated cells
compared to control shRNA (Supplementary Material, Fig. S7B
and C). Overall, our data suggests that loss of BubR1 allows NPCs
to prematurely bypass the mitotic checkpoint, which accelerates
the progression of mitosis and decreases the proportion of
mitotic cells among cycling NPCs.

BubR1 is crucial to maintain cells in metaphase

Since BubR1 has a role both in regulating microtubule- kineto-
chore attachments and in preventing premature anaphase, it is
possible that the loss of BubR1 affects metaphase plate forma-
tion. For instance, the delay in establishing stable microtubule-
kinetochore attachments or failure to inhibit initiation of
anaphase can reduce the mitotic cells in metaphase. To analyze
the potential mitotic progression defects in BubR1 CKO mice,
we determined the proportion of cells in each mitotic phase.
We subdivided neural progenitors in mitosis into four phases:
1) prophase—chromosomes begin to condense; 2) metaphase—
microtubules attach to chromosomes, which align at midplate; 3)
anaphase—mitotic spindle starts to shorten and chromosomes
begin to separate; and 4) telophase—chromosomes have
fully separated. We labeled both centrosomes (γ -tubulin or
pericentrin) and the mitotic spindle (α-tubulin) to classify cells
in each phase. Our analyses revealed that the proportion of total
mitotic cells in metaphase was significantly decreased in BubR1
CKO compared to WT (Fig. 7A and B). This finding supports
the importance of the mitotic checkpoint function of BubR1;
when it is absent, metaphase cells are decreased, probably due
to premature transition to anaphase. Interestingly, while the
proportion of cells in anaphase/telophase remained similar to
WT, prophase cells were increased. One possible explanation for
these findings is that chromosome congression to midplate is
delayed due to the defects in establishing a stable kinetochore-
spindle attachment. However, since the total length of mitosis
is likely to be reduced in BubR1-deficient progenitors, prophase
length may not differ from that of WT.

Importantly, our analyses of mitotic cells did not detect mul-
tipolar cell divisions that have been reported in in vitro studies
following BubR1 loss (36). Failure to inhibit Plk1-mediated cen-
trosome amplification has previously been shown to generate
multiple centrosomes, resulting in multipolar cell division in
lymphocytes carrying mutations in BUB1B gene (36). We did
not observe an abnormal number of centrosomes, suggesting
that centrosome biogenesis is not disrupted in the absence of
BubR1 in cortical progenitors (Fig. 7A). Bipolar spindle formation
also appeared to be unaffected (Fig. 7A). Collectively, our study
suggests that the major effect of the absence of BubR1 is that
metaphase is shortened because inhibition of the onset of pre-
mature anaphase is impaired.

BubR1 affects generation of ependymal cell layer

Previous reports have established BubR1 as a ciliopathy gene, but
whether ciliogenesis defects arise in developing or mature cor-

tices when BubR1 is decreased has not been explored (7). Since
primary cilia play a critical role in transmitting mitogenic signal-
ing such as Shh, the reduction of cortical progenitor cells may
have resulted from primary cilia defects. To examine whether
primary cilia were present and their morphology, we used cilia
markers such as adenylate cyclase type III (AC3) and Arl13b.
First, we investigated the cilia phenotype in embryonic cortex of
the BubR1 CKO. At E14.5, there were no apparent abnormalities
in the number, size or localization of primary cilia (Fig. 8A). We
then examined postnatal cerebellar granule neuron precursors
in BubR1H/H mice at P8 (Supplementary Material, Fig. S8). Since
Emx1-Cre is not expressed in the cerebellum, we did not
examine primary cilia of those cells in BubR1 CKO mice. Shh
emanating from Purkinje cells is essential for proliferation
of cerebellar granule cell precursors (41), and the effects of
primary cilia on the regulation of their proliferation are well
established (37). In BubR1H/H mice, we failed to detect changes
in the primary cilium of cerebellar granule cell precursors,
consistent with the proper cerebellar development observed
(Supplementary Material, Figs S1 and S8).

We next determined whether there were defects in the
motile cilia of the ependymal cell layer lining lateral cortex.
Surprisingly, in the BubR1 CKO, multiple motile cilia, which
can be visualized with cilia markers such as Arl13b and AC3,
were completely absent in the ventricular lining of dorsal
cortex where Emx1-Cre is expressed (Fig. 8B). Staining for
ependymal cell markers, S100β and FoxJ1, confirmed the
absence of ependymal cells in the ventricular lining of BubR1
CKO (Fig. 8C). Because motile cilia of ependymal cells propel
cerebrospinal fluid (CSF), disruption of the ependymal layer and
dysfunction of cilia are associated with hydrocephalus. Despite
absence of the ependymal layer of dorsal cortex, BubR1 CKO
showed no evidence of hydrocephalus. This suggests that an
intact ependymal cell layer along the ventral telencephalon,
where Emx1-Cre is not expressed, may be sufficient for normal
flow of CSF. Together, these findings demonstrate a previously
unrecognized function of BubR1 in ependymal cell generation
and/or maintenance.

Discussion
Our results reveal that BubR1 is a microcephaly-causing gene
that acts primarily by affecting the mitotic progression of
cortical progenitors. As many known microcephaly genes are
associated with components of the mitotic apparatus, such
as the centrosome, spindle and kinetochore, mutations in
these genes have been observed to cause mitotic defects
in animal models and/or patient fibroblasts. These defects
result from delay of mitosis due to abnormal alignment
of spindle orientation, disorganization of microtubules and
anomalous centrosome duplication or maturation, which lead to
premature differentiation and/or cell death (42–44). Importantly,
mitotic delay induced by pharmacological agents causes P53-
independent premature differentiation or P53-dependent cell
death, suggesting a pathogenic mechanism related to delayed
mitosis (27). However, our results demonstrate that the absence
of BubR1 differs from previously described microcephaly-
inducing genes because it does not cause an increase in cells
undergoing mitosis due to mitotic delay. Instead, it induces a
2-fold decrease in mitotic cells, probably due to unchecked, and
thus rapid, progression through mitosis. How does rapid mitosis
cause such massive cell death? We propose that, because cells
with minor aneuploidy will undergo additional rounds of mito-
sis, the mitotic checkpoint defects can amplify chromosomal

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz022#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz022#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz022#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz022#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz022#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz022#supplementary-data


Human Molecular Genetics, 2019, Vol. 28, No. 11 1831

Figure 7. BubR1 is required for normal mitotic progression. (A) Mitotic cells were analyzed and classified according to stage of mitosis: prophase, metaphase or

ana/telophase. Representative images from each phase are shown for WT and BubR1 CKO. BubR1-deficient mitotic cells show the normal number and appearance of

centrosomes and bipolar spindles. (B) In BubR1 CKO, as compared to WT, the fraction of cells in metaphase among total mitotic cells is reduced but the proportion of

cells in prophase is increased (n > 50, from three to four animals for each genotype). Scale bar, 5 μm.

defects through subsequent mitoses. That whole chromosome
aneuploidy, as in MVA, is insufficient to trigger apoptosis or even
prevent proliferation in retinal pigment epithelium (RPE) cell
culture (45) supports this proposal. Eventually, aneuploidy cells
with significant loss or gain of chromosomes will undergo cell
death due to their severely compromised genomic content; NPCs
have been shown to tolerate aneuploidy of up to five anomalies
before cell death is triggered (29). The mechanism responsible
for triggering cell death in aneuploid cells is not fully elucidated
and may occur through both P53 dependent and independent
mechanisms (46,47). It will be important in future studies to
determine precisely how the mitotic defects found in BubR1
CKO compromise genomic integrity through accumulation of
chromosomal anomalies and lead to cell death in conjunction
with the P53 pathway.

Our study reveals that BubR1 acts by a distinctive pathogenic
mechanism despite having massive cell death and small
brain size in common with other microcephaly mutants.
Interestingly, the kinetochore-associated protein, Blinkin, which
interacts directly with BubR1, is encoded by a microcephaly-

causing gene (MCPH4/CASC5) (18). The N-terminus of BubR1
contains a tetratricopeptide repeat, which relays a signal to
prevent anaphase by forming a connection with unattached
kinetochores through Blinkin (48,49). It is therefore plausible that
similar mitotic defects, such as failure to inhibit premature onset
of anaphase, may be responsible for the pathogenesis of MCPH4-
microcephaly. However, patient fibroblast analyses have shown
that the number of PH3+ mitotic cells is increased compared to
WT, consistent with the mitotic delay (50). Furthermore, because
patients with Blinkin mutations differ from those with MVA and
do not show predisposition to cancer, it is possible that mitotic
defects due to Blinkin might differ from those due to BubR1
(18,50). It would be interesting to determine whether shortened
mitosis is unique to the loss of BubR1 and not caused by other
microcephaly-causing genes, including kinetochore component
gene mutations.

Our finding that the number of mitotic cells in metaphase is
reduced in BubR1 CKO can be explained by the loss of BubR1’s
roles in mitosis. Such roles include facilitating chromosome
congression by ensuring proper KT-MT stabilization and
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Figure 8. BubR1 is required to generate the ependymal cell layer. (A) BubR1 loss

does not produce defects in presence or gross morphology of Arl13b+ primary

cilia in either post-mitotic cells (Box #1) or progenitor cells (Box #2) as compared

to WT at E14.5. (B, C) At P21, markers for cilia, AC3+ and Arl13b+ (B), and

ependymal cells, S100β and FoxJ1 (C), line the entire lateral ventricle in WT, but

no ependymal cells line the dorsal or medial ventricle in BubR1 CKO (arrows).

Scale bars, B (low magnification): 200 μm, A and B (high magnification): 50 μm.

preventing premature initiation of anaphase as a member of the
checkpoint complex. Although it is difficult to segregate these
two functions, we observed that BubR1 mutant progenitors,
albeit reduced in number, demonstrated typical chromosome
congression at the metaplate with a seemingly normal spindle
organization. This observation suggests that BubR1’s function in
KT-MT stabilization is not predominant in the pathogenesis of
microcephaly. As BubR1 includes distinct domains that mediate
specific functions, including kinetochore attachment regulatory
domain (KARD), manipulations of KARD could provide direct
support for this argument. It has been shown that phospho-
rylation of the KARD phospho sites (S676, S670 and T680) at
the onset of metaphase allows BubR1 to recruit PP2A-B56α to
unattached kinetochores (51). PP2A-B56α then promotes KT-
MT connections by counteracting Aurora B kinase activity that
phosphorylates the kinetochore complex proteins and decreases
their affinity for microtubules (52,53). Accordingly, an Aurora B
inhibitor partially rescued the chromosome congression defects
caused by BubR1 knockdown (51). Rescue experiments in BubR1
CKO mice using KARD domain deletion, phospho site mutants
or an Aurora B inhibitor could therefore clarify whether BubR1
function in KT-MT stabilization has a substantial role in cortical
progenitor cell division. Alternatively, rescue experiments based
on manipulation of the KEN domain that includes binding site of
CDC20, an activator of the anaphase promoting complex (54–56),
could be used to identify which loss of function is critical for the
pathogenesis of microcephaly. Now that we have established
an animal model for microcephaly with novel features, future
experiments could use it to identify pathogenic mechanisms in
vivo by dissecting functional interactions with distinct binding
partners. Furthermore, this model may serve as a platform for
developing therapeutic approaches, including gene therapy and
pharmacological treatments.

Our work demonstrates that only a minimal level of BubR1
is required for proper cortical development and that nearly
complete loss of BubR1 is necessary to induce microcephaly. It
is puzzling that there is very little difference in BubR1protein
between BubR1H/H and CKO but only the CKO shows the severe
defects. It is possible that E15 is not the optimal time to detect
differences in BubR1 protein levels responsible for progenitor cell
division because many cells are postmitotic at this late point
in neurogenesis. Nonetheless, the quantitative data provide evi-
dence that BubR1 protein level is profoundly reduced in both the
hypomorphic allele and CKO. Importantly, we have found that
there is some residual protein in the kinetochore of BubR1H/H

but not of CKO. A previous study using overexpression of the
BubR1 domain demonstrated that BubR1 localization to the kine-
tochore is beneficial because it correlates with improvement of
phenotypes such as aneuploidy and cancer (40). Therefore, the
residual protein remaining in the kinetochore in the BubR1H/H

may suffice to avoid the mitosis defects found in BubR1 CKO. The
lack of a severe phenotype in the hypomorphic allele despite a
substantial loss of BubR1 also suggests functional compensation
by other proteins. Because the BubR1 CKO mice used in the
current study are generated on a hypomorphic background, it is
likely that the same functional compensation would occur in the
BubR1H/H and CKO mice. Of note, BubR1 knockdown experiments
consistently show the reduced number of mitotic cells observed
in our experiments and in a previous study (38). These results are
consistent with functional compensation in the hypomorphic
background, which lowers the amount of BubR1 necessary for
proper progression of mitosis. Since there is no such functional
compensation in the WT background, knockdown mediated by
BubR1 shRNA can cause mitotic defects although knockdown is
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unlikely to achieve nearly complete removal of BubR1 protein.
Interestingly, overexpression of BubR1 in mice is implicated in
extension of life expectancy through precise and faithful chro-
mosome segregation (57), suggesting that the function of BubR1
in preventing faulty mitosis is dependent on a critical dose.
Consistent with this notion, regardless of allelic mutation, BubR1
expression levels appear to be most representative of pheno-
typic presentation. While BubR1 expression varies widely among
people who harbor BUB1B mutations regardless of whether or
not they are symptomatic, a downward trend of BubR1 expres-
sion seems to correspond to more severe disease (58). It is also
interesting that BubR1 levels vary significantly in different cell
types within the same individual (59). Variations in BubR1 tissue
expression may account for the phenotypic disparity and signif-
icant heterogeneity observed in MVA. Although levels of BubR1
expression in patients’ brains have not been determined, our
findings may explain why rare individuals with BUB1B mutations
do not develop microcephaly.

Our analyses of BubR1 mutants show distinct defects in
ependymal cell layer generation but no apparent defects in
primary cilia. MVA has been proposed to be a ciliopathy due
to overlap with the features of other ciliopathies, such as
cerebellar hypoplasia and polycystic kidneys (7). Ciliogenesis
is impaired in the fibroblasts of MVA patients because of
compromised apical docking of the basal body (7). Similarly,
knockdown of BubR1 in medaka fish impairs ciliogenesis and
cerebellar development, but whether cortical development
is also impaired has not been explored. We found that
primary cilia in the developing cortex are unperturbed by
loss of BubR1, though we studied only their number and
gross appearance. Interestingly, absence of primary cilia in
IFT88 mutant mice does not alter the cortical progenitor
population or cause neuronal loss (25), suggesting that cortical
progenitor cell division does not require intact primary cilia
structure. Importantly, consistent with a previous report that
knockdown of BubR1 and other ciliopathy genes disrupts
cortical lamination, we observed that a subset of superficial
neurons remained in the deep cortical layers (38). Also of
considerable interest was our observation that the ependymal
layer, which extends motile cilia along the ventricle, is absent in
the BubR1 CKO mice. This was an unexpected finding because
BubR1 has not previously been implicated in ependymal cell
generation/maintenance. We did not observe hydrocephalus in
BubR1 CKO mice although it is a common feature of animal
models with defective cilia or absent ependymal cells (60–
64). Hydrocephalus may not have developed because Emx1-
Cre expression was restricted, which induced loss of the
ependymal layer in only a limited area, including the dorsal
cortex. Hydrocephalus is not considered a characteristic feature
of MVA, but it is present in about 30% of BubR1-associated
MVA patients (1,10). Although the contribution of the lack
of ependymal cells to the hydrocephalus in MVA patients
remains to be addressed, our results suggest new possible
mechanisms.

In summary, we describe the first animal model of BubR1
insufficiency that demonstrates early onset microcephaly and
therefore represents the human disease MVA more accurately
than those that have been described previously. Our work shows
that substantial reduction of BubR1 is compatible with normal
cortex development and that nearly complete loss of BubR1 is
required for the pathogenesis of microcephaly. We also demon-
strate, for the first time, that microcephaly can be caused by
rapid progression through mitosis due to a failure of the mitotic
checkpoint, rather than mitotic delay. Finally, our study demon-

strates the crucial role that BubR1 plays in cellular functions
that affect mitotic progression, cell survival and formation of
ependymal cell layer in the cortex.

Materials and Methods
Mice

All animal experiments were performed in accordance with
the guidelines of the Institutional Animal Care and Use Com-
mittee of Temple University Lewis Katz School of Medicine.
The BubR1H/H mice were genotyped as previously described (11).
Emx1-Cre mice were obtained from Jackson Lab and genotyped
accordingly (65).

Histology

Embryos (E15 and older) and postnatal animals were perfused,
and their brains isolated and fixed overnight as described pre-
viously (60). Brain tissues were embedded in paraffin and sec-
tioned at 7 μm. Hematoxylin and eosin staining was done using
standard procedures.

Immunohistochemistry

Paraffin-embedded tissue was cut into 7-μm sections and rehy-
drated with a xylene-ethanol series into distilled water. Antigen
retrieval was achieved through a sodium citrate boil cycle and
rinsed in phosphate-buffered saline (PBS). Samples were then
incubated overnight at 4◦C with primary antibody and 5% normal
goat or donkey serum in PBS. Samples were then rinsed in PBS.
Secondary antibody (Alexa Flour 488 anti-mouse, Alexa Flour
488 anti-chicken, Alexa Flour 488 anti-rat, Cy3 anti-rabbit, Alexa
Flour 647 anti-mouse) in PBS with 5% normal goat was added to
each sample and incubated at room temperature for 3 h. Samples
were again washed in PBS and stained with Hoechst 33258. Sam-
ples were mounted using Fluoromount G. Images were acquired
using Axioplan 2 (Carl Zeiss) and confocal microscopes (SP8,
Leica) and analyzed with LAS AF (Leica) and Photoshop (Adobe).

Primary antibodies

Immunostaining: Sox9 (Millipore, AB5535), BubR1 (BD, 612503),
FoxP2 (Abcam, ab16046), Ctip2 (Abcam, ab18465), Cux1 (Santa
Cruz, sc-13024), Pax6 (Covance, PRB-278P), Tbr2 (Abcam,
ab183991), P27 (BD, 610241), γ H2AX (Millipore, 05-636), CC3
(Cell signaling, 9661), PCNA (Cell signaling, 2586), BrdU (Abcam,
ab6326), PH3 (Millipore, 06-570), γ-Tubulin (Proteintech, 15176-
1-AP), α-Tubulin (Proteintech, 66031-1-Ig), Arl13b (Abcam,
ab136648), AC3 (Santa Cruz, sc-588), S100b (Abcam, ab52642)
and FoxJ1(Invitrogen, 14-9965-82).

Western blot: BubR1 (BD, 612503) and GAPDH (Proteintech,
60004-1-Ig)

In utero electroporation

Timed pregnant females at E13.5 were anesthetized using isoflu-
rane gas anesthesia. The uterine horn was then exposed to allow
the injection of 2-μl plasmid DNA (4 μg/μl) and 0.05% fast green
dye (Sigma) in PBS into the lateral ventricles of the embryos.
Injections were performed manually using a pulled glass
micropipette. Electroporation was induced using an electropora-
tion generator (ECM 830, BTX, Harvard Apparatus). Each injected
embryo received five 50-ms pulses at 40 V with a 950-ms interval.
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Flow cytometry analyses

Timed pregnant females at E14.5 were injected intraperitoneally
(IP) with 50-mg/kg BrdU. Embryos were harvested after 30 min
and the dorsal cortex isolated. Cortical tissue was manually
dissociated, washed in 0.1% bovine serum albumin (BSA) in PBS
and fixed in 100% ethanol. Cells were treated with 2N HCl/0.5%
Triton X-100 and washed. Primary antibody anti-BrdU was added
at 1:200 in PBS with 1% BSA and 0.5% Tween20 and left overnight
at 4◦C. Cells were washed in PBS with 1% BSA. Secondary anti-
body Alexa Flour anti-rat 488 was added at 1:200 in PBS with 1%
BSA and 0.5% Tween20 and left 1 h at room temperature. Cells
were pelleted and resuspended in PBS with 10-μg/ml RNAse A
and 20-μg/ml propidium iodide in PBS. Following incubation for
30 min at room temperature, cells were analyzed using Guava
EasyCyte (Millipore). At least 3000 cells were counted per sample
(N = 3 for each genotype) per run and each sample was run in
duplicate. If width to area ratio was inconsistent with cellular
shape, cells were excluded. Cells were stratified based on green
(BrdU) and red (PI) staining to segregate cells in G0/G1, S and
G2/M phase. The proportion of cells in each phase was compared
across genotype and significance determined with Student’s
t-test.

Mitotic phase analyses

Embryonic samples were dissected out, embedded in OCT media
and cryosectioned at 16 μm. Antigen retrieval, immunohisto-
chemistry and confocal imaging were completed as described
above. Z-stacks were taken at 1-μm intervals spanning up to
20 μm to cover entire mitotic cells. Individual z-stacks for each
sample were examined to determine the phase of mitosis.
Mitotic phase was assigned by intensity and nuclear shape
of Hoechst staining and presence, location and quantity of
centrosomes labeled by γ-tubulin or pericentrin. A minimum of
50 cells per genotype from at least three animals was analyzed
(E12.5–E14.5).

Quantification and statistical analyses

All cell counting and quantification were completed manually
on two to four non-consecutive sections from a minimum of
three animals per test group. Results were tested for statistical
significance using Student’s t-test.

Supplementary Material
Supplementary Material is available at HMG online.
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