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Mitotic abnormalities and spindle assembly checkpoint inactivation
in a cell model of Shwachman-Diamond syndrome with mutations
in the Shwachman-Bodian-Diamond syndrome gene, 258+2T > C
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SUMMARY Hematologic abnormalities are the most common symptoms of Shwachman-Diamond syndrome (SDS).

The causative gene for SDS is the Shwachman-Bodian-Diamond syndrome (SBDS) gene; however, the
function of SBDS and pathogenesis of each condition in SDS are largely unknown. SBDS is known to
be localized at mitotic spindles and stabilizes microtubules. Previously, we demonstrated that SBDS is
ubiquitinated and subsequently degraded in the mitotic phase, thereby accelerating mitotic progression.
In this study, we examined mitosis in a myeloid cell model of SDS (SDS cells). 4',6-Diamidino-
2-phenylindole (DAPI)-stained chromosome observation and cell cycle analysis of nocodazole-
synchronized cells revealed that the SDS cells have abnormally rapid mitosis. In addition, many
lagging chromosomes and micronuclei were detected. Moreover, the phosphorylation of threonine
tyrosine kinase, the crucial kinase of the spindle assembly checkpoint (SAC), was suppressed.
Chromosomal instability caused by SAC dysfunction may cause a variety of clinical conditions,

including hematologic tumors in patients with SDS.

Keywords

1. Introduction

Shwachman-Diamond syndrome (SDS) is an autosomal
recessive inherited disorder characterized by bone
marrow failure and exocrine pancreatic insufficiency (/).
Neutropenia is present in almost all patients with SDS
and can lead to serious infections, including sepsis. In
addition, SDS is associated with other life-threatening
complications such as myelodysplastic syndrome (MDS)
and acute myeloid leukemia (AML) (2-4). Patients with
SDS usually present in infancy and have an average life
expectancy of 30-40 years; however, the life expectancy
of patients with hematologic disorders, such as those
aforementioned, is significantly shorter (5,6).

The causative gene for SDS is the highly conserved
Shwachman-Bodian-Diamond syndrome (SBDS)
gene on chromosome 7 (7). The most widely accepted
function of SBDS is ribosome biogenesis and ribosomal
RNA metabolism (8,9). In addition, SBDS is reportedly
involved in several biological processes including
cellular stress responses, proliferation, and differentiation
(10-12). SBDS has also been implicated in mitosis.
Austin et al. showed that SBDS localizes to mitotic
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spindles and stabilizes microtubules (/3). In addition,
Orelio et al. showed the similar mitotic localization of
SBDS, which may be associated with cell proliferation
(14). Furthermore, we previously showed that SBDS
colocalizes with ring finger protein 2 (RNF2) on
centrosomal microtubules in the mitotic phase (M phase)
and that the ubiquitination and degradation of SBDS by
RNF2 accelerate mitotic progression (/5,1/6). However,
the precise role of SBDS remains unknown.

To elucidate the function of SBDS and the
pathogenesis of SDS, we established a cell model of SDS
harboring a common SBDS variant at intron 2, 258+2T
> C, using a murine myeloid cell line (/7). The mutation
results in an aberrant splicing at position 251-252,
which generates a premature termination codon in the
mRNA of SBDS and consequently produces a truncated,
non-functional protein. We examined the cell division
process and found that mitosis was abnormally rapid
in these cells. In addition, many lagging chromosomes
and micronuclei were detected. Furthermore, the spindle
assembly checkpoint (SAC), which is essential for proper
chromosome segregation, was inactivated. As improper
chromosome segregation is associated with DNA
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damage, cell death, and tumor cell malignancy, failure
of this mitotic checkpoint may be a key factor in various
hematologic conditions such as neutropenia, AML, and
MDS in patients with SDS.

2. Materials and Methods
2.1. Antibodies, reagents

Anti-SBDS antiserum was prepared as previously
described (/8). Anti-cyclin B1 antibody (sc-245) and anti-
pituitary tumor-transforming gene (PTTG) antibody (sc-
56207) were obtained from Santa Cruz Biotechnology
(Dallas, TX, USA). Anti-threonine tyrosine kinase (TTK)
(phospho Thr676) antibody was from Wuhan Huamei
Biotech (CSB-PA060023; Wuhan, Hubei, China). Anti-
TTK antibody was from Affinity Biosciences (DF6969;
Cincinnati, OH, USA). Anti-phospho-Ser/Thr-Pro mitotic
protein monoclonal 2 (MPM-2) antibody (anti-MPM-2
antibody) was from Sigma (05-368; St. Louis, MO,
USA). Anti-a-tubulin antibody (017-25031) and anti-f-
actin antibody (281-98721) were from Wako Chemicals
(Osaka, Osaka, Japan). The secondary antibodies for
immunofluorescence were anti-rabbit IgG-FITC (sc-
2012; Santa Cruz Biotechnology) and anti-mouse 1gG-
rhodamine (55539; Cappel Laboratories, Malvern, PA,
USA). Nocodazole (NCZ; 036-18371) was from Wako
Chemicals.

2.2. Cell culture

32Dcl3 cells were cultured in Iscove's Modified
Dulbecco's Medium supplemented with fetal bovine
serum and WEHI-3b conditioned medium (/6). 32Dcl3
cell model of SDS (SDS cells) was established as
previously described (/7). SDS cells were transfected
with pcDNA3.1/Flag-SBDS via electroporation, as
required. The synchronization of cells to the G2/M phase
was achieved through the overnight culturing of cells in
the presence of 100 ng/mL NCZ.

2.3. Immunofluorescence and chromosome staining

Cells were attached to a microscope slide and
subsequently fixed, permeabilized, and stained in
accordance with the previously described procedure
(16). Images were obtained using the LSM800 confocal
microscope (Carl Zeiss Microscopy, White Plains, NY,
USA).

2.4. Cell cycle analysis

Cell cycle analysis was performed as previously
described (/6). In brief, DNA in fixed cells was stained
with propidium iodide (Wako Chemicals). DNA content
was measured using the FACSCalibur flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

2.5. Immunoblotting

Cells were lysed in extraction buffer (20 mM Tris-
HCIL, pH 7.5, 150 mM NaCl, I mM EDTA, 100 uM
sodium orthovanadate, 1% NP-40, 2 uM leupeptin, 2
UM pepstatin A, 1 mM phenylmethylsulfonyl fluoride,
5 nM calyculin A). Lysates were centrifuged at 20,000
g for 15 min at 4°C to remove debris. The cell extract
was denatured by heating to 55°C for 10 min in sodium
dodecyl sulfate loading buffer (50 mM Tris-HCI, pH 6.8,
100 mM dithiothreitol, 2% sodium dodecyl sulfate, 0.1%
bromophenol blue, 10% glycerol), separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and
electrotransferred to polyvinylidene fluoride membranes.
The membranes were blocked in 1% bovine serum
albumin in tris-buffered saline with Tween 20 (200 mM
NaCl, 20 mM Tris-HCI, 0.05% Tween 20, pH 7.5), and
then incubated with primary antibodies followed by
horseradish peroxidase-conjugated anti-immunoglobulin
secondary antibodies.

2.6. Micronucleus assay

Cells were treated with 100 ng/mL NCZ for 16 h to
induce micronuclei. The cells were deposited to a slide
glass by centrifugation at 40 g for 5 min (StatSpin
Cytofuge 2; StatSpin, Norwood, MA, USA). Cell
fixation, permeabilization, and staining of chromosomes
were performed as for immunofluorescence. Images
were acquired on the LSM800 confocal microscope
(Carl Zeiss Microscopy). Nuclei that are completely
independent of the main nucleus and sufficiently
small compared to the main nucleus were identified as
micronuclei.

3. Results
3.1. Abnormally rapid M phase progression in SDS cells

We previously reported an association between SBDS
degradation and mitotic progression (/6) . Therefore, we
examined the mitotic progression of the myeloblastic
32Dcl3 cell model of SDS harboring a common
pathogenic SBDS variant in both alleles at intron 2,
258+2T > C (SDS cells). Wild-type (WT) and SDS cells
were synchronized at the G2/M phase by NCZ treatment
and collected every 15 min during mitosis. Cell cycle
progression was analyzed by chromosome observation
and flow cytometry analysis of DNA content. The
observation of 4',6-diamidino-2-phenylindole (DAPI)-
stained chromosomes revealed that SDS cells transitioned
to anaphase earlier than WT cells (Figure 1A). Following
the removal of NCZ, 51% of SDS cells had progressed
to anaphase after 30 min, compared to 26% of WT
cells (Figure 1B). Although no significant differences
were obtained because the degree of progression of the
mitotic phase differed in each experiment, the observed
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trend exhibited a consistent pattern across all three
experiments (Figure S1, https://www.ddtjournal.com/
action/getSupplementalData.php?ID=218). Consistent
with this result, SDS cells transitioned to G1 phase
faster than WT cells after NCZ removal (Figure 1C
and Figure S2, https://www.ddtjournal.com/action/
getSupplementalData.php?ID=218). These results
demonstrated that SDS cells had an abnormally rapid
mitosis.

Another notable finding was that SDS cells exhibited
incomplete G2/M arrest when treated with NCZ. Most
WT cells treated with 100 ng/mL NCZ for 16 h stopped
at the G2/M phase and only 1.25% of cells leaked into
the G1 phase, whereas 3.97% of SDS cells leaked into
the G1 phase (Figure S3, https://www.ddtjournal.com/
action/getSupplementalData.php?ID=218). In addition,
at 24 h after NCZ removal, many WT cells remained in
the G2/M phase, whereas most SDS cells had already
returned to the normal cell cycle (Figure S2, https.://
www.ddtjournal.com/action/getSupplementalData.
php?ID=218). These findings indicate a reduced
sensitivity to NCZ in SDS cells.

3.2. Chromosomal instability in SDS cells

In the previous chromosome observation experiment, we
observed lagging chromosomes. This finding prompted
us to determine the frequency of lagging chromosomes
in mitosis. It has been reported that the formation of
lagging chromosomes is enhanced in cells released
from NCZ treatment (/9). Indeed, several lagging
chromosomes were observed during the chromosome
observation experiment. Briefly, WT and SDS cells
were synchronized at the G2/M phase by treatment
with 100 ng/mL NCZ for 13 h, and then released into
fresh medium. To recover the anaphase cells, SDS
cells were collected 30 min after release from the NCZ
block, and WT cells were collected 15 min later. Then
DAPI-stained chromosomes were observed together
with immunostained microtubules (Figure 2A). Cells
undergoing chromosome segregation were counted
to determine the percentage of cells with lagging
chromosomes. Lagging chromosomes were observed in
about half of the anaphase SDS cells and were almost
twice as frequent in SDS cells as in WT cells (Figure
2B). Chromosomal instability seems to be increased in
SDS cells.

3.3. SAC inactivation in SDS cells
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Figure 1. Abnormally rapid M phase progression in SDS cells. Cells were synchronized at the G2/M phase by treating with NCZ for 13 h,
released into fresh medium, and harvested at the indicated time. (A) DAPI-stained chromosome observation. Prophase, in which chromosomes are
cohesive; prometaphase, in which chromosomes are aligned in a ring; and anaphase, in which chromosomes are segregating (white arrows). (B) More
than 50 mitotic cells were observed and the ratio of pre-metaphase to post-metaphase cells was calculated. The experiment was repeated three times. (C)
Cell cycle analysis with propidium iodide. The percentage of cells transitioning from the M to G1 phase after NCZ removal was analyzed over time.
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Figure 2. Increased frequency of NCZ-induced lagging
chromosomes in SDS cells. (A) Lagging chromosomes (white arrows)
detected in SDS cells after release from NCZ. (B) Approximately
50 anaphase cells were observed and the frequency of lagging
chromosomes was calculated. The experiment was repeated three
times.

NCZ, an inhibitor of microtubule polymerization,
activates SAC and induces G2/M arrest in cells (20).
The abnormally rapid mitosis, reduced sensitivity to
NCZ, and especially, the increased number of lagging
chromosomes led us to hypothesize that SAC may not
be functioning properly in SDS cells. SAC monitors
the attachment of spindle microtubules to kinetochores.
Once the nuclear membrane disappears, the SAC leader
kinase, TTK/monopolar spindle kinase 1, localizes to
the kinetochore and is activated by autophosphorylation
(21). Activated TTK on the unattached kinetochores
phosphorylates a number of substrates and triggers the
accumulation of SAC proteins, leading to formation of
the mitotic checkpoint complex (MCC). MCC inhibits
the anaphase-promoting complex/cyclosome (APC/C) E3
ubiquitin ligase. Once the SAC is satisfied, the APC/C is
activated and initiates chromosome segregation through
ubiquitination-mediated degradation of PTTG1/securin
and cyclin B1 (22). First, we examined the activation of
TTK in cells treated with NCZ. TTK phosphorylation
was enhanced after NCZ treatment of WT cells, whereas
it was drastically suppressed in SDS cells (Figure 3A). A
similar trend was observed for the amounts of M phase-
specific phosphoproteins recognized by the anti-MPM-2
antibody (Figure 3B). In addition, the substrates of APC/
C, namely, PTTGI and cyclin B1, were decreased from
early mitosis in SDS cells (Figure 3C). These results
suggest that SAC activation is attenuated in SDS cells.
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Figure 3. SAC inactivation in SDS cells. Cells were synchronized with NCZ treatment and harvested at the indicated time after release from NCZ. (A)
Phosphorylated TTK, the master kinase in SAC, (B) a variety of mitosis-specific phosphoproteins detected by anti-MPM-2 antibody, and (C) PTTG/
securin and cyclin B, representative substrates of APC/C, were detected by immunoblotting.
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3.4. SBDS required for SAC activation

SDS cells have mutations in the SBDS gene, resulting in
a substantial reduction of SBDS protein expression. We
overexpressed Flag-SBDS in SDS cells. Re-expression
of SBDS in SDS cells increased the phosphorylation of
TTK and other mitotic proteins upon NCZ treatment
(Figure 4A). In addition, the abnormally rapid mitosis
and reduced sensitivity to NCZ were improved (Figure
4B). Lagging chromosomes that are not incorporated into
the main nucleus form micronuclei. In accordance with
the observed increase in lagging chromosomes (Figure
2), the formation of micronuclei was also elevated in
SDS cells, which was suppressed by the re-expression of
SBDS in SDS cells (Figures 4C and 4D). These results
indicate that SBDS is essential for proper functioning of
the SAC. In addition, the mitotic localization of SBDS
was examined in detail. The WT 32Dcl3 cells were
harvested every 15 min after release from NCZ block
and immunostained with the appropriate antibodies.
Consistent with our report and others (/3,14,16), SBDS
was localized to the nucleolus in interphase and to the
mitotic spindles in the M phase. The mitotic localization

was stronger from prometaphase to metaphase and
weaker in anaphase (Figure S4, https://www.ddtjournal.
com/action/getSupplementalData.php?ID=218). This
change in SBDS localization coincides with the timing of
SAC activation and inactivation, suggesting that SBDS
coordinates with SAC activation.

4. Discussion

This is the first study to present evidence showing the
inactivation of SAC in SBDS-downregulated cells and
the involvement of SBDS in SAC activation. In 2008,
localization of SBDS to the mitotic spindles and its
contribution to the stabilization of the mitotic spindles
were shown for the first time, but the contribution of
SBDS to SAC was unclear as the cells lacking SBDS
were arrested at the G2/M phase by treatment with
NCZ, an activator of SAC (/3) . In our study, SDS
cells with mutations in both SBDS alleles were also
synchronized to the G2/M phase by NCZ treatment, but
a fraction of the cells leaked into the G1 phase during
G2/M arrest (Figure S3, https://'www.ddtjournal.com/
action/getSupplementalData.php?ID=218). In addition,
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Figure 4. Re-expression of SBDS reactivates the SAC and normalizes mitosis in SDS cells. (A) Immunoblot analysis of phosphorylated TTK
and mitosis-specific phosphoproteins detected by anti-MPM-2 antibody in WT, SDS, and SDS/SBDS cells. (B) Assessment of mitotic progression
and NCZ sensitivity by cell cycle analysis. NCZ sensitivity was assessed by the percentage of cells that leaked into the G1 phase under G2/M arrest
by NCZ treatment (NCZ release 0 min), and mitotic progression was assessed by the percentage of cells that transited to the G1 phase 45 min after
release from NCZ block. (C, D) Evaluation of genomic instability by micronucleus assay. More than 100 cells were observed and the experiment was

repeated three times.
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after NCZ removal, the SDS cells immediately entered
anaphase and then the G1 phase compared to WT cells
(Figure 1). Furthermore, more lagging chromosomes
were detected in the SDS cells (Figure 2). These
results suggest that SAC, the surveillance mechanism
to delay mitotic progression for accurate chromosome
segregation, is not functioning properly in SDS cells.
This is also supported by the fact that SDS cells returned
to the normal cell cycle sooner than WT cells after
NCZ removal (Figure S2, https://'www.ddtjournal.com/
action/getSupplementalData.php?ID=218). Indeed,
the activation of TTK, the leader kinase of SAC, was
suppressed in SDS cells (Figure 3A). These findings are
consistent with the report that SAC inactivation through
TTK inhibition significantly decreases the mitotic delay
caused by NCZ treatment (23).

The SAC monitors microtubule attachment to
the kinetochore and arrests the metaphase-anaphase
transition until all microtubules have attached to the
kinetochore (24). Therefore, an incomplete SAC leads
to chromosome missegregation, which in turn leads to
genomic instability and tumorigenesis. Mutations in
SAC genes and alterations in the protein levels of SAC
proteins have been reported in several human tumors
including T-cell leukemia/lymphoma, B-cell lymphoma,
and AML (25-27), which are often associated with
SAC impairment, chromosomal instability, and even
aneuploidy. Genomic instability has been found in
primary bone marrow stromal cells derived from
patients with SDS as well our established SDS cell
model (/3). In addition, hematologic malignancies such
as AML and MDS are serious complications of SDS.
SAC inactivation may contribute to genomic instability
and tumorigenesis in SDS.

Most patients with SDS have variants of SBDS.
The most common combination of mutations is
183-184TA>CT/ 258+2T>C (50%), followed by
the 258+2T>C/ missense mutation (27.8%) (7) .
The mutations result in a decrease of SBDS protein.
Although little is known about the function of
SBDS, it is well known that SBDS is localized to the
nucleolus for the assembly of mature ribosomes and
ribosome biogenesis in the interphase. SBDS binds
to microtubules and stabilizes the mitotic spindles in
the M phase. In addition, here we revealed that SBDS
is localized to the mitotic spindles, particularly in the
prometaphase to metaphase interval, which is associated
with the activation of SAC (Figure S4, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=218). SBDS may support the activation of
SAC by stabilizing microtubules and inhibiting the
initiation of chromosome segregation until all of
the spindles are bound to the chromosomes. On the
other hand, the interaction between SBDS and M
phase-specific polo-like kinase 1 (PLK1)-interacting
protein (MPLKIP) has been reported (28). PLKI1,
the mitotic binding partner of MPLKIP, is a kinase

that phosphorylates TTK and other SAC proteins to
promote SAC signaling. SBDS may regulate PLK1
activity through the SBDS-MPLKIP-PLK]1 interaction.
At present, it is unclear whether there is a link between
spindle stabilization and SAC activation.

In conclusion, we found that SAC does not function
properly in SDS cells, resulting in chromosomal
instability. Additionally, our results also suggest
that SBDS contributes to SAC activation by some
mechanism. Further studies focusing on this mitotic
checkpoint, which is essential for chromosome stability,
may help elucidate the pathogenesis of neutropenia,
AML, and MDS, which are important pathological
conditions in SDS. Our findings provide new
perspectives for therapeutic drug development in SDS.
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