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C-terminus of Sororin interacts with SA2
and regulates sister chromatid cohesion
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Sororin is a conserved protein required for accurate separation of sister chromatids in each cell cycle. Sororin is
recruited to chromatin during DNA replication, protects sister chromatid cohesion in S and G2 phase, and regulates the
resolution of sister chromatid cohesion in mitosis. Sororin binds to cohesin complex, but how Sororin and cohesin
subunits interact remains unclear. Here we report that the C-terminus of Sororin, especially the last 12 amino acid (aa)
residues, is important for Sororin to bind cohesin core subunit SA2. Deletion of the last 12aa residues not only inhibits
the interactions between Sororin and SA2 but also causes precocious chromosome separation. Our data suggest that
the C-terminus of Sororin functions as an anchor binding to SA2, which facilitates other conserved motifs on Sororin to
interact with other proteins to regulate sister chromatid cohesion and separation.

Introduction

Accurate cohesion and separation of sister chromatids rely on
the cohesin complex and its associated proteins. The cohesin
complex is comprised of 4 core subunits: Smcl, Smc3, Rad21
and SA1/SA2. Several other proteins, such as Wapl, Pds5 and
Sororin, are associated with the cohesin complex and regulate sis-
ter chromatid cohesion.? The cohesin cycle, cohesin association
and dissociation from chromosomes, consists of cohesin loading,
sister chromatid cohesion generation and maintenance, as well as
cohesin removal and its regeneration. Sororin is involved in the
generation and maintenance of sister chromatid cohesion and
regulates the removal of cohesin from chromatin.®> The cohesin
complexes are loaded to chromatin by a heterodimeric protein
complex, Scc2/NIPBL-Scc4/NAU2, in a replication licensing-
dependent manner.*> Acetyltransferases, Ecol vertebrate ortho-
logs Escol and Esco2, are essential for acetylation of Smc3, a
step required for the recruitment of Sororin and the generation
of sister chromatid cohesion during DNA replication.G’9 The
cohesin-associated Sororin maintains the sister chromatid cohe-
sion established at S phase until Sororin is phosphorylated and
dissociated from chromatids, when Wapl forms a complex with
Pds5 to remove cohesin in prophase/prometaphase.”'*"> In
addition, Sororin plays a regulatory role in the resolution of sister
chromatid cohesion during M-phase.”"?

Sororin can co-immunoprecipitate (co-IP) cohesin core subu-
nits Rad21, Smcl, Smc3, and SA1/2, as well as cohesin-associ-
ated protein PdsSA/B and Wapl.”'® The C-terminus of Sororin
is known to be responsible for interaction with cohesin,'” but
which cohesin core subunit Sororin binds remains unknown.
Here we report that the last 12 amino acid (aa) residues of

Sororin are required to interact with cohesin core subunit SA2,
and that deletion of these 12aa residues not only inhibits the
interaction of Sororin and cohesin, but also fails to rescue the
precocious chromosome separation (PCS) caused by the silencing
of endogenous Sororin.

Results

Sororin is required for the maintenance of sister chromatid
cohesion

Silencing of Sororin by using siRNA in Hela cells increased
the mitotic index up to 50% of the cell population and slowed
the cell cycle (Figure SIA-B). Despite no obvious differences in
the formation of the mitotic spindle bodies, chromosomes in
Sororin siRNA-treated cells had difficulty in aligning to the
metaphase plate. Chromosomal morphology of these cells was
reminiscent of the prometaphase cells, in which chromosomes
are yet to be congregated on the cell plates (Figure S1B-C).
These results are consistent with the previous observations.'®
Unlike the control cells, in which the segregated chromosomes
formed 2 compact round or oval-shaped nuclei that were pulled
apart toward the opposite poles, the separated chromosomes in
the Sororin-silenced cells were loose and dispersed, and they were
not pulled apart to the opposite poles (Figure S1B). The overall
chromosomal mass in the resulting daughter cells also appeared
unequal in the Sororin knockdown cells but not in the control
cells (Figure S1B), indicating a critical chromatid separation
defect. After chromosomal decondensation occurred, most of the
cells showed multi-nucleated cells (Figure S1C), demonstrating
that Sororin plays critical roles in chromatid cohesion and
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separation. FISH analyses indicated that the vast majority (>95
%) of mitotic cells exhibited PCS (Fig. 1A-B).

To examine the distribution of mitotic stages of Sororin
knockdown cells, we treated HeLa cells with siRNA. After the
cells were released from double thymidine for 12 hours,

metaphase spreads were performed (Fig. 1C-D). In control
siRNA-treated cells, 90% of the mitotic cells were in the cate-
gories of prophase and prometaphase/metaphase. Contrariwise,
in Sororin knockdown cells fewer than 30% of the mitotic
cells were in the categories of prophase and prometaphase/
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Figure 1. Knockdown of Sororin results in precocious chromosome separation (PCS). (A and B) Hela cells were synchronized with double thymidine.
Sororin siRNA was transfected 4h after the cells were released from the first thymidine arrest. Cells were harvested and fixed at 2 h intervals after the
2nd thymidine release for 12 h. FISH was performed using probes CEP 4 (green) and CEP 9 (red). The images in (A) were shown 6, 10 and 12h after the
2nd thymidine release. The percentage of PCS was calculated in interphase cells (6 h after 2nd thymidine release) and in mitotic cells (12 h after 2nd thy-
midine release). Approximately 200 cells were counted in each treatment. Cells transfected with Rad21 siRNA were used as a positive control. (C). HeLa
SA2 Tet-On cells were double thymidine arrested and transfected with one or 2 siRNAs as described above. 12 h after release from double thymidine
arrest, the cells were fixed and metaphase spread was performed. Approximately 400 cells were counted for each treatment. (D). Representative pictures
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metaphase, and cells with early PCS, late PCS, and single
chromosome accounted for more than 70% of the spreads
(Fig. 1C). Interestingly, compared to the control, the number
of prophase cells were 27% fewer in Sororin siRNA-treated
cells (Fig. 1C), suggesting that a fraction of the prophase cells
had undergone PCS.

In higher eukaryotes, cohesins on the sister chromatids are
removed in 2 steps. Protein kinases Plkl and Aurora B are
required for the non-proteolytic dissociation of cohesins from
chromatid arms in prophase, whereas Separase is essential for the
removal of centromeric cohesins at the onset of anaphase.'”*’
Chromosome arms cannot be opened in Plk1-depleted cells until
Separase cleaves cohesin at the onset of anaphase. To examine if
knockdown of Plk1 could override the effect caused by Sororin
siRNA, we transfected cells with Plkl siRNA—alone or with
Sororin siRNA. Knocking down Plk1 increased the population
of cells at metaphase (Fig. 1C). However, combined treatment of
Plkl and Sororin siRNA rendered no significant differences in
the level of PCS and single chromosomes compared to the treat-
ment of Sororin siRNA alone (Fig. 1C), indicating that Plkl
knockdown cannot rescue the dissociation of cohesins from chro-
mosomes caused by Sororin silencing.

We also examined cells treated with Separase siRNA in the
presence and absence of Sororin siRNA. Separase is required for
the separation of sister chromatid cohesion through cleavage of
cohesin Rad21 at the onset of anaphase.'”?' When HeLa cells
were treated with Separase siRNA alone, they were arrested at
metaphase (Fig. 1C). However, most of the mitotic cells exhib-
ited PCS when the cells were treated simultaneously with Sepa-
rase siRNA and Sororin siRNA (Fig. 1C). These results strongly
argue that Sororin is an essential structural component of the
cohesin complex and plays an important role in the maintenance
of sister chromatid cohesion. Furthermore, knockdown of effec-
tor molecules, such as Plk1 and Separase, which function on the
cohesin subunits, cannot compensate for the loss of Sororin.

Sororin interacts with cohesin via SA2

Sororin physically interacts with the cohesin complex. Co-IP
experiments indicated that Sororin could pull down cohesin core
subunits, including Rad21, Smc3 and SA2 (Fig. 2A). To investi-
gate which cohesin subunit directly binds to Sororin, we knocked
down endogenous cohesin subunits and prepared cell lysates,
which were incubated with Sororin-His-coated Ni-NTA beads
or mock Ni-NTA beads. Immunoblotting demonstrated that
Sororin pulled down SA2 irrespective of the Rad2l status
(Fig. 2B), indicating that in our in vitro assay the interaction of
Sororin with soluble SA2 is independent of Rad21.

To further confirm the interaction of Sororin with SA2, we
incubated the recombinant His-SA2 protein with either GST-
Sororin or GST alone (mock) immobilized on Glutathione
Sepharose 4B beads. GST-Sororin, but not GST alone, pulled
down His-SA2 (Fig. 2C). We also performed another in vitro
experiment to test the interaction of SA2 and Sororin. In this
assay, Sororin-His immobilized on Ni-NTA beads could pull
down recombinant HA-tagged SA2 (Fig. 2D). These results indi-
cate that Sororin directly binds to SA2.
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C-terminus of Sororin interacts with SA2

In order to identify which region of Sororin interacts with
SA2, we made a series of Sororin truncated mutant constructs
using a pFlag CMV2 vector. The constructs were engineered
with progressive deletion of 150 nucleotides (50aa residues) from
5’ or 3’ends of Sororin cDNA (Fig. 3A). After these constructs
were transfected into 293T cells, co-IP of endogenous SA2 by
wild-type (WT) and mutant Flag-Sororin was examined. Immu-
noblotting results showed that Sororin truncated mutants lacking
the last 52aa residues at C-terminus could not interact with SA2
(Fig. 3B, lanes 13—16), whereas the N-terminus from 1 to 200aa
was not so critical for the interaction because the last 52aa resi-
dues of Sororin could efficiently pull down SA2 (Fig. 3B, lanes
17-20).

The last 50aa residues of Sororin are highly conserved
across vertebrates, which contain 2 domains consisting mainly
of basic amino acids (*"’KQKRKKKK?**') and acidic amino
acids (**’EFEAAEQFDLLVE*?) (Fig. 3C). To further clarify
which region within the last 50aa residues of Sororin is
responsible for the interaction with SA2, we made constructs
by progressively removing 10-12aa residues each time and
performed co-IP experiments. Immunoblotting results dem-
onstrated that deletion of the last 12aa residues reduced co-
IP of endogenous SA2 by Sororin by 80% but that further
deletion up to the complete removal of the 52aa residues of
Sororin C-terminus did not enhance the effect (Fig. 3D-E).
These studies indicate that the last 12aa residues of the
Sororin molecule are important for its interaction with cohe-

sin subunit SA2.

C-terminus of Sororin is important for sister chromatid
cohesion

To determine the physiological effect of C-terminus dele-
tion of Sororin on the sister chromatid cohesion, we expressed
Flag-tagged Sororin WT or mutants (1-240aa, 1-200aa) with
deletion of 12aa or 52aa residues on the Sororin C-terminus
in Hela cells. The endogenous Sororin was silenced with
3’UTR siRNA. Non-gene targeted siRNA was used as control.
The expression level of Flag-tagged Sororin was similar in
both control and Sororin siRNA-treated cells (Fig. 4A).
According to the resolution status of sister chromatids in the
metaphase chromosome spread, we categorized sister chroma-
tids arm-cohesed, arm-separated chromatids
separated and single chromosomes (Fig. 4B). In control

into sister
siRNA-treated cells, compared to the Flag-empty vector (EV),
expression of Flag-Sororin WT increased the number of cells
with arm-cohesed sister chromatids by approximately 15%
and decreased the number of cells with arm-separated chroma-
tids by approximately the same percentage, whereas Flag-
Sororin 1-240aa and 1-200aa constructs did not affect the
percentage of cells with arm-cohesed sister chromatids but
slightly increased the percentage of cells with separated sister
chromatids (sister separated) (Fig. 4C).

Silencing of Sororin caused more than 90% of sister chroma-
tids to become single chromosomes. The effect of Sororin silenc-
ing could be rescued up to 40% (arm-cohesed + arm-separated)

Volume 14 Issue 6



Discussion

A Flag-Sororin EV Flag-Sororin EV
Noc Release (h) 0 1 2 5 8 12 - 0 1 2 5 8 12 --
Input P Recruitment of Sororin to chromatin
Flag-Sororin [ Bl ees = == = [ T Y during DNA replication at S phase is
e dependent on the association of cohesin
Rad21 J_l:l_; _l i s - ;:' w— to chromatin and acetylation of
’ - Smc3.>” #2 However, it is unclear which
Smc3 D. - e - cohesin subunit that Sororin binds to.
_ : We report herein that Sororin binds to
SA2 ! ! ! —— .- cohesin-SA2 through its C-terminus and
' _— ' - plays an important role in sister chroma-
ACH | c e w—— — —— tid cohesion and separation.
1 2 3 4 5 B 7 8 9 10 1 12 13 14 Sororin orthologs from vertebrate
species are highly conserved in their last
B SIRNA SIRNA 50aa residues, which contain an argi-
(_[‘,onlrgl Fad2; A (_I.‘ontroFi) Rladqu |SA2 5 nine/lysine-rich region from 214aa to
= ; 222aa and an acidic amino acid-rich
Rad21| === S8 stretch from 237aa to 252aa in the C-
: : terminus of Sororin (Fig. 3C, number-
ing refers to the human Sororin
SA2 g . : sequence). The 16aa conserved residues
toward the C-terminal end are critical
oA . - - for Sororin to interact with SA2 because
a Sororin deletion mutant with only the
Sororin Ni-NTA Mock Ni-NTA last 52aa can co-IP SA2, whereas a
1 2 3 4 S5 68 7 8 9 10 1 12 mutant missing the 12aa of the 16aa
C D conserved residues abolishes its interac-
HsSA2 | U E R U E R HASA2 | R U R U tion with SA2. The exact role of the
1% 1% 1% 25% arginine/lysine-rich region from 214 to
222aa residues remains to be defined
His-SA2-| s === . = 5 HA-SA2-| *=* =t ™ because deletion of this region only
slightly reduces Sororin association with
s chromatin and does not affect Sororin
GST-Sororin- == @B | Soroin-His - interaction with cohesin and sister chro-
Gluta Seph 4B GST GST-Sororin NENTA Mock  Sororin matid COh.CS.ion'zz e .
In addition to inhibiting interaction
of Sororin and SA2, deletion of the last
Figure 2. Interaction of Sororin and cohesin. (A) Thirty hours after Flag-Sororin was expressed, Hela 12aa residues of Sororin also results in
cells were arrested with noco.dazole.for 15 h. Ce!l .samples were taken at vario.us time Points after PCS, suggesting that this domain plays
nocodazole release. Flag-Sororin was immunoprecipitated, and the co-IP of cohesin subunits was visu- . . . L
alized with immunoblotting. The Flag-empty vector (Flag-EV) was transfected; unsynchronized cells a crucial role in protecting or mantain-
were used as control (lane 7, 14). (B) 293T cells were transfected with Rad21 or SA2 siRNA for 48 h; ing sister chromatid cohesion. However,
silencer negative control #1 siRNA was used as control. Whole cell lysate was made and incubated the mechanism is not well elucidated.
with Ni-beads coated with Sororin-His or mock Ni-beads. Cohesin subunits in input () and pull down Published studies indicate that 2 other
B el e T G e | consrved damainson Sororn, [
were incubated wiF;h His-SA2 for 4h (C), or Sororinr—)His—coated Ni-NTA agarose (Sororin) and Ni NTA- T)ISG(95/T)P160] .and [161RXSXEGF(D/
agarose (Mock) were incubated with HA-SA2 for 4 h (D). SA2 in input (I), unbound (U), eluted fraction E)"™7], also play important roles in regu-
with glutathione (E), and retained on beads (R) were immunoblotted with anti-SA2 and Sororin lating sister chromatid cohesion and
antibodies. separation. [°(S/T)S(S/T)P'°] is a

by Flag-Sororin WT (Fig. 4D). However, the Sororin-silencing
phenotype could be rescued up to only 10% by Flag-Sororin
1-240aa or 1-200aa constructs (Fig. 4D), suggesting that the
last 12aa residues on the Sororin C-terminus are critical not only
for its binding to SA2, but also for the maintenance of sister
chromatid cohesion.
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Plkl1-binding motif.>"> The polo-box
domain of Plkl binds to the consensus
motif S(S/T)P after the middle S/T is phosphorylated by protein
kinases Cdk1/cyclin B in the early mitosis. Plkl is required for
the non-proteolytic arm cohesin removal via SA2 phosphoryla-
tion in prophase.'”?*2® Our published results suggest that after
the Sororin ST'*’P motif is phosphorylated by Cdkl1/cyclin B
(becomes SpT'>’P) at prophase/prometaphase, Sororin serves as
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summary, the C-terminus of
Sororin functions as an anchor that binds
to cohesin core subunit SA2. Because of
this anchorage, other Sororin motifs,

such as the Pds5-binding FGF motif and

In

Figure 3. C-terminus of Sororin interacts with SA2. (A) Schematic illustration of wild-type and
sequentially truncated Sororin. The cDNA of these Sororin proteins were cloned into a pFlag CMV2
vector. The expressed proteins are about 50aa residues different from either N-terminus or C-termi-
nus of Sororin. (B) Flag-Sororin WT or mutants shown in (A) were expressed in 293T cells and immu-
noprecipitated with Flag mAb conjugated agarose beads. Co-IP of SA2 and Flag-Sororin were
examined using immunoblotting. * nonspecific band. (C) Alignment of conserved C-terminus of ver-
tebrate Sororin. Invariant, conserved, and semi-conserved residues are indicated by an asterisk (¥),
colon (:), and period (.), respectively. (D-E) Flag Sororin WT or mutants with about 10aa residues dif-
ferent were expressed in 293T cells. Co-IP of SA2 by Flag-Sororin was detected using immunoblot-
ting (D). The amout of SA2 co-immunopreciptated by Flag-Sororin was determined, and the ratio of
SA2/Sororin was calulated and ploted in bar graph (E).

the Plk1-binding ST P motif, can regu-

late sister chromatid cohesion and separa-

tion at different stages of the cell cycle.

The ability of Sororin to bind to SA2 depends on its phosphory-
lation status. Protein kinases phosphorylate Sororin, resulting in
dissociation of Sororin from cohesin.

Methods and Materials

Cell culture: HeLa and 293T cells (ATCC, Manassas, VA)
were grown in DMEM plus 10% FBS and maintained at 37°C,
95% humidity, and atmosphere of 5% CO.,.

Antibodies: The sources of the antibodies used in this study
were as follows. Rabbit polyclonal antibodies: Flag (Sigma, St.
Louis, MO), human Rad21 (Pati et al., 2002), Smc3 (Bethyl
Laboratories, Inc., Montgomery, TX). Goat polyclonal antibod-
ies: Smcl, SA2 (Novus Biologicals, Litteton, CO). Mouse
monoclonal antibodies: Flag (Sigma) and HA (Sigma).

Mutation and cloning of Sororin: Mutations of serine and
threonine residues into alanine were performed using site-specific

824

Cell Cycle

PCR. Sororin cDNA was cloned into EcoRI and EcoRV cloning
sites of pFlag-CMV2 for expression in mammalian cells, or
cloned into BamH1 and Xhol sites of pET21a(+) for expression
as a 6xHis epitope tagged protein in bacteria.

Transfection: The calcium phosphate method was used to
transfect appropriate plasmids into 293T cells. Effectene™
transfection reagent from Qiagen (Valencia, CA) was used to
transfect Hela cells. The medium was changed 16h after
transfection.

siRNA and transfection: Sororin siRNA (Dharmacon),
Plk1 siRNA (Qiagen), and Separase siRNA (Ambion) were
transfected into cells using DharmaFECT™ 1 (Dharmacon).
Silencer® Negative Control siRNA #1 (Ambion) was used as
control.

Metaphase chromosome spread: Cells were trypsinized and
spun down at 100 g for 6 min. The cells were mixed with 10 ml
pre-warmed (37°C) hypotonic solution (0.075M KCl), which
was added drop-wise with gentle agitation. The samples were
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Figure 4. Deletion of Sororin C-terminus results in precocious chromosome separation. Sororin was
knocked down using 3’-UTR siRNA at 24 h after Flag-Sororin WT or C-terminal deletion mutants (1-
240aa, 1-200aa) were expressed in Hela cells. pFlag CMV2 empty vector (EV) and Silencer siRNA
control#1 were used as controls. Twenty-four hours after siRNA treatment, cells were harvested for
immunoblotting and metaphase spread of chromosomes. (A) Immunoblotting showing the expres-
sion of Flag-Sororin WT and mutants. (B-D) Metaphase spread of chromosomes was performed after
Flag-Sororin WT or mutants were expressed and endogenous Sororin was knocked down. More than
100 mitotic cells were randomly examined and categorized according to the resolution of sister
chromatid cohesion shown in (B). The frequency of each category was plotted in (C) and (D).

incubated at 37°C for 15 min. One ml of fixative (freshly pre-
pared 3:1 methanol:acetic acid) was added to each sample, fol-
lowed by centrifugation at 100 g for 6 min. Ten ml fixative was

(GE healthcare).

added to the cells, which were incubated at room temperature for
at least 30 min. The fixative was changed twice, and the cells
were re-suspended in 0.5 ml fixative. Two to 3 drops of cell sus-
pension were dropped from a height of 12 inches onto angled
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slides. After being air dried, the slides
were stained with Giemsa solution for
5 min. and rinsed in running water for
10 min.

Fluorescence in situ hybridization
(FISH). HeLa cells were transfected with
Sororin, Rad21, or control siRNA as
described above. Forty-eight hours after
being transfected, the cells were detached
with trypsin and fixed as described above.
A spectrum green-labeled centromeric
probe for chromosome 4 and a spectrum
red-labeled, centromeric probe for chro-
mosome 9 (Vysis) were used. Hybridiza-
tion and detection were performed
according to the manufacturer’s proto-
cols. For each experiment, 200 intact
interphase nuclei were scored and cap-
tured for hybridization signals with
Nikon E800 equipped with QUIPS
imaging software (Applied Imaging).

Protein isolation, immunoprecipita-
tion and Western blotting: Unless other-
wise noted, cells were harvested 40-48h
after being transfected. The protocol for
protein isolation, immunoprecipitation
and Western blotting has been described
previously.”’

Recombinant proteins: SA1 and SA2
were cloned into pFastBacl vector (Invi-
trogen) with a 6-histidine tag on the N-
terminal of both proteins. Both recombi-
nant viruses were generated according to
the Bac-to-Bac Baculovirus Expression
System protocol (Version D, Invitrogen).
Sf21 insect cells were grown in Grace’s
medium supplemented with 10% fetal
serum. SAl and SA2 were
expressed in Sf21 cells that were infected
with recombinant viruses at a muldplicity
of infection of 7. Sf21 cells were har-
vested 60 h post-infection and lysed by
sonication. His-tagged recombinant pro-
teins were pulled down by Ni-NTA beads
(Qiagen) and eluted 250 mM imidazole
in 20 mM Tris buffer (pH 7.5, contain-
ing 150 mM NaCl). The eluted proteins
were further purified using a Hitrap Q
column (GE healthcare, Piscataway, NJ)

bovine

and gel filtration chromatography on a 24 ml Superose 6 column

Sororin cDNA was cloned into pGEX4T3 or pET21a(+) vec-
tor (Novagen) with GST or 6xHis tagged to Sororin N-terminus
or C-terminus, respectively. Recombinant Sororin was expressed
in E. coli BL21 codon plus. GST-Sororin was pulled down with
glutathione Sepharose 4B and eluted with 10mM glutathione in
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50mM Tris buffer (pH 8.0). Sororin-His was pulled down with
Ni-NTA beads and eluted with 250mM imidazole.
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