SET levels contribute to cohesion fatigue
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ABSTRACT Chromosome instability (CIN) is a major hallmark of cancer cells and believed to
drive tumor progression. Several cellular defects including weak centromeric cohesion are
proposed to promote CIN, but the molecular mechanisms underlying these defects are poor-
ly understood. In a screening for SET protein levels in various cancer cell lines, we found that
most of the cancer cells exhibit higher SET protein levels than nontransformed cells, including
RPE-1. Cancer cells with elevated SET often show weak centromeric cohesion, revealed by
MG132-induced cohesion fatigue. Partial SET knockdown largely strengthens centromeric
cohesion in cancer cells without increasing overall phosphatase 2A (PP2A) activity. Pharmaco-
logically increased PP2A activity in these cancer cells barely ameliorates centromeric cohe-
sion. These results suggest that compromised PP2A activity, a common phenomenon in can-
cer cells, may not be responsible for weak centromeric cohesion. Furthermore, centromeric
cohesion in cancer cells can be strengthened by ectopic Sgo1 overexpression and weakened
by SET WT, not by Sgo1-binding-deficient mutants. Altogether, these findings demonstrate
that SET overexpression contributes to impaired centromeric cohesion in cancer cells and il-
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lustrate misregulated SET-Sgo1 pathway as an underlying mechanism.

INTRODUCTION

Chromosome instability (CIN) leading to aneuploidy usually derives
from chromosome missegregation during cell division. In cancer
cells, several cellular defects that contribute to chromosome misseg-
regation, including multiple spindle poles (Ganem et al., 2009),
weak centromeric cohesion (Barber et al., 2008; Sajesh et al., 2013;
Stoepker et al., 2015), and increased kinetochore-microtubule sta-
bility (Bakhoum et al., 2009), have been revealed. These mitotic de-
fects that existed in cancer cells could be the major factors driving
CIN during tumorigenesis (Lengauer et al., 1998). However, the un-
derlying causes for these defects in cancer cells are poorly under-
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stood. Here we study the mechanisms underlying weak centromeric
cohesion in cancer cells.

Sister-chromatid cohesion is established during S phase and
thereafter maintained until mitosis. At early mitosis, most of cohesin
is released from chromosome arms, whereas a small pool of cohesin
at centromeres is protected until anaphase onset when this pool of
centromeric cohesin is cleaved by Separase to allow chromosome
segregation. Protection of centromeric cohesion is carried out by
the well-conserved complex of Shugoshin1 (Sgo1) and phosphatase
2A (PP2A) (Kitajima et al., 2004, 2006; Riedel et al., 2006; Tang et al.,
2006). Depletion of Sgo1 in human cells resulted in massive centro-
meric cohesion defects and cell death, demonstrating the essential
role of Sgo1 in centromeric cohesion protection (Tang et al., 2004).
As an essential cohesin protector, Sgo1 might be an ideal mutation
target for weakening centromeric cohesion in the process of cancer
development. However, mutations in Sgo1 have rarely been identi-
fied in cancer cells (Lawrence et al., 2014), suggesting that instead
of Sgo1 per se, other factors including Sgo1 regulators might selec-
tively be mutated in tumorigenesis. Thus, it is very attractive to iden-
tify such factors and then determine how their misregulation con-
tributes to weak centromeric cohesion in cancer cells.

To enable its function of cohesion protection, Sgo1 must be in-
stalled onto cohesin at the inner centromere (the place between two
sister centromeres) at early mitosis (Tang et al., 2004; Kawashima
et al., 2010, 2005). This process requires Bub1-dependent histone
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H2A phosphorylation (Kawashima et al., 2010), which promotes
Sgo1 binding to nucleosomes (Liu et al., 2015), and Cdk1-mediated
Sgo1 phosphorylation, which promotes Sgo1 binding to cohesin
(Liu et al., 2013b; Hara et al., 2014). At anaphase onset, Sgo1 must
be removed away from centromeric cohesin to allow timely chromo-
some segregation (Liu et al., 2013a). SET, a previously identified
PP2A inhibitor (Li et al., 1995; 1996), has recently been shown to
remove Sgol from centromeres by directly binding Sgo1, thereby
disabling Sgo1 functions at anaphase onset (Krishnan et al., 2017;
Qu et al., 2019). Thus, an elaborate network during mitosis ensures
accurate and appropriate regulation of Sgo1 in time and space. Mis-
regulation of this network could compromise Sgo1 functions, thus
weakening centromeric cohesion. Interestingly, extensive studies
have demonstrated that high SET protein levels and decreased
PP2A activity are common phenomena in cancer cells (Chen et al.,
2004; Neviani et al., 2005; Hung and Chen, 2017), leading to a pro-
posal that misregulated SET-PP2A pathway may contribute to tu-
morigenesis (Hung and Chen, 2017). Given the important roles of
SET and PP2A in centromeric cohesion regulation, one would hy-
pothesize that increased SET protein levels and decreased PP2A
activity might be the major factors contributing to weak centromeric
cohesion in cancer cells. Alternatively, as SET binds Sgo1 and serves
as a Sgo' inhibitor (Krishnan et al., 2017; Qu et al., 2019), it is pos-
sible that high-level SET protein could directly impair Sgo1 func-
tions, resulting in attenuated centromeric cohesion (Zhang and Liu,
2020). However, these attractive hypotheses have never been
tested. Here, we address these questions by examining centromeric
cohesion in 26 cell lines from various types of cancers. We found
that overexpressed SET protein in cancer cells contributes to weak
centromeric cohesion. SET may achieve it through Sgo1.

RESULTS

SET protein overexpression is a common phenomenon in
cancer cells

Various studies have demonstrated that SET protein is overex-
pressed in diverse types of cancer cells and tissues (Hung and Chen,
2017). To confirm this, we examined the SET protein levels in 26
cancer cell lines from various cancer types (Figure 1A and Supple-
mental Figure S1B). Several nontransformed cells, including RPE-1,
AG09266, AG08433, and BJ-fibroblast cells, were used in this study
as control cell lines. Log-phase cells were used to examine SET pro-
tein levels as they seemed not to significantly change between in
interphase and in mitosis (Supplemental Figure S1A). The cancer
and nontransformed cells were randomly selected based on avail-
ability. To compare SET protein levels among these cell lines, we
first examined SET and actin proteins by Western blots and normal-
ized the levels of SET (both isoforms together) to the ones of actin
(relative SET protein levels) in each cell line. We found that the rela-
tive SET protein levels in the four nontransformed cells were the
lowest among all the tested cell lines (Supplemental Figure S1, B
and C) and almost all of the tested cancer cell lines exhibited higher
SET protein levels than the control cells. As the levels of many pro-
teins are elevated in cancer cells (Thiru et al., 2014), using actin to
normalize SET may not be accurate. We therefore renormalized the
levels of the SET protein to the ones of total proteins, as revealed by
GelCode Blue staining (Figure 1A). Overall, the relative SET protein
levels in the majority of the tested cancer cells were still elevated
compared with the control cells, but the elevated extents were less
than the ones calculated based on the actin protein levels (Figure
1B), suggesting that actin is also overexpressed in most of the can-
cer cells. Hence, we decided to utilize the relative SET protein levels
normalized to total protein levels for further analysis. Based on
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these results, we conclude that SET is overexpressed in cancer cells,
which is consistent with the previous findings (Hung and Chen,
2017).

Cancer cells with high SET protein levels tend to exhibit
weak centromeric cohesion

We then examined the robustness of centromeric cohesion in these
cancer cells. MG132 rather than nocodazole was selected in this
study because MG132 can induce cohesion fatigue, which can be
used to detect mild cohesion defects (Daum et al., 2011; Sapkota
etal., 2018; Qu et al., 2019). By quantifying unseparated and sepa-
rated sister chromatids (Figure 2A), we scored the robustness of
centromeric cohesion. Overall, only a small portion of all the tested
nontransformed cells exhibited the phenotype of separated sister
chromatids in the presence of MG132 (Supplemental Figure S2B); in
contrast, among the 26 tested cancer cell lines, 21 of them exhib-
ited weaker centromeric cohesion than nontransformed RPE-1 cells
(Figure 2A; Supplemental Figure S2, A and C), consistent with the
previous observations that centromeric cohesion was impaired in
cancer cells (Barber et al., 2008; Sajesh et al., 2013; Stoepker et al.,
2015). These results raised a possibility that high-level SET protein
might be a major factor contributing to weak centromeric cohesion
in cancer cells. Of note, DLD-1, MCF7, C4-2, and LNCaP cells were
found to exhibit as robust centromeric cohesion as RPE-1 cells, al-
though their SET protein levels were higher than the ones in RPE-1
cells (Figures 1B and 2A). The underlying mechanisms about the
four outliers will be discussed later. To better understand the rela-
tionship between relative SET protein levels and centromeric cohe-
sion robustness, we performed Pearson'’s correlation analysis among
all 26 cancer cells and RPE-1 cells and found that they were moder-
ately positively correlated (r=0.3480, p = 0.0753), which reached a
marginal statistical significance (Figure 2B) (Hu et al., 2017; Schober
et al., 2018). Based on the above findings, we conclude that cancer
cells with elevated SET protein levels tend to exhibit weak centro-
meric cohesion.

Partial SET knockdown strengthens centromeric cohesion in
cancer cells

We next sought to determine whether high levels of SET protein
contribute to centromeric cohesion in cancer cells. A total of seven
cancer cell lines that exhibited severer centromeric cohesion were
selected: Hela Tet-On, H460, SW480, Phoenix, Hep G2, HT-29, and
COS-1. To test if overexpressed SET protein could promote weak
centromeric cohesion in these cancer cells, we decided to partially
knock down SET protein in cancer cells. Western blots verified that
SET siRNAs decreased the SET protein levels (Figure 3A). Under
such conditions, partial SET knockdown significantly rescued their
centromeric cohesion defects in all the tested cancer cells treated
with MG132 (Figure 3B). In addition, the rescue was also observed
in Hela Tet-On cells treated with another distinct SET siRNA oligo.
Thus, overexpressed SET protein contributes to weak centromeric
cohesion in cancer cells.

Partial SET knockdown that strengthens centromeric
cohesion does not increase overall PP2A activity in cancer
cells

We then tried to determine the underlying mechanisms whereby
high-level SET protein impairs centromeric cohesion in cancer cells.
Given the previous findings that SET is a PP2A inhibitor and PP2A
activity is essential for centromeric cohesion (Li et al., 1995, 1996;
Kitajima et al., 2006; Riedel et al., 2006; Tang et al., 2006), we tested
if increased PP2A activity could be responsible for the amelioration
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tromeric cohesion in cancer cells was caused

by a general increase in PP2A activity, Akt
o Serd73 phosphorylation would be expected
3 to decrease. As a comparison, partial SET
'—

= MW (kDa) knockdown used in Figure 3 was also ap-
plied here. Western blots showed that SET
_ protein levels were decreased by SET siRNA
__250 treatment in all the tested cell lines (Figure
:!]g% 4A). Surprisingly, although Akt Serd73 phos-
—75 phorylation was marginally decreased in
COS-1 and Hep G2 cells, it was not de-
creased in the rest of the six cell lines; in-
stead, it was increased in five cell lines in-
cluding the nontransformed RPE-1 cells. As
PP2A has many substrates, it is possible that
distinct PP2A substrates may exhibit differ-
ential sensitivities to alteration in PP2A ac-
tivity. Phosphorylations of Sororin and Hec1,
both of which regulate kinetochore func-
< tions, have been suggested to be regulated
% by PP2A (Liu et al., 2013b; Asai et al., 2019),
N Vé/o(kDa) especially Sororin phosphorylation regu-
lates sister-chromatid cohesion. We there-
fore examined their phosphorylations on
partial SET knockdown. Surprisingly, immu-
nostaining demonstrated that partial SET
knockdown did not notably decrease; in-
stead, it slightly increased the phsopho-
Hec1 (phospho Ser55) levels at kinetochores
in MG132-arrested Hela Tet-on and H460
cells. (Figure 4, B and C). The increase in
phospho-Hec1 might be caused by SET
knockdown-induced chromosome misalign-
ment (Asai et al., 2019). In addition, Western
blots showed that partial SET knockdown
B only marginally decreased the phosphoryla-
g Non Cancer cells tion levels of total Sororin (slow-migration
7 WB bands, Figure 4D) and slightly increased
9 64 phospho-Hec1 (phospho Ser55, Figure 4D)
27 both in nocodazole-arrested Hela Tet-On
and H460 cells. Moreover, partial SET knock-
S 2 down did not alter the phosphorylation of
1 Sgo1-bound Sororin in nocodazole-arrested
0- Hela Tet-On cells (Supplemental Figure
S3A). These results suggest that partial SET
knockdown can improve centromeric cohe-
sion without causing a detectable change in
overall PP2A activity. Surprisingly, our results
were inconsistent with a recent study report-
FIGURE 1: SET protein is overexpressed in various types of cancer cells. (A) Lysates from the ing that SET depletion moderately de-
indicated cell lines were resolved with SDS-PAGE, stained with Gelcode Blue, and blotted with creased the levels of phospho-Hec1 (Asai
anti-SET antibody. The relative SET protein level in each cancer cell line was obtained from the et al., 2019). The discrepancy could be due
SET/actin ratio. The relative SET protein level in each cancer cell line was then normalized to the  to the distinct experimental conditions of
one in RPE-1 and fold change is shown in the bottom panels. The quantification details here and  ggT depletion. In our experiments, SET was
in the other figures were recorded in Materials and Methods. (B) Column view of quantification
of SET protein levels in A. Non denotes nontransformed.
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only partially knocked down and its remain-
ing levels were still comparable to the ones
in RPE-1 cells.

of centromeric cohesion in these cancer cells on SET knockdown.  Pharmacologically increased PP2A activity does not

Akt phosphorylation at Ser473 was extensively used as an indicator  strengthen centromeric cohesion in cancer cells

to measure PP2A activity (Samanta et al., 2009; Switzer et al., 2011; We have shown that partial SET knockdown in cancer cells did
Hu et al,, 2015). If SET knockdown-mediated enhancement of cen-  not increase overall PP2A activity, but still significantly rescued
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every individual experiment. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., no significance. (B) Pearson's
correlation analysis on relative SET protein levels (Figure 1) and centromeric cohesion defects in A among all the
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centromeric cohesion defects in the pres-
ence of MG132. We then wanted to know if
pharmacologically increasing PP2A activity
in these cancer cells could strengthen cen-
tromeric cohesion. To test it, we examined
how the two chemicals, FTY720 and OP449
that were extensively used to enhance PP2A
activity in cancer cells likely through disrupt-
ing the physical interaction between PP2A
and SET (Arriazu et al., 2016; Richard et al.,
2016; Szymiczek et al., 2017; Fujiki et al.,
2018; O'Connor et al., 2018), affected cen-
tromeric cohesion. Two cancer cell lines,
Hela Tet-On and H460, were selected be-
cause they exhibited the strongest centro-
meric cohesion defects (Figure 2A). As
shown in Supplemental Figure S3B, FTY720
treatment largely decreased the Akt Ser473
phosphorylation levels in Hela Tet-On cells
in a time-dependent manner. OP449 treat-
ment also significantly decreased them al-
beit less efficiently than FTY720. Although
these two chemicals efficiently increased
PP2A activity in cancer cells, neither of them
significantly rescued centromeric cohesion
defects in MG132-treated Hela Tet-On cells
(Supplemental Figure S3C). Similar results
were also observed in MG132-treated H460
cells (Supplemental Figure S3, B and C).
FTY20 was recently shown to release PP2A-
Ca from SET by preventing SET dimeriza-
tion or oligomerization, thus activating
PP2A (De Palma et al., 2019). We then
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antibodies.

tested if FTY720 also affected the SET-Sgo1 interaction. Immuno-
precipitation clearly showed that both FTY720 and OP449 did not
notably alter the SET-Sgo1 interaction (Supplemental Figure S3D).
Thus, compromised PP2A activity may not be a major cause for
weak centromeric cohesion in cancer cells.

Sgo1/SET ratios in cancer cells
As SET has been shown to be an inhibitor to Sgo1 (Krishnan et al.,
2017; Qu et al., 2019), overexpressed SET protein in cancer cells
might compromise Sgo1 functions, thus weakening centromeric
cohesion. SET was also able to disrupt the Sgo1-cohesin interac-
tion in a dose-dependent manner both in vitro and in vivo (Qu
et al., 2019). Therefore, the Sgo1/SET ratio, not the amount of
Sgo1 per se, could be more important to determine the robust-
ness of centromeric cohesion. We then examined the Sgo1 pro-
tein levels, and based on them, calculated Sgo1/SET ratios in
these cancer cells (Supplemental Figure S4A). The Sgo1/SET ratio
in RPE-1 cells was defined with 1.0 and the ones in all the cancer
cells were normalized to it. Correlation analysis on all the cancer
cells did not show an obvious correlation between the relative
Sgo1/SET ratios and the centromeric cohesion defects (r =
-0.2586, p = 0.202) (Supplemental Figure S4B), suggesting that
Sgo1/SET ratios may not play an important role in centromeric
cohesion in cancer cells.

In spite of no clear correlation between Sgo1/SET ratios and cen-
tromeric cohesion defects, a tendency was still observed that sev-
eral cancer cell lines exhibiting extremely severe centromeric cohe-
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sion defects under MG132 had relatively lower Sgo1/SET ratios.
These cancer cells included SW480, SW620, Hela Tet-On, and
H460, with the Sgo1/SET ratios 0.61, 0.55, 0.46, and 0.41, respec-
tively. As stated above, four outliers (DLD-1, MCF7, C4-2, and LN-
CaP) were identified that expressed SET protein at the higher levels
but did not exhibit centromeric cohesion defects induced by MG132
(Figure 2B). Their relative Sgo1/SET ratios were 0.87, 0.65, 0.91, and
1.26, respectively. The Sgo1/SET ratios in the outlier group were
higher than the ones in the above group containing SW480, Hela
Tet-On, and H460, suggesting that elevated Sgo1 protein in the
outlier cancer cells may offset the cohesion defects caused by over-
expressed SET protein.

Ectopically overexpressing Sgo1 significantly strengthens
centromeric cohesion in cancer cells

As we previously showed that SET-binding Sgol1 suppresses
Sgo1 functions, we sought to examine if ectopically overexpress-
ing Sgo1 could strengthen centromeric cohesion in cancer cells.
We first tested expression of plasmids containing GFP-Sgo'
WT or the SET-binding-deficient mutant ASET (Qu et al., 2019)
by Western blots in the previously selected seven cancer cell
lines that exhibited severe centromeric cohesion defects
(Figure 3). Only Hela Tet-On, COS-1, and Phoenix cells ex-
pressed the transgenic Sgo1 at the high level; the rest of the four
cell lines (SW480, HepG2, H460, and HT-29) poorly did so. In-
cluded as well was one more cell line HEK 293T that exhibited
strong cohesion defects and was able to express the transgenes
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FIGURE 5: Ectopically overexpressing Sgo1 increases centromeric cohesion in cancer cells. Phoenix (A), COS-1 (B), and
HEK 293T (C) cells transfected with plasmids containing GFP-Sgo1 WT or ASET were treated with MG 132 for 4 h before
harvest. Then cells were subjected to chromosome spread followed by staining with the indicated antibodies. Cell lysate
was also subjected to Western blot analysis with the indicated antibodies. Results of Western Blots are shown in the left
panels and representative images are shown in the middle panels. Separated and unseparated sister chromatids were
scored according to Figure 2A and recorded in the middle panels. Mean and SD were calculated from at least three
independent experiments. At least 35 mitotic cells were evaluated for each condition. The sister-centromere distance
was measured and recorded in the right panels. Mean and SD are shown here. At least 90 centromeres (6 per cell) were
scored for each condition; n.s., no significance. **P < 0.001; ***P < 0.001; ****P < 0.0001. The scale bars in the top and

bottom panels represent 5 and 1 pm, respectively.

(Figure 5, A-C). Sgo1 overexpression was already shown to sig-
nificantly suppress centromeric cohesion defects in MG132-
treated Hela Tet-On cells (Qu et al., 2019). Similarly, ectopically
overexpressing GFP-Sgo1 WT or ASET in Phoenix, COS-1, and
HEK 293T cells also significantly strengthened centromeric cohe-
sion (Figure 5, A-C). GFP-Sgo1 ASET was expected to behave
better in rescuing cohesion defects as it resisted SET inhibition
(Qu et al., 2019), but no significant difference between Sgo1 WT
and delta-SET was observed in the tested cancer cells. The un-
derlying reason might be that the expression levels of the two
transgenes were too high (Qu et al., 2019). Notably, about 40—
50% of cancer cells overexpressing GFP-Sgo1 exhibited ectopic
arm cohesion. At the same time, the sister-centromere distances
were also significantly shortened in these cells with normal cen-
tromeric cohesion (Figure 5, A-C). Thus, both ectopic arm cohe-
sion and enhanced centromeric cohesion contribute to the res-
cue in cohesion fatigue in cells overexpressing Sgo1. Based on
these results, we conclude that Sgo1 overexpression can improve
centromeric cohesion in cancer cells.
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Ectopically overexpressing SET WT, not the Sgo1-binding-
deficient mutant, weakens centromeric cohesion in cancer
cells

We have previously isolated two SET mutants (Qu et al., 2019).
Their functional analysis in cells would be key in mechanistically
understanding how SET overexpression contributes to weak cen-
tromeric cohesion in cancer cells. Biochemical properties of SET
WT and mutants were summarized in Figure 6A. SET WT binds
both PP2A and Sgo1. The SET 3K mutant exhibits reduced Sgo1
binding but still retains the ability of PP2A binding; the other mu-
tant SET AC loses its binding to both PP2A and Sgo1. Thus, 3K'is a
mutant that may dissect the distinct functions of SET in regulating
PP2A and Sgo1 in cells. Nontransformed RPE-1 cells stably express-
ing SET (o) WT, 3K, or AC were constructed. Western blots showed
that these transgenes were overexpressed compared with their en-
dogenous counterparts (Figure 6B). Under such overexpression,
both SET WT and 3K significantly suppressed PP2A activity, as re-
vealed by increased Akt Serd73 phosphorylation, confirming that
3K is a separation-of-function mutant. Expectedly, SET AC that
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FIGURE 6: Overexpression of SET WT, not the Sgo1-binding-deficient mutant 3K, further weakens centromeric
cohesion in cancer cells. (A) Summary of the biochemical properties of SET WT, 3K, and AC. It was based on our
previous study (Qu et al., 2019). (B) Lysates of RPE1 stably expressing SET (o) WT, 3K, or AC were resolved with SDS—
PAGE and blotted with the indicated antibodies. C-F, COS-1 (C), PC-3 (D), HEK 293T (E), and 22Rv1 (F) cells transfected
with plasmids containing GFP-SET WT, 3K, or AC were treated with MG132 for 2 h before harvest. Then cells were
subjected to chromosome spread. Separated and unseparated sister chromatids were scored according to Figure 2A.
Mean and SD calculated from at least three independent experiments are shown here. At least 20 mitotic cells were
evaluated for each condition. n.s., no significance. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

failed to bind PP2A almost lost its ability of PP2A inhibition. Fur-
thermore, our previous results demonstrated that overexpression of
SET WT, not 3K, significantly weakened centromeric cohesion in
MG132-arrested RPE-1 cells (Qu et al., 2019), functionally support-
ing the notion that SET overexpression induces centromeric cohe-
sion defects through Sgo1.

To further validate the above notion, we also examined how
overexpression of these SET transgenes affected centromeric co-
hesion in cancer cells. PC-3, 22Rv1, and COS-1 cells were selected
because their endogenous SET protein levels were just slightly el-
evated compared with RPE-1 cells (Figure 1). HEK 293T cells, al-
though they expressed SET protein at a much higher levels, were
also included as they efficiently expressed the transgenes. The
four cell lines were transfected with plasmids containing GFP-SET
(o) WT, 3K, or AC, and centromeric cohesion was assessed after a
2-h MG132 treatment. Shorter MG 132 treatment here was applied
to ensure lower centromeric cohesion defects in mock-treated
cells, thus enabling us to better dissect the effects of these SET
transgenes. Western blots demonstrated that the SET transgenes
were expressed at much higher levels than the endogenous coun-
terparts (Supplemental Figure S5, A-D). Under such conditions,
GFP-SET WT exacerbated centromeric cohesion defects in all the
tested cancer cells, whereas 3K failed to do so (Figure 6, C-F),
strongly suggesting that disruption of the Sgo1-cohesin interac-
tion is responsible for the observed phenotype (Qu et al., 2019).
Moreover, GFP-SET AC also lost the ability to exacerbate centro-
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meric cohesion defects in the tested cancer cells. Surprisingly,
overexpression of GFP-SET WT and 3K did not obviously decrease
Akt Serd73 phosphorylation in the tested cancer cells, which is
seemingly incongruent with the results obtained from RPE-1 cells
(Figure 6B and Supplemental Figure S5, A-D). The underlying rea-
sons are unknown and might be due to distinct genetic back-
grounds between nontransformed and cancer cells. Nevertheless,
even without notably altering overall PP2A activity, GFP-SET WT,
not the Sgo1-binding deficient mutant 3K, still exacerbated cen-
tromeric cohesion defects in the tested cancer cells (Figure 6, C-F).
Thus, SET overexpression can impair centromeric cohesion through
Sgo1 in cancer cells.

DISCUSSION
Consistent with the previous findings, we found that most cancer
cells exhibit weak centromeric cohesion compared with nontrans-
formed cells (Barber et al., 2008; Sajesh et al., 2013; Stoepker
et al., 2015). This universally existed defect in cancer cells could be
a legacy inherited from tumorigenesis. Therefore, a better under-
standing of the molecular mechanisms underlying weak centro-
meric cohesion could help us decipher the driving forces for tu-
morigenesis. In this study, we have uncovered such a mechanism:
universally overexpressed SET protein in cancer cells weakens cen-
tromeric cohesion.

How is centromeric cohesion attenuated in cancer cells?
Although Sgo1 plays an essential role in centromeric cohesion
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functions at metaphase to anaphase transition, thus promoting proper chromosome
segregation. In cancer cells, SET is often overexpressed, which prematurely weakens

centromeric cohesion, thus leading to chromosome missegregation.

protection, mutations in Sgo1 have rarely been identified in cancer
cells (Lawrence et al., 2014), suggesting that instead of Sgo1 per se,
Sgo1l regulators might selectively be mutated or misregulated. In
this study, we have identified such a factor, SET, originally character-
ized as a PP2A inhibitor. Several recent studies, including ours, dem-
onstrated that SET is also a Shugoshin inhibitor (Krishnan et al.,
2017, Asai et al., 2019; Qu et al., 2019). Interestingly, SET has been
found to be overexpressed in various types of cancer cells and tis-
sues (Hung and Chen, 2017). All these findings potentiated SET as
a saboteur to centromeric cohesion in cancer cells. This notion is
further supported by the results from this study demonstrating that
overexpressed SET protein is an important factor contributing to
weak centromeric cohesion in cancer cells. Thus, in addition to af-
fect cancer cell proliferation and growth through PP2A, overex-
pressed SET can also induce CIN, likely through Shugoshin. In the
future, it would be tempting to test whether this is the case using
animal models.

How does SET overexpression impair centromeric cohesion in
cancer cells? Considering that SET is a PP2A inhibitor and PP2A
plays an important role in centromeric cohesion protection (Li et al.,
1995, 1996; Kitajima et al., 2006; Riedel et al., 2006; Tang et al.,
2000), it is possible that this is achieved through direct inhibition of
PP2A activity. However, our current findings suggest that SET over-
expression-induced weak centromeric cohesion may not be through
directly inhibiting PP2A activity. First, partial SET protein knockdown
significantly ameliorated centromeric cohesion in cancer cells with-
out significantly increasing overall PP2A activity, revealed by several
PP2A substrates (Figure 4, A-D). Second, pharmacologically in-
creased PP2A activity in cancer cells did not ameliorate centromeric
cohesion (Supplemental Figure S3, B and C). Last, overexpression of
the Sgo1-binding-deficient SET mutant (3K) failed to weaken cen-
tromeric cohesion, albeit it behaved similarly to SET WT in regulat-
ing PP2A activity (Qu et al., 2019) (Figure 6). Thus, although com-
promised PP2A activity is a common phenomenon in cancer cells
(Chen et al., 2004; Neviani et al., 2005), it may not directly contrib-
ute to weak centromeric cohesion. Instead, our findings reveal that
overexpressed SET protein impairs centromeric cohesion, likely
through directly attenuating Sgo1 functions in not all but at least
some cancer cells. First, mutations of the three residues (3K mutant)
in SET responsible for Sgo1 binding abrogated its capacity in weak-
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ening centromeric cohesion when overex-
pressed (Qu et al., 2019) (Figure 6). Interest-
ingly, these mutations did not alter the
ability of PP2A binding and inhibition

© Cohesin . .
(Figure 6). Second, overexpressing exoge-
| Kinetochore  nous Sgol significantly ameliorated weak
(Centromere)  centromeric cohesion in cancer cells (Qu

et al., 2019) (Figure 5). Third, some cancer
cell lines, such as LNCaP and C4-2, which
had high-level SET protein but still exhibited
as robust centromeric cohesion as RPE-1,
simultaneously expressed Sgo1 protein at
high levels (Supplemental Figure S4A).
Thus, misregulated SET/Sgol1 pathway
could be an important mechanism underly-
ing weak centromeric cohesion in some can-
cer cells. Of course, it is possible that SET
binding to Sgo1 enables its inhibition on
Sgo1-bound PP2A activity. However, it is still
directly through Sgo1 even though this pos-
sibility is true. A separation-of-function SET
mutant that retains Sgo1 binding but abol-
ishes PP2A inhibition would be necessary to conclusively address
this point in future. Of note, as the dynamic balance between spin-
dle pulling forces and resistance to separation by interchromatid
cohesion has been suggested to determine the rates of cohesion
fatigue (Sapkota et al., 2018), SET might also regulate cohesion fa-
tigue through affecting this dynamic balance.

Consistent with our previous findings, a recent study demon-
strated that SET can also bind Sgo2 (Asai et al., 2019). They sug-
gested that the Sgo2-SET interaction is important for the regula-
tion of Aurora B activity and chromosome alignment at early mitosis
but not for the protection of centromeric cohesion. Our previous
results also suggested that SET is dispensable for centromeric co-
hesion protection at early mitosis; instead, it is important for cen-
tromeric cohesion deprotection at metaphase to anaphase transi-
tion (Qu et al., 2019). Thus, SET may play various roles in regulating
chromosome segregation at distinct cell cycle stages. At early mi-
tosis, it binds Sgo2 to regulate chromosome alignment; at meta-
phase to anaphase transition, it binds Sgo1 to deprotect centro-
meric cohesion. In future, it would be interesting to explore how
SET is regulated to tune Sgo2 and Sgo1 functions at distinct cell
cycle stages.

In summary, based on all the available evidence, we propose that
the misregulated Sgo1/SET pathway is an important mechanism un-
derlying weak centromeric cohesion in cancer cells (Figure 7). In the
future, it would be attractive to interrogate the roles of SET in tumori-
genesis by expressing our isolated SET mutants in animal models.

—— Microtubule
® Sgoi

@ SET

MATERIALS AND METHODS

Mammalian cell culture, chemicals, siRNAs, and transfection
Al the cell lines were cultured in the following media supplemented
with 10% fetal bovine serum 10 mM L-glutamine and 10% Penicillin/
Streptomycin: DMEM-F12, RPE-1; DMEM, Hela Tet-On, COS-1,
Phoenix, HEK 293T, T47-D, MCF7, BT-549, MDA-MB-231, H460,
A549, H1299, Hep G2, Huh-7, C4-2B, HCT116, DLD-1, HT29, RKO,
SW620, SW480, T98G, and U-87 MG, BJ-fibroblasts; RPMI1640,
LNCaP, PC-3, 22Rv1, and C4-2. AG09266 and AG08433 were cul-
tured with DMEM supplemented with 15% FBS and 1 mM L-gluta-
mine. Hela Tet-On and RPE-1 cells were authenticated through STR
profiling by ATCC. All the other cell lines are gifts from the investiga-
tors listed in the Acknowledgments.
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Nocodazole (M1404), MG132 (474790), and FTY720 (SMLO700)
were purchased from Sigma-Aldrich. OP449 was a gift from Onco-
tide Pharmaceuticals. The times for MG132, nocodazole, FTY720,
and OP449 treatments were specified in each experiment.

To construct the stable cell lines, RPE-1 cells were infected with
the lentiviral particles containing GFP-SET WT, 3K, or ASET and se-
lected with 1pgml~" puromycin (Sigma).

To overexpress Sgo1 and SET, Sgo1 and SET (WT and mutants)
cDNAs were inserted into PCS2-GFP vectors.

For RNAi experiments, the siRNA oligonucleotides were
purchased from Thermo Scientific. Cells were transfected using
Lipofectamine RNAiMax (Invitrogen) and analyzed at 36-48 h after
transfection. The sequences of the siRNAs used in this study are:
SET siRNA #2, GGAUGAAGGUGAAGAAGAU (Thermo Scientific,
D-019586-02); SET siRNA #4, CGAGUCAAACGCAGAAUAA
(Thermo Scientific, D-019586-04).

Construction of lentiviral particles

Lentiviral particles were generated using the pLVX-Puro system
(Clontech) in HEK 293T cells. PEI:DNA complexes containing pRSV-
Rev, pMDLg-pRRE, pMD2.G, and pLVX inserted of genes of inter-
ests (SET WT, 3K or AC) were first prepared (Qu et al., 2019). Then
the assembled complexes were mixed into cultured HEK 293T cells.
After 48 h, cell culture containing viruses was collected, filtered, and
stored at -80°C for later use.

Antibodies and immunoblotting

The following antibodies were used in this study: anti-centromere
antibody (ACA or CREST-ImmunoVision, HCT-0100), anti-PP2A-Aa.
(Santa Cruz, Sc-6112), anti-Histone H3-pS10 (Cell signaling, 9706),
anti-Smc1 (Bethyl, A300-055A), anti-SET (Bethyl, A302-261A), AKT
(Cell signaling, 4691S), pAKT (5473) (Cell signaling, 4060S), anti-ac-
tin (Thermo Scientific, MA5-11869), anti-pHec1 (phospho Ser55,
GTX70017, GeneTex), and anti-Myc (Millipore, 11667149001). Anti-
Sororin is a gift from Susannah Rankin. Anti-Sgo1 and anti-GFP anti-
bodies were made in-house as described previously (Liu et al.,
2013b; Kim and Yu, 2015).

Antibody dilution for immunoblotting was often 1:1000 unless
specified.

The secondary antibodies were purchased from Li-COR: IRDye
680RD goat anti-mouse 1gG secondary antibody (926-68070) and
goat anti-rabbit IgG secondary antibody (926-32211).

Harvested cells were collected and lysed with SDS sample buffer.
After being 5-min boiled, lysates were resolved by SDS-PAGE and
blotted with indicated antibodies.

For immunoprecipitation, anti-myc or anti-GFP antibodies were
coupled to Affi-Prep Protein A beads (Bio-Rad) at a concentration of
1mg/ml-".

Immunoprecipitation

Immunoprecipitation in Supplemental Figure S3, A and D was per-
formed as described before (Liu et al., 2013b). HelLa Tet-On cells
were dissolved in lysis buffer (25mM Tris=HCI at pH7.5, 50mM
NaCl, 5mM MgCly, 0.1% NP-40, TmM DTT, 0.5uM okadaic acid,
5mM NaF, and 0.3mM NazVOy) containing 100Uml~" Turbo-nucle-
ase (Accelagen). After a 1-h incubation on ice followed by a 15-min
incubation at room temperature, the lysate was cleared by centrifu-
gation for 20min at 4°C at 20,817 x g. The supernatant was then
incubated with the beads precoupled with anti-Myc antibody (Ther-
moFisher, 20168) overnight at 4°C. After the beads were washed
four times with wash buffer 25mM Tris-HCI at pH7.5, 100mM
NaCl, 5mM MgCl,, 0.1% NP-40, 1mM DTT, 0.5uM okadaic acid,
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5mM NaF, and 0.3mM NazVOy), the proteins bound to the beads
were finally dissolved in SDS sample buffer, separated by SDS-
PAGE, and blotted with the appropriate antibodies.

Immunofluorescence and chromosome spread
For chromosome spreads and immunostaining in Figures 2A; 3B;
4, B and C; 5, A-C; 6, C-F; and Supplemental Figure S3C, col-
lected MG132-treated mitotic cells were swelled in hypotonic
solution containing 50 mM KCI for 15 min at room temperature
and then spun onto slides with a Shandon Cytospin centrifuge.
Cells were first extracted with ice-cold phosphate-buffered saline
(PBS) containing 0.2% Triton X-100 for 2min and then fixed in 4%
ice-cold paraformaldehyde for 4min. After being washed with
PBS 0.1% Triton X-100, cells were sequentially incubated with
primary antibodies (1:1000 dilution) overnight at 4°C and with
the appropriate secondary antibodies conjugated to fluoro-
phores (Invitrogen, A11008, A21090 and A31571, 1:1000 dilu-
tion) at room temperature for 1 h. Finally, cells were washed with
PBS containing 0.1% Triton X-100, stained with 1pgml~" DAPI,
and mounted with Vectashield.

The images were taken by a Nikon confocal microscope with a
60x objective. Image processing was carried out with ImageJ and
Adobe Photoshop. Quantification was carried out with ImageJ.

Quantification and statistical analysis

For quantification of SET protein levels in cells in Figure 1A, masks
were generated to mark SET protein bands on WB membranes and
each single lane on Gelcode Blue-stained SDS PAGE using the soft-
ware of Image Studio Lite. After background subtraction, the inten-
sities of SET proteins and total proteins within the masks were ob-
tained in numeric values. The relative SET protein level in each
cancer cell line was derived from the intensity of SET proteins nor-
malized to the one of total proteins. Fold changes in the relative SET
protein levels were compared between in RPE1 cells and in cancer
cells and are shown in Figure 1, A and B.

For quantification of SET protein levels in cells in Supplemental
Figure S1B, masks were generated to mark the desired protein
bands on WB membranes using the software of Image Studio Lite.
After background subtraction, the intensities of SET and actin pro-
tein bands within the masks were obtained in number. Relative SET
protein levels in each cell were derived from the intensity of SET
protein bands normalized to the one of actin protein bands. Fold
changes in the relative SET protein levels were compared between
in RPE1 cells and in cancer cells and are shown in Supplemental
Figure S1, B and C.

For quantification of Sgo1/SET ratios in Supplemental Figure
S4A, masks were generated to mark the desired protein bands
on WB membranes using the software of Image Studio Lite. After
background subtraction, the intensities of Sgo1 and SET protein
bands within the masks were obtained in number. Sgo1/SET ra-
tios in each cell were obtained from the normalization of the in-
tensity of Sgo1 to the one of SET. Fold changes in Sgo1/SET ra-
tios between RPET cells and in cancer cells and are shown in
Supplemental Figure S4A.

Measurement of sister-centromere distance in Figure 5, A-C was
performed using Image J. A straight line was drawn between a pair
of sister centromeres, as indicated by ACA signals. Numeric values
were automatically generated by ImageJ.

Pearson correlation analysis was applied in Figure 2B and Sup-
plemental Figure 4SB. Pearson’s correlation coefficient (Pearson’s r)
and the p value (Schober et al., 2018) were computed by using R
software (R version 3.6.1, https://www.r-project.org/).
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All experiments were repeated at least three times. Quantifica-
tion was usually performed based on the results from all the
repeated experiments unless specified. Differences were assessed
using one-way ANOVA followed by pairwise comparisons using
Tukey's test for the data in Figures 5, A-C and 6, C-F and Supple-
mental Figures S2B, S3C, and S5, A-D. In Figure 2A, differences
between RPE-1 and each type of cancer cells were assessed using
T tests. In Figures 3B and 4, B and C, differences between mock and
siSET for each single cancer cell line were also assessed using
T tests. All samples analyzed were included in quantification. Sam-
ple size was recorded in figures and their corresponding legends.
No specific statistical methods were used to estimate sample size.
No methods were used to determine whether the data meet as-
sumptions of the statistical approach.
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