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SUMMARY

Anaphase-promoting complex/cyclosome (APC/C) is a well-characterized E3 ligase that couples 

with UBE2C and UBE2S E2s for substrate ubiquitylation by the K11 linkage. Our recent data 

show that SAG/RBX2/ROC2, a RING component of Cullin-RING E3 ligase, also complexes with 

these E2s for K11-linked substrate polyubiquitylation. Whether these two E3s cross-talk with each 

other was previously unknown. Here, we report that SAG competes with APC2 for UBE2C/

UBE2S binding to act as a potential endogenous inhibitor of APC/C, thereby regulating the G2-to-

M progression. As such, SAG knockdown triggers premature activation of APC/C, leading to 

mitotic slippage and resistance to anti-microtubule drugs. On the other hand, SAG itself is a 

substrate of APC/CCDH1 for targeted degradation at the G1 phase. The degradation-resistant 

mutant of SAG-R98A/L101A accelerates the G1-to-S progression. Our study reveals that the 

negative cross-talk between SAG and APC/C is likely a mechanism to ensure the fidelity of cell 

cycle progression.
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In Brief

Zhang et al. provide a mechanistic insight of how negative cross-talk between E3 ligases SAG and 

APC/C ensures proper cell cycle progression. SAG knockdown prematurely activates APC/C to 

promote mitotic progression and trigger anti-microtubule drugs resistance, whereas SAG 

degradation by APC/CCDH1 mainly occurs in G1 phase for proper G1-to-S transition.

INTRODUCTION

Ubiquitin-mediated proteasomal degradation is an irreversible process catalyzed by a 

sequential enzymatic reaction by E1 ubiquitin activating enzyme, E2 ubiquitin conjugating 

enzyme, and E3 ubiquitin ligase, leading to attachment of the ubiquitin to a lysine residue on 

a substrate protein. Multiple rounds of this reaction cause substrate poly-ubiquitylation, 

which is then recognized by the 26S proteasome for targeted degradation (Husnjak and 

Dikic, 2012). In humans, there are two E1 enzymes, about 38 E2 enzymes and over 600 E3 

enzymes controlling the ubiquitin modification of thousands of protein substrates 

(Ciechanover, 2015). The RING-finger-type E3 ligases are the largest E3 ubiquitin ligases, 

including the CRL (Cullin-RING ligase) and APC/C (anaphase-promoting complex/

cyclosome); both are crucial for cell cycle progression and tumorigeneses (Nakayama and 

Nakayama, 2006; Zhang et al., 2014a).

The CRL consists of four components: cullin, as a scaffold subunit, binds to an adaptor 

protein and a substrate-recognizing F-box protein at the N terminus and a RING protein at 
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the C terminus (Deshaies, 1999; Zheng et al., 2002). There are two family members of the 

RING component, namely, RBX1/ROC1 and RBX2/ROC2 (also known as Sensitive to 

Apoptosis Gene [SAG]) (Duan et al., 1999; Sun et al., 2001), that complex with cullins to 

form the core ligase activity of CRLs (Zhang and Sun, 2020; Zhao and Sun, 2013) for 

substrate ubiquitylation, and cullin neddylation fully activates the ligase activity of CRLs 

(Zhao et al., 2014). Significantly, CRLs are responsible for ubiquitylation of ~20% of 

cellular proteins doomed for proteasome degradation (Soucy et al., 2009), thus regulating 

multiple key cellular processes (Nakayama and Nakayama, 2006; Zhao and Sun, 2013).

APC/C E3 contains at least 15 different subunits. Among them, APC2 and APC11 are 

regarded as core components because the heterodimeric complex of APC2 and APC11 

possesses the ubiquitin ligase activity and is sufficient to catalyze the ubiquitylation of 

substrates (Tang et al., 2001). The activity of APC/C largely depends on the association with 

the two activator proteins CDC20 and CDH1, which are substrate-recognizing subunits. In 

general, APC/CCDC20 regulates the initiation of anaphase by primarily targeting securin and 

cyclins, whereas APC/CCDH1 is activated in late mitosis and throughout the subsequent G1 

phase (Peters, 2006; Thornton and Toczyski, 2006).

Previous studies have revealed negative cross-talks between the CRL and APC/C E3s, 

mainly focusing on mutual degradation of the E3 components. For example, F-box protein 

SKP2 is subjected to ubiquitylation and degradation by APC/CCDH1 in the G1 phase of cell 

cycle, which prevents the unscheduled degradation of SCFSkp2substrates, such as p21 and 

p27, to maintain the G1 state (Bashir et al., 2004; Wei et al., 2004). APC/CCDH1 also 

promotes ubiquitylation and degradation of the F-box protein NIPA (Nuclear Interaction 

Partner of Alk kinase) in late mitosis (Klitzing et al., 2011). On the other hand, SCF E3, 

particularly SCFb-TRCP, is responsible for targeted ubiquitylation and degradation of CDH1 

during the S phase (Benmaamar and Pagano, 2005; Fukushima et al., 2012). 

SCFFBXW7controls CDH1 activity in a cyclin-E-dependent manner, and the loss of FBXW7 

leads to an aberrant increase in the levels of both SCFFBXW7 and APCCDH1 substrates (Lau 

et al., 2013). A recent study showed a mutual degradation of SCFCyclinF and APC/CCDH1 to 

precisely regulate the S-phase entry (Choudhury et al., 2016). Furthermore, the SCF and 

APC/C E3s even work together for ubiquitylation and degradation of the S-phase cyclin 

Clb6 during the transition from G1 to S phase (Wu et al., 2016). However, it is completely 

unknown whether and how the negative cross-talks also exist between SAG, a CRL E3, and 

APC/C E3, particularly at the level for E2 competition.

We recently reported that unlike RBX1, which binds to CDC34 or UBCH5C E2s to 

assemble uniform Lys48-linked ubiquitin polymers on substrates (Petroski and Deshaies, 

2005), SAG prefers to bind to UBE2C and UBE2S E2s to promote substrate 

polyubiquitylation by the K11 linkage (Kuang et al., 2016; Zhou et al., 2017b). Given that 

APC/C also couples with UBE2C (to initiate) and UBE2S (to extend) to promote 

polyubiquitylation of a substrate by the K11 linkage (Meyer and Rape, 2014), we 

hypothesized that SAG and APC/C may negatively regulate each other by competing for 

UBE2C/2S E2s binding. In this study, we report that SAG and APC2 indeed compete for 

UBE2C/2S binding to negatively regulate the activity of each other, ensuring a precise 

control of cell cycle progression from the G2/M to the G1 phase of the next cell cycle. SAG 
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inactivation triggers resistance to anti-microtubule drugs by premature activation of APC/C 

to induce mitotic slippage. SAG is also a substrate of APC/CCDH1, being degraded mainly in 

the G1 phase, and a SAG degradation-resistant mutant promoted the G1-to-S progression 

and cell survival. Our study provides a mechanistic insight of fine regulation of two 

important E3 ligases to ensure proper cell cycle progression.

RESULTS

SAG Competes with APC/C for Binding with UBE2C or UBE2S

Because UBE2C and UBE2S couple with both APC/C and SAG E3 ligases for K11-linked 

ubiquitylation (Brown et al., 2016; Kuang et al., 2016; Zhang et al., 2014a), we 

hypothesized that SAG and APC/C E3 might compete with each other for UBE2C/UBE2S 

binding. Indeed, immunoprecipitation (IP)-based pull-down performed using antibodies 

against UBE2C or UBE2S revealed that SAG knockdown significantly enhanced the binding 

between APC2, a scaffold component of APC/C, and UBE2C (Figures 1A and S1A) or 

UBE2S (Figures 1B and S1B), whereas ectopic SAG expression reduced their interaction 

(Figures 1C, 1D, S1C, and S1D). Likewise, SAG binding with UBE2C or UBE2S at the 

endogenous level was also enhanced upon APC2 knockdown (Figures 1E, 1F, S1E, and 

S1F). Knockdown of APC11, a RING component of APC/C enhanced the binding of SAG-

UBE2C, but not SAG-UBE2S (Figures S1E and S1F). Notably, decreased binding between 

APC2 and UBE2C/S upon SAG overexpression was largely rescued when either UBE2C or 

UBE2S was overexpressed (Figures S1G and S1H). Collectively, these data indicated that 

SAG and APC2 compete with each other for UBE2C/2S binding under the physiological 

conditions.

SAG Knockdown Activates APC/C E3 Ligase Activity

APC/C is a large multi-subunit E3 ubiquitin ligase responsible for targeted ubiquitylation 

and degradation of a variety of cell cycle proteins, particularly those involved in G2/M 

progression, such as cyclin B1, securin, and PLK1 (Nakayama and Nakayama, 2006). Given 

that SAG knockdown enhanced the binding of APC2-UBE2C/2S, we next determined if 

such an enhancement would reflect an enhanced ligase activity of APC/C toward its 

substrates in unsynchronized cells. Indeed, SAG knockdown significantly reduced the 

protein levels of APC/C substrates, including cyclin B1, securin, and PLK1 (Figure 1G), 

whereas SAG ectopic expression slightly increased the protein levels of several APC/C 

substrates (e.g., cyclin B1 and securin) (Figure S1I). Moreover, when SAG was 

overexpressed in SAG low expressing cells (A549 and A427), the levels of APC/C 

substrates (cyclin B1 and securin) were increased more obviously (Figure S1J). 

Interestingly, manipulation of APC11 had a minimal, if any, effect on APC/C substrates 

(Figure S1I). We confirmed the reduced levels of APC/C substrates were due to enhanced 

degradation by APC/C proteasome system because it can be abrogated by both an APC/C 

inhibitor, pro-TAME (Zeng et al., 2010), and a proteasome inhibitor, MG132 (Figures 1H 

and 1I).

We further examined whether reduction of APC/C substrates upon SAG knockdown was 

indeed attributable to enhanced APC/C activity by simultaneous knockdown of APC/C 
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components APC2 or APC11. Again, knockdown of SAG, but not of RBX1, which is 

incapable of binding with UBE2C/2S (Kuang et al., 2016), reduced the levels of cyclin B1, 

securin, and PLK1, which is rescued by simultaneous knockdown of APC2 (Figures 1J and 

S1K), but not of APC11 (Figures 1K and S1L), consistent with the lack of competition 

between APC11 and SAG for UBE2C/2S binding. Finally, we showed that the effect of SAG 
knockdown on APC/C substrates was indeed mediated by UBE2C or UBE2S because it can 

be completely rescued by simultaneous knockdown of either E2s (Figures 1L and S1M). 

Collectively, these results demonstrated that SAG knockdown could enhance APC/C activity 

by competing for UBE2C/2S E2 binding.

We next systematically examined whether this SAG-knockdown effect occurs in a cell-

cycle-dependent manner. Using the synchronized cells, we found that SAG knockdown 

enhanced the UBE2C/2S binding with APC2 mainly occurring in the M phase, but not in the 

G1 phase of the cell cycle (Figures S2A and S2B). Consistently, a greater decrease of 

APC/C substrates (cyclin B1 and securin) was observed in the M phase cells upon SAG 
knockdown (Figure S2C). Significantly, the effect of SAG knockdown on APC/C substrates 

can be rescued by simultaneous knockdown of either E2s or APC2, which also mainly 

occurred in the M phase (Figures S2D–S2I). We then determined the dynamic interaction 

between APC2 and UBE2C/2S during cell cycle by monitoring cells from a nocodazole-

induced metaphase blockage. We found an enhanced binding between APC2 and UBE2C/2S 

in SAG knockdown cells upon nocodazole treatment or release up to 1 h, whereas in si-Cont 

cells, the APC2-UBE2C/2S binding was only seen at 1 h after nocodazole release (Figure 

2A), strongly suggesting that the lack of SAG enhanced the binding between APC/C-

UBE2C/2S.

We next determined whether enhanced E2-E3 binding would activate APC/C E3 ligase 

activity in synchronized cells. Indeed, SAG knockdown reduced the levels of APC/C 

substrates, including cyclin B1, securin, and PLK1, as well as pH3ser10, a mitotic biomarker, 

particularly in nocodazole-treated cells (Figure 2B). SAG knockdown also triggered a faster 

degradation of APC/C substrates cyclin B1 and securin and an earlier appearance of 

pH3ser10 upon thymidine release of the S phase blockage (Figure S3A). The opposite effect 

was seen upon ectopic expression of SAG, although to a lesser extent (Figure S3B). 

Likewise, the time course experiments showed that after releasing from M phase arrest, 

SAG-depleted cells exhibited a quicker degradation of cyclin B1 and securin and 

dephosphorylation of pH3ser10 (Figures 2C and S3C). Importantly, this SAG-knockdown 

effect can be largely rescued by pro-TAME (Figures 2D and S3D) or by small interfering 

RNA (siRNA)-based depletion of either UBE2C or UBE2S (Figures 2E, 2F, S3E, and S3F), 

indicating a causal role played by APC/C and UBE2C/2S. To exclude potential off-target 

effects of siRNA, we used lentivirus-based sh-SAG vectors targeting different regions of 

SAG mRNA to repeat these experiments and obtained consistent results (Figures 2G, 2H, 

and S3G). Collectively, these results demonstrated that SAG knockdown promotes 

premature activation of APC/C in the M phase to degrade its substrates in a manner largely 

dependent of UBE2C/2S.
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SAG Knockdown Promotes Mitotic Progression

Given that SAG regulates the biochemical activity of APC/C, a prominent E3 ubiquitin 

ligase that plays an essential role in promoting mitotic progression (Zhang et al., 2014a), we 

next investigated the biological consequence of APC/C activation upon SAG knockdown. In 

unsynchronized cells, SAG knockdown reduced the cell population in the G2/M phase with 

a corresponding increase in the G1 phase. Similar results were observed in nocodazole-

treated cells (Figures 3A and S4A), indicating that SAG knockdown promotes mitotic 

progression and earlier entrance of the G1 phase of next cell cycle. These SAG-knockdown 

effects were indeed caused by APC/C activation because the population decrease in the 

G2/M and increase in the G1 phase can be largely rescued by APC2 knockdown or pro-

TAME treatment (Figures 3B and S4B) or by knockdown of UBE2C or UBE2S (Figures 3C 

and S4C).

We next monitored dynamic changes of the G2/M and G1 population after release from 

mitotic arrest by nocodazole for various time points up to 16 h. SAG knockdown triggered a 

significant decrease of the M cell population and a corresponding increase of the G1 cell 

population at 4 and 8 h after release, respectively (Figures 3D and S4D). Moreover, a time-

lapse video of transfected cells after releasing from G2 arrest by R03306 treatment revealed 

that the overall mitotic time was significantly shortened in SAG knockdown cells compared 

to the control cells (81.43 ± 11.76 min versus 72.25 ± 15.19 min) (Figure 3E). Again, this 

SAG-knockdown effect can be largely rescued by simultaneous depletion of either UBE2C 
or UBE2S (Figure 3E). Moreover, we used yet another siRNA oligonucleotide (siSAG2) 

targeting a different region of SAG mRNA in H1299 cells, and we confirmed that SAG-

knockdown cells underwent a shorter overall mitotic time after releasing from G2 arrest, 

which could be completely rescued by simultaneous depletion of either E2s (Figure S4E). 

Taken together, these results demonstrated that SAG knockdown prematurely activates 

APC/C activity, leading to accelerated mitotic progression.

SAG Knockdown Triggers Mitotic Slippage and Confers Resistance to Apoptosis Induced 
by Anti-microtubule Drugs

It was previously reported that continued exposure of cells to anti-microtubule drugs would 

trigger mitotic slippage even when the spindle assembly checkpoint (SAC) is not satisfied if 

cyclin B1 is progressively degraded by APC/C (Brito and Rieder, 2006). Given that APC/C 

is prematurely activated upon SAG knockdown, we investigated the possibility of mitotic 

slippage by continuous exposure to nocodazole. Indeed, SAG knockdown triggered 

premature degradation of cyclin B1 and reduction of mitotic marker pH3ser10 when cells 

were continuously exposed to nocodazole for various time points up to 24 h (Figures 4A and 

S5A), implying a the presence of a biochemical process that triggers mitotic slippage. This 

SAG-knockdown effect was largely rescued by pro-TAME (Figures 4A and S5A), indicating 

a causal role of APC/C. Biologically, SAG knockdown caused a significant increase in bi-

nucleated cells upon the continuous exposure of nocodazole (Figures 4B and S5B), strongly 

indicating the induction of mitotic slippage, which gave rise to undivided tetraploid cells due 

to premature mitotic exit without chromosome segregation. Furthermore, fluorescence-

activated cell sorting (FACS) analysis confirmed that SAG knockdown caused a 2- to 3-fold 

increase in polyploidy cell population (>4N DNA content), coinciding with decreased 
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apoptotic cell population (sub-G1 population) after treatment with nocodazole/taxol for 

various time periods up to 96 h (Figures 4C and S5C). Apoptosis reduction in SAG 
knockdown cells upon the treatment of nocodazole or taxol was further confirmed by 

decreased levels of cleaved Poly (ADP-ribose) polymerase (PARP) and caspase-3, two well-

established apoptotic biochemical markers (Figures 4D and S5D–S5G). Significantly, the 

increased mitotic slippage and decreased apoptosis induction in SAG knockdown cells after 

continuous exposure to nocodazole were largely rescued by pro-TAME or simultaneous 

knockdown of UBE2C or UBE2S, as evidenced by a reduced population of polyploidy cells 

and increased sub-G1 population in SAG-silencing cells (Figures 4E, 4F, S6A, and S6B), 

further indicating a causal role of UBE2C/2S-APC/C in the process.

A previous study showed that in response to anti-microtubule drugs, such as nocodazole and 

taxol, a portion of cancer cells escaped from mitotic-arrest-induced apoptosis by undergoing 

mitotic slippage, thereby causing drug resistance (Gascoigne and Taylor, 2008). Given SAG 
knockdown triggered mitotic slippage and apoptosis protection, we finally determined 

whether these phenotypical changes led to drug resistance. Indeed, SAG knockdown 

conferred resistance to nocodazole/taxol, as measured by both in vitro cell proliferation and 

clonogenic survival assays (Figures 4G, S6C, and S6D). We further extended this cell 

culture observation to an in vivo xenograft tumor model. Specifically, H1299 cells with 

lentivirus-mediated SAG knockdown (Lt-SAG-H1299) and its vector control (Lt-Cont-

H1299) were subcutaneously injected into two flanking sites of severe combined 

immunodeficiency (SCID) mice, followed by treatment with PBS or paclitaxel (Figure 4H). 

Consistent with our previous results in pancreatic cancer cells (Jia et al., 2010), SAG 
knockdown dramatically suppressed tumor growth in vivo (Lt-Cont-PBS versus Lt-SAG-

PBS) (Figures 4H and S4H). Interestingly, the rate of tumor growth in Lt-Cont groups was 

significantly inhibited by paclitaxel (Lt-Cont-PBS versus Lt-Cont-paclitaxel), indicating the 

cells were paclitaxel sensitive. In contrast, paclitaxel only had minimal, if any, effect on the 

rate of tumor growth in Lt-SAG groups (Lt-SAG-PBS versus Lt-SAG-paclitaxel) (Figures 

4H and S6E). The statistical analysis revealed that paclitaxel reduced the tumor growth rate 

by 6.4%/ day or 3.9%/day in the Lt-Cont group or in the Lt-SAG group, respectively, 

reflecting that suppression of the tumor growth by paclitaxel in the Lt-SAG group is 39.1% 

less effective than that in the Lt-Cont group (p < 0.001) (Figure 4H), which indicated 

paclitaxel resistance upon SAG depletion in this in vivo tumor xenograft model. Finally, the 

dosage of paclitaxel used here was non-toxic to animals, as judged by a minimal loss of 

body weight (Figure S6E). Taken together, our results show that, under continuous exposure 

to anti-microtubule drugs, SAG depletion causes mitotic slippage, apoptosis protection, and 

eventually drug resistance both in in vitro cell culture and in vivo xenograft tumor models 

(Figure S6F).

SAG Is Subjected to Cell Cycle Fluctuation in a CDH1-Dependent Manner

Given that SAG negatively regulated the APC/C activity and that the SAG levels 

progressively decreased after cells releasing from nocodazole blockage (Figures 2C and 

S3C), we wondered whether SAG itself is subjected to cell cycle regulation. To this end, we 

arrested cells at the G0/G1 stage by serum starvation and then released cells to the cell cycle 

by serum addition and collected cells at various time points afterward. The levels of SAG, 
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but not RBX1, indeed fluctuated during cell cycle progression, with the lowest level in the 

G1 and highest in the S (Figures 5A and 5B). Similar SAG fluctuation was also observed in 

cells synchronized and released by nocodazole block (Figures S7A and S7B). A similar 

decrease was observed in two APC/C substrates, cyclin B1 and Aurora A, with a 

corresponding increase of CDH1 (Figure 5A) in the second cycle of the G1, suggesting that 

SAG could be a substrate of APC/CCDH1.

We then determined whether an inverse relationship exists between CDH1 and SAG and 

found that CDH1 knockdown indeed caused SAG accumulation, mainly at the G1 phase 

(Figures 5C and S7C). SAG fluctuation after nocodazole arrest/release was completely 

abrogated upon knockdown of CDH1, but not of CDC20 (Figures 5D and S7D). 

Furthermore, SAG levels were also gradually decreased upon continuous exposure to 

nocodazole for 20–24 h (Figures 4A and S5A), which appeared to be mediated by APC/

CCDH1 because CDH1 knockdown stabilized the SAG levels at these late time points 

(Figures S7E and S7F). Thus, it appeared that the SAG level is controlled by APC/CCDH1 

and that SAG is stabilized in CDH1-depleted cells at the G1 phase of cell cycle or upon 

mitotic slippage to the G1 phase.

CDH1 Promotes SAG Ubiquitylation in a D-Box-Dependent Manner

To define the molecular basis of SAG degradation by CDH1, we searched the SAG protein 

sequence and identified an evolutionarily conserved D-box (RXXLXXXXD/E/D), which is 

known to be a substrate recognition motif of CDH1 or CDC20 (Harper et al., 2002; He et al., 

2013; Figure S8A). The subsequent IP-based pull-down assay showed that the endogenous 

CDH1, but not CDC20, complexed with endogenous SAG (Figures 5E and S8B). 

Importantly, the CDH1-SAG binding can only be detected in cells at the G1 phase after 

releasing from nocodazole arrest (Figures S8C and S8D). To determine whether the CDH1-

SAG binding is dependent of the D-box motif on SAG, we generated a R98A/L101A double 

mutant to abrogate key residues of Arg-98 and Leu-101 in the D-box motif (SAG-MU) 

(Figure S8A). Notably, the CDH1 antibody was able to pull down endogenous SAG, as well 

as exogenous wild-type (WT) SAG, but not SAG-MU (Figure 5F), indicating a D-box-

dependent binding between CDH1 and SAG. A reciprocal coIP assay confirmed that WT 

SAG, but not SAG-MU, bound with CDH1, although SAG-MU was able to bind to both E2s 

(Figure S8E). Furthermore, compared with WT-SAG, ectopically expressed SAG-MU was 

much more stable in cells releasing from G1 phase blocked by palbociclib (Figure S8F), 

suggesting that this D-box SAG mutant is largely resistant to CDH1-mediated destruction at 

the G1 phase of the cell cycle. Finally, we performed an in vivo ubiquitylation assay and 

showed that ectopically expressed CDH1, but not CDC20, significantly promoted 

polyubiquitylation of SAG-WT, but not SAG-MU (Figure 5G). Taken together, these results 

showed that SAG is a potential substrate of APC/CCDH1 E3 ligase complex, subjected to its 

ubiquitylation and degradation at the G1 phase in a manner dependent of the D-box motif 

(Figure S8G).

SAG Mutant Promotes the G1-to-S Transition and Cell Survival

APC/CCDH1represents a major class of ubiquitin ligase whose activity is thought to regulate 

primarily at the G1-to-S transition. Cells with ectopic expression of a non-phosphorylatable 
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CDH1 mutant delayed the entry into the S phase (Pagano et al., 1992), whereas CDH1 
depletion by siRNA or neutralizing antibody promoted the G1-to-S transition (Wei et al., 

2004). We therefore determined whether SAG manipulation would affect the G1-to-S 

transition by cross-talking with APC/CCDH1 by monitoring the G1-to-S transition in cells 

released from palbociclib-induced G1 arrest. Indeed, ectopic expression of SAG, especially 

SAG-MU, triggered an earlier S phase entry. Specifically, the FACS profiling showed that 

compared to the vector control, WT-SAG transfection decreased the G1 population from 

71.74% to 63.47% (8 h) or 60.22% to 52.83% (12 h) and increased the S population from 

22.66% to 29.19% (8 h) or 34.46% to 41.63% (12 h), respectively. An even bigger decrease 

in the G1 (71.74% to 60.87% [8 h] or 60.22% to 49.47% [12 h]) and an increase in the S 

population (22.66% to 32.16% [8 h] or 34.46% to 48.13% [12 h]) were observed upon SAG-

MU transfection (Figure 6A). Biochemically, increased levels of cyclin A and decreased 

levels of p27 were observed upon transfection of WT-SAG or SAG-MU (Figures 6B, 6C, 

S9A, and S9B). A similar promotion of the G1-to-S progression by SAG transfection was 

also observed in nocodazole released cells (Figure S9C). We reasoned that this effect was 

likely due to SAG-mediated inactivation of CDH1 because the binding of CDH1 with 

UBE2C/S was dramatically reduced upon SAG transfection (Figure 6D). To determine the 

causal role of CDH1, we simultaneously co-transfected CDH1 with SAG-WT or SAG-MU. 

Indeed, CDH1 co-transfection rescued the effect on both accelerated G1-to-S progression 

and altered levels of cyclin A and p27, which was induced only by SAG-WT, but not by 

degradation-resistant SAG-MU (Figures 6A–6C, S9A, and S9B). Consistently, siRNA-based 

knockdown of endogenous SAG triggered an opposite effect, as evidenced by reduced cyclin 

A and increased p27 levels, which was accompanied by higher G1 and lower S populations 

(Figures S9D–S9F). Taken together, these results strongly suggested that ectopic expression 

of SAG, particularly degradation-resistant SAG-MU, impairs the APC/CCDH1 activity in the 

G1 phase by competitively binding with UBE2C/2S, thereby promoting the G1-to-S 

progression.

Previous studies have shown that SAG has oncogenic activity, whereas CDH1 is likely to be 

a tumor suppressor (García-Higuera et al., 2008; Jia et al., 2010; Sun and Li, 2013). We, 

therefore, determined the biological consequence of the SAG-CDH1 cross-talk by 

performing a clonogenic survival assay in lung cancer cells. Indeed, transfection of SAG 

(either WT or MU) promoted clonogenic survival, whereas transfection of CDH1 suppressed 

it. Significantly, CDH1 co-transfection rescued the effect of SAG-WT, but not of SAG-MU 

(Figure 6E). Thus, the SAG mediated pro-proliferative effect in lung cancer cells was 

controlled, at least in part, by APC/CCDH1, which is abrogated by a SAG-MU mutant 

resistant to CDH1 binding and degradation.

DISCUSSION

In this study, we report an interesting and important finding with mechanistic elucidation 

that two major E3 ubiquitin ligases, SAG E3 and APC/C, negatively cross-talk with each 

other in the regulation of cell cycle progression, mitotic slippage, and drug resistance by 

competing for the same E2s. Specifically, SAG, on one hand, inhibits the APC/C activity 

most likely by competing with APC/C for UBE2C/2S binding. On the other hand, SAG 

itself is a substrate of APC/C for destruction at the G1 phase through a D-box-dependent 

Zhang et al. Page 9

Cell Rep. Author manuscript; available in PMC 2020 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ubiquitylation. Biologically, our finding revealed few previously unrealized functions and 

regulations of SAG. First, SAG is a critical cell cycle regulator by inhibiting APC/C activity; 

second, SAG with oncogenic functions is subjected to degradation by tumor suppressive 

APC/CCDH1 E3; third, SAG, which was previously identified as an anti-apoptotic protein 

(Sun and Li, 2013), can also act as a pro-apoptotic protein at the M phase because SAG 

knockdown confers lung cancer cells resistance to anti-microtubule chemo-drugs by 

premature activation of APC/C to trigger mitotic slippage.

UBE2C and UBE2S are two canonical E2s that are known to couple with APC/C for poly-

ubiquitination of the substrates by the K11 linkage (Meyer and Rape, 2014). Our recent 

studies showed that SAG E3 is capable of doing the same by complexing with UBE2C/2S 

(Kuang et al., 2016; Zhou et al., 2017b). In the present study, we revealed that these two E3s 

would negatively regulate each other by competing for E2s binding. Specifically, SAG and 

APC2 compete with each other for UBE2C/2S binding under the physiological conditions. 

As a result, SAG knockdown frees up UBE2C/2S for enhancing APC2 binding, leading to 

premature activation of APC/C. Several previous studies have demonstrated that APC/C 

ligase is essential for the orderly mitotic progression, whereas overexpression of UBE2C or 

UBE2S promotes mitosis and mitotic exit (Cardozo and Pagano, 2004; Fujioka et al., 2018; 

Garnett et al., 2009; Peters, 2006). We found that SAG knockdown indeed mimicked the 

effect of UBE2C/2S overexpression. At the biochemical levels, SAG knockdown reduced 

the levels of APC/C substrates, particularly those involved in the G2-to-M transition and 

mitotic progression, including cyclin B1, securin, and PLK1, due to enhanced degradation. 

At biological levels, SAG knockdown accelerated mitosis progression and triggered mitotic 

slippage, as evidenced by the decrease or increase of the M or G1 phase populations, 

respectively, after releasing from the M phase arrest, along with an increased population of 

polyploidy upon continuous exposure of nocodazole/taxol. Both biochemical and biological 

alterations can be largely rescued by simultaneous knockdown of UBE2C/ 2S or by 

treatment with a APC/C inhibitor, pro-TAME, indicating a causal role of the UBE2C/2S-

APC/C axis in the process. However, we cannot completely exclude the possibility that 

reduced levels of APC/C substrates upon SAG depletion could be affected by other cell-

cycle-related factors, in addition to the loss of UBE2C/S competition.

Anti-microtubule drugs are extensively used in the treatment of several types of human 

cancers (Jordan and Wilson, 2004) by inducing a prolonged mitotic arrest in the presence of 

activated SAC and therefore inducing cell apoptosis to kill cancer cells (Bekier et al., 2009). 

However, a small proportion of cancer cells adapted to the checkpoint and triggered drug 

resistance by premature mitotic exit due to rapid mitotic slippage (Huang et al., 2009), 

which has occurred following the proteolysis of cyclinB1 mediated by APC/C even when 

SAC is not satisfied (Brito and Rieder, 2006). The cell fate in response to anti-microtubule 

chemo-drugs is dictated by two competing networks, namely, mitotic slippage and death in 

mitosis. Specifically, if the cyclin B1 degradation signal is activated first to reduce cyclin B1 

levels below the mitotic exit threshold, cells would undergo the slippage. Otherwise, cells 

undergo apoptosis in mitosis if the death threshold is breached first (Gascoigne and Taylor, 

2008). Although some slippage cells are doomed to die in the subsequent cell cycles, 

contributing to enhanced cytotoxicity of antimitotic drugs (Giovinazzi et al., 2013), there are 

cells, which acquired from disordered genome by slippage, that survive and lead to drug 
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resistance (Mittal et al., 2017; Zhang et al., 2014b). Inhibition of mitotic slippage by 

inactivation of APC/C by RNAi, Apcin, or pro-TAME may increase the sensitivity of tumor 

cells to anti-microtubule agents (Huang et al., 2009; Raab et al., 2019; Sackton et al., 2014). 

In this study, we found that cells upon SAG knockdown had reduced levels of mitotic-

regulation proteins, such as cyclinB1 and Aurora A, an observation similar to cells with 

developed paclitaxel resistance (Chong et al., 2018). Consequently, these SAG knockdown 

cells become resistance to apoptosis induced by nocodazole/taxol. The fact that the 

phenotypes of mitotic slippage and apoptosis resistance can be abrogated by UBE2C/2S 
knockdown or pro-TAME treatment strongly indicated that increased APC/C-UBE2C/2S 

binding and subsequent APC/C activation play a causal role to trigger mitotic slippage by 

accelerating cyclin B1 proteolysis upon SAG depletion. We have previously demonstrated 

that SAG could couple with UBE2F E2 to induce CUL5 neddylation, leading to activation of 

CRL5 E3 to promote NOXA poly-ubiquitylation and proteasomal degradation, thus 

protecting cancer cells from apoptosis and promoting cell growth (Jia et al., 2010; Zhou et 

al., 2017a). In this study, we showed yet another characteristic of SAG, in which SAG 
knockdown leads to taxol resistance by enhancing APC/C-mediated mitotic slippage. In this 

sense, targeting SAG may eventually trigger the resistance to antimitotic drugs, which is an 

unfavorable condition for anti-cancer therapy by using this class of agents.

The ordered dynamic regulation of APC/C activity is important for cell cycle progression in 

the time between metaphase and the end of the next G1 phase. Although APC/CCDC20 is 

mainly active during early mitosis, APC/CCDH1 is activated in anaphase and remains active 

during G1 phase to ensure a stable G1 environment by continuously degrading a variety of 

proteins involved in DNA replication and mitosis (Bassermann et al., 2014; Peters, 2002; 

Zhang et al., 2014a), as well as the G1-to-S transition promoting factor, such as SKP2 (Wei 

et al., 2004). Our previous studies have shown that SAG, under overexpression conditions, 

promotes the G1-to-S promotion by promoting p27 degradation (Duan et al., 2001; He et al., 

2008). Here, we showed that SAG levels fluctuate during the cell cycle, with the high levels 

at the M phase and the lowest levels at the G1 phase. The biological implications are that 

high SAG levels are needed in the M phase to keep APC/C activity under the check for 

proper mitotic progression, whereas low SAG levels in the G1 phase are controlled by 

APC/CCDH1, which is known to be active in the G1 phase (Kramer et al., 2000) to ensure 

proper G1-to-S progression when cells are ready. We further defined that APC/CCDH1-

mediated SAG degradation requires a consensus D box sequence on SAG and the mutation 

on the D box renders SAG resistance to CDH1 binding and subsequent ubiquitylation and 

degradation. Biologically, this degradation-resistant SAG mutant promotes the G1-to-S 

transition by inactivating APC/CCDH1 to confer cell survival. Previous studies have shown 

that to allow cells entry into S phase, APC/CCDH1 is inactivated by CDH1 phosphorylation 

by cyclin A/Cdk2 or c-Jun N-terminal kinase (JNK) by Emil binding and by its own 

degradation in late G1 (Bassermann et al., 2014; Listovsky et al., 2004). Our study shown 

here indicates that APC/CCDH1 can also be inactivated by SAG by competing for UBE2C/2S 

binding. Taken together, our study further revealed the important role of APC/CCDH1 in 

regulation of the G1-to-S transition by promoting ubiquitylation of (1) SKP2 as previously 

reported (Wei et al., 2004) and of (2) SAG in this study, which both allow p27 accumulation 

for G1 arrest (Duan et al., 2001; He et al., 2008; Kossatz et al., 2004).
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How could SAG be a substrate of APC/CCDH1, if it impairs the binding of E2s to APC? 

Given that SAG expression fluctuates during cell cycle progression, with the lowest level at 

the G1 phase, and CDH1 knockdown caused SAG accumulation mainly at the G1 phase, 

SAG is likely targeted by APC/CCDH1 at the G1 phase. It is reasonable to propose that the 

competition between SAG and APC2 for UBE2C/S binding is a dynamic process. At the G1 

phase, where CDH1 is expressed at the highest level (Figure 5A), APC/CCDH1 would be 

activated to trigger initial SAG degradation, which would then minimize SAG-E2 

competition to further activate APC/CCDH1, thus establishing a feed-forward loop to ensure 

full activity of APC/CCDH1. Furthermore, we indeed found a D box in the SAG protein 

sequence (Figure S8A), which is required for CDH1 binding and for SAG ubiquitylation by 

APC/CCDH1 (Figures 5F and 5G), thus providing the structure basis. On the other hand, 

SAG binds to CDH1 and UBE2C/S both by its RING domain, and it is likely that a dynamic 

competition also exists between CDH1 and UBE2C/S for SAG binding. Again, at the G1 

phase of the cell cycle, when CDH1 levels are relatively higher, CDH1 “wins” the 

competition for SAG binding with UBE2C/2S and subsequently promotes SAG 

ubiquitylation and degradation to reduce SAG levels. Taken together, our results suggest that 

SAG by competitive binding with UBE2C/S E2 acts as a dual molecule of being either an 

inhibitor or a substrate of APC/C in a cell-cycle-dependent manner to ensure precise cell 

cycle progression. Finally, we have previously shown that SAG is a substrate of NEDD4 E3 

ligase under physiological conditions (Zhou et al., 2014). Identification of APC/CCDH1 as a 

new SAG E3 in controlling the G1-to-S transition further suggested that SAG is a 

biologically significant protein that demands multiple E3s to precisely regulate its levels 

under various physiological and stressed conditions.

In summary, our study fits the following working model. Under normal growth conditions, 

CDH1 binds to SAG at the G1 phase to promote SAG ubiquitylation and degradation for 

ensuring the G1-to-S transition when cells are ready; the physiological level of SAG will 

also ensure proper APC/C activation for proper mitotic progression. Under a condition of 

high SAG (e.g., overexpression in cancer cells), SAG binds to UBE2C/2S to inactivate 

CDH1 to accelerate the G1-to-S transition for enhanced proliferation. The high level of SAG 

would also, in theory, inactivates APC/C to cause G2/M arrest. However, such an effect is 

moderate (Figure S3B), likely due to the fact that UBE2C/2S levels are at the highest at the 

G2/M phase, and when the UBE2C/2S are saturated, the effect of SAG (due to competition 

of UBE2C/2S) would be minimized. Thus, the major effect of SAG overexpression would be 

at the level to promote the G1-to-S transition. Under a condition of low SAG (e.g., SAG 

inactivation by drug or siRNA), APC/C is prematurely activated to promote mitotic 

progression and slippage, leading to drug resistance (Figure 7).
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Materials Availability

This study did not generate any new reagents.

Data and Code Availability

Original data have been deposited to Mendeley Data: https://doi.org/10.17632/8c6gygxngj.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Six- to seven-week-old female severe combined immunodeficient (SCID) mice were inbred 

at the University of Michigan animal facility. Animal experimentation was approved by the 

University of Michigan Committee on the Use and Care of Animals. Animal care was 

provided in accordance with the principles and procedures outlined in the National Research 

Council Guide for the Care and Use of Laboratory Animals.

Cell culture

H1299, H2170, A549, A427, HEK293 and HeLa cells were purchased from the American 

Type Culture Collection (ATCC). A427, HEK293 and HeLa cells were grown in Dulbecco’s 

modified Eagle’s medium, and H1299and H2170 cells were maintained in RPMI-1640 

Medium. A549 cells were grown in ATCC-formulated F-12K Medium (30–2004). All media 

were supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin, and cells 

were cultured in a 37°C humidified incubator with 5% CO2.

METHOD DETAILS

Cell synchronization and live cell imaging

Cell cycle synchronization was performed as described previously (Wan et al., 2014; Wei et 

al., 2004). Briefly, for G1 phase synchronization, cells were exposed to a CDK4/6 inhibitor, 

Palbociclib (Selleckchem S1116) for 24 hr. For S phase synchronization, cells were treated 

by 2mM thymidine (Sigma T1895) for 14 hr and released for 9 hr, then treated with 2 mM 

thymidine for another 14 hr. For M phase synchronization, cells were treated with 2 mM 

thymidine for 20 hr first, then released into thymidine-free media for 3 hr and treated by 330 

nM nocodazole (Sigma M1404) for 16 hr. For anti-microtubule drug treatment, cells were 

treated with thymidine (2 mM) for 20 hr first, released into fresh media for 3 hr, then treated 

with nocodazole (330 nM) or Taxol (12.5 nM, Selleckchem S115010) for different time 

periods. For live cells imaging, the cells were blocked in G2/M by 24 hr treatment of 

RO3306 (10mM, R&D systems 4181) and recorded by live imaging using the Operetta CLS 

(PerkinElmer, USA), equipped with an environmental chamber maintained at 35°C-37°C 

and 5% CO2.

Ectopic expression and siRNA knockdown

Various FLAG-tagged constructs were made in pcDNA-3 vector by standard cloning 

techniques, and transfected into cells as described as previously (Li et al., 2014). The Lenti-

shSAG, along with lenti-shCont, was made as described previously (Gu et al., 2007). The 
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siRNAs were purchased from Genepharma and transfected into sub-confluent cells using 

Genemute (Invitrogen) according to the manufacturer’s instructions.

FACS analysis

Cells with different pretreated were collected at the indicated time points by trypsinization. 

After fixation in 75% ethanol, cells were stained with propidium iodide, and analyzed by 

Cytoflex flow cytometer (Beckman).

ATP-lite assay

Cells were infected with indicated siRNAs for 48 h, then split and seeded into96-well plates 

with 3,000 cells per well in quadruplicate. After treating with nocodazole for 24 hours, cell 

viability assay using the ATP-lite 1 step luminescence ATP detection assay system (Perkin-

Elmer) was performed according to the manufacturer’s instruction.

Clonogenic survival assay

Five-hundreds cells were seeded into 6 cm plates in triplicate. After adherence and growth 

for 7 days, cells were treated with PBS and Taxol as indicated, followed by incubation for 7 

days with drug-containing fresh medium replacement every other day. The colonies were 

fixed, stained and counted.

Immuno-blotting and co-immunoprecipitation (Co-IP)

Immune-blotting and Co-IP with appropriate antibodies in whole cell extracts were 

performed as previously described (Zhou et al., 2016). Briefly, to make whole cell extracts, 

cells were lysed in lysis buffer containing 50 mM Tris-HCl (pH7.5), 150 mM NaCl, 1% 

Triton X-100, followed by centrifugation to collect supernatants for direct western blotting. 

For IP, various primary antibodies (2 μg) were added into supernatant (1 mg), and incubated 

at 4°C overnight, followed by incubation with the protein G Sepharose-TM 4 fast flow (GE 

Healthcare, Muchen, Germany) for 3 hr. The beads were then washed with lysis buffer, and 

the immunoprecipitation complexes were subjected to SDS-PAGE.

Immunocytochemistry

Cells were grown on coverslips in 12-well dishes for 24 hours. Following various treatments, 

cells were fixed with 5% formaldehyde solution and permeabilized with 0.2% Triton X-100. 

The fixed cells were stained with primary antibodies for overnight at 4°C as previously 

described (Zhang et al., 2016), then incubated with fluorescence-conjugate secondary 

antibody for 1 hour at room temperature, DAPI (Molecular probes, D3571) was used for 

DNA counterstaining. Samples were imaged and examined under a confocal microscope 

(Nikon A1-Ti, Tokyo, Japan).

The in vivo ubiquitylation

The plasmids encoding SAG (WT) or SAG mutant (R98A/L101A) were co-transfected with 

ubiquitin construct. Cells were then lysed in 6 M guanidinium denaturing solution, as 

described previously (Kuang et al., 2016). Polyubiquitylated substrates were pull-downed by 

Ni-bead and detected by IB using respective antibodies.
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The in vivo animal experiments

Animal studies were conducted and processed according to the guidelines established by the 

University Committee on Use and Care of Animals. Construction of lentivirus-based siRNA 

knockdown of SAG (Lt-SAG), along with scrambled siRNA control (Lt-Cont) was 

performed as previously described (Tan et al., 2016). H1299 cells (3.0 × 106) stably infected 

with Lt-Cont or Lt-SAG were suspended in 100 μL PBS mixed with 100 μL Matrigel 

(Corning) and inoculated subcutaneously in both franks into female SCID mice (6–7 weeks).

When the tumor size reached ~50 mm3 at 7 days after inoculation, the mice were 

randomized and treated with PBS or paclitaxel (FRESENIUS KABI, 760305) at a dose of 15 

mg/kg for intraperitoneal injection three times per week for three weeks. Mice were 

monitored and weighted each time before the injection. Tumor sizes were captured by a 

caliper gauge, as estimated from the formula (L × W2)/2. At the end of in vivo experiment, 

tumors were harvested, weighed, and photographed.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical significance of the difference was determined by one-way and repeated-

measures ANOVA with the Tukey post-comparison test in GraphPad PRISM version 5 

(GraphPad). The results were expressed as the mean ± SEM from at least three independent 

experiments. For in vivo xenograft experiment, the group-wise difference in tumor weights 

were tested using Wilcoxon rank sum test for clustered data (Rosner et al., 2006). The tumor 

growth rates were assessed using a linear mixed regression model, in which the nested 

random effects were used to account for the repeated-measurements of two tumors within 

each mouse. Interactions between time and SAG knockdown as well as paclitaxel were also 

included in the regression model to assess their effects on tumor growth rate. For all 

analyses, two-sided P values of < 0.05 were considered statistically significant and values < 

0.1 were considered a marginal association. Analyses were performed using R (version 

3.6.1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• SAG competes with APC2 for binding with UBE2C/2S E2s

• SAG inactivation activates APC/C to trigger mitotic slippage and drug 

resistance

• SAG is a substrate of APC/CCDH1, being subjected to its degradation at the 

G1 phase

• SAG mutant resistant to CDH1 degradation promotes the G1-to-S transition
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Figure 1. SAG Competes with APC/C for UBE2C or UBE2S Binding to Affect APC/C Activity
(A–D) H1299 cells were transfected with siRNA targeting SAG or control siCont (A and B) 

or a plasmid expressing FLAG-tagged SAG or vector control (C and D) for 48 h with last 8-

h treatment of 10 μM MG132 before harvesting. Cell lysates were prepared for 

immunoprecipitation (IP) with immunoglobulin G (IgG) control or antibodies (Abs) against 

UBE2C (A and C) or UBE2S (B and D), followed by immunoblot (IB) with indicated Abs. 

WCE, whole-cell extract.

(E and F) H1299 cells were transfected with siRNA targeting APC2 or control siCont for 48 

h with last-8 h treatment of 10 μM MG132 before harvesting. Cell lysates were prepared for 

IP with IgG control or Abs against UBE2C (E) or UBE2S (F), followed by IB with indicated 

Abs.
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(G–I) H1299 or H2170 cells were transfected with siRNA targeting SAG or control siCont 

for 48 h, followed by 24-h treatment of 12 uM pro-TAME (H) or 10 μM MG132 (I) in 

indicated samples before harvesting for IB analysis with indicated Abs.

(J–L) H1299 cells were transfected with various siRNA targeting indicated mRNAs, along 

with control siCont for 48 h. Cell lysates were prepared for IB analysis with indicated Abs.

Also see Figures S1 and S2.
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Figure 2. SAG Knockdown Prematurely Activates APC/C to Degrade Its Substrates
(A) H1299 cells were transfected with siRNA targeting SAG or control siCont for 48 h, then 

treated with nocodazole for 16 h, and released from nocodazole block for indicated time 

points. Cell lysates were prepared for IP with IgG control or Ab against APC2, followed by 

IB with indicated Abs.

(B) H1299 and H2170 cells were transfected with siRNA targeting SAG or control siCont 

for 48 h. The indicated cells were then treated with nocodazole for 24 h before harvesting 

for IB analysis with indicated Abs.

(C) H1299 cells were transfected with siRNA targeting SAG or control siCont for 24 h, 

synchronized at M phase by nocodazole blockage, and then released for indicated time 

points. Cell lysates were prepared for IB analysis with indicated Abs.

(D) H1299 cells were transfected with siRNA targeting SAG or control siCont for 24 h and 

synchronized at M phase by nocodazole blockage. Cells were then released in the absence or 
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presence of pro-TAME for indicated time points before harvesting for IB using indicated 

Abs.

(E and F) H1299 cells were transfected with various siRNA targeting indicated mRNAs, 

along with control siCont for 24 h and synchronized at M phase by nocodazole blockage. 

Cells were then released for indicated time points before harvesting for IB using indicated 

Abs.

(G and H) H1299 cells with lentivirus-mediated SAG knockdown (Lt-SAG) and its vector 

control (Lt-Cont) were synchronized at the M phase by nocodazole blockage. Cells were 

then released for indicated time points before harvesting for IB using indicated Abs.

Also see Figure S3.
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Figure 3. SAG Knockdown Promotes Mitotic Progression
(A) H1299 cells were transfected with siRNA targeting SAG or control siCont for 48 h; cells 

were then treated with or without nocodazole for 24 h, followed by FACS analysis. The 

percentage of cell populations at the G1 and G2/M phase were plotted. Shown are mean ± 

SEM from three independent experiments. *p < 0.05, **p < 0.01.

(B) H1299 cells were transfected with siRNA targeting SAG or APC2 or control siCont for 

24 h. Cells were then treated with nocodazole for 48 h in the presence or absence of pro-

TAME, followed by FACS analysis. The percentage of cell populations at the G1 or G2/M 

phase was plotted. Shown are mean ± SEM from three independent experiments. *p < 0.05; 

NS, not significant.

(C) H1299 cells were transfected with various siRNA targeting indicated mRNAs, along 

with control siCont for 24 h. Cells were then treated with nocodazole for 48 h, followed by 
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FACS analysis. The percentage of cell populations at the G1 and G2/M phases were plotted. 

Shown are mean ± SEM from three independent experiments. *p < 0.05; NS, not significant.

(D) H1299 cells were transfected with siRNA targeting SAG or control siCont for 24 h; cells 

were then blocked at the M phase by nocodazole treatment, and then released from the M 

phase for indicated time points for FACS analysis. The percentage of cell populations at the 

G1 and G2/M phases were plotted. Shown are mean ± SEM from three independent 

experiments. *p < 0.05, **p < 0.01.

(E) H1299 cells were transfected with various siRNA targeting indicated mRNAs, along 

with control siCont for 24 h, followed by G2 arrest by RO3306 for 24 h. Cells were then 

released from G2/M phase at the indicated time points when the photos of individual cells 

were taken (left). The time required for the separation into two daughter cells (mitotic time) 

was recorded and plotted (right). The results were derived from three independent 

experiments. *p < 0.01; NS, not significant.

Also see Figure S4.
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Figure 4. SAG Knockdown Triggers Mitotic Slippage and Confers Apoptosis Resistance
(A) H1299 cells were transfected with siRNA targeting SAG or control siCont for 24 h. 

Cells were then exposed to nocodazole in the presence or absence of pro-TAME for the 

indicated time points and then harvested for IB analysis with indicated Abs.

(B) H1299 cells were transfected with siRNA targeting SAG or control siCont for 48 h, 

followed by nocodazole treatment for 24 h. Cells were then stained with α-tubulin or DAPI 

and examined under a confocal microscope for photos. Representative images of binucleated 

cells are shown (top), and the percentage of binucleated cells were counted from at least 5 

fields and plotted (bottom). The results were derived from three independent experiments. *p 

< 0.05. Scale bar, 20 μm.

(C) H1299 cells were transfected with siRNA targeting SAG or control siCont for 48 h; then 

cells were treated with continuous exposure of nocodazole for up to 96 h before being 

subjected to FACS analysis (left). The percentage of polyploidy and sub-G1 populations 
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were recorded and plotted (right). Shown are mean ± SEM from three independent 

experiments. *p < 0.05, **p < 0.01.

(D) H1299 cells were transfected with siRNA targeting SAG or control siCont for 48 h; then 

cells were treated by the continuous exposure of nocodazole for indicated times. Cell lysates 

were prepared for IB analysis with indicated Abs.

(E and F) H1299 cells were transfected with siRNA targeting SAG or control siCont (E) or 

various siRNAs targeting mRNAs encoding indicated proteins (F) for 24 h. Cells were then 

treated with nocodazole in the presence or absence of pro-TAME (as indicated in E) for 48 h 

and then subjected to FACS analysis. The percentages of polyploidy and sub-G1 populations 

were recorded and plotted. Shown are mean ± SEM from three independent experiments. *p 

< 0.05, **p < 0.01.

(G) H1299 cells were transfected with siRNA targeting SAG or control siCont for 48 h; then 

cells were treated with indicated concentrations of nocodazole or taxol, followed by ATP-lite 

assay. Shown are mean ± SEM from three independent experiments. *p < 0.05, **p < 0.01.

(H) Three million of Lt-Cont-H1299 and Lt-SAG-H1299 cells were inoculated 

subcutaneously into both flanks of SCID mice. The mice were randomized and the treatment 

started at 7 days after inoculation. Animals were dosed as indicated for 3 weeks. The growth 

of tumors was measured each time before injection. Tumors were harvested at the end and 

weighed with results plotted. RTG, rate of tumor growth; *p < 0.05; NS, not significant.

Also see Figures S5 and S6.
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Figure 5. SAG Binds to CDH1 at the G1 Phase and Acts as a Novel Substrate of CDH1 for 
Ubiquitylation and Degradation
(A and B) HeLa cells were serum starved for 24 h and then released by serum addition. Cells 

were harvested at indicated time points thereafter and subjected to IB analysis (A) or FACS 

analysis (B).

(C) H1299 cells were transfected with siRNA targeting CDH1 or control siCont for 24 h and 

then a

rested at the different phases of cell cycle before being harvested for IB analysis with 

indicated Abs.

(D) HeLa cells were transfected with siRNA targeting CDC20 or CDH1, along with control 

siCont for 24 h; then cells were synchronized at the M phase by nocodazole block and 

released for indicated time points. Cells were harvested for IB analysis with indicated Abs.
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(E) H1299 cells were pretreated with 10 μM MG132 for 8 h before harvesting for IP assay 

using anti-CDC20 or anti-CDH1 Abs, along with IgG control, followed by IB analysis with 

indicated Abs.

(F) H1299 cells were transfected with a plasmid expressing FLAG-tagged SAG-WT or 

SAG-MU, along with the vector control for 48 h with the last 8-h treatment of 10 μM 

MG132 before harvesting. Cell lysates were prepared for IP with IgG control or anti-CDH1 

Ab (D), followed by IB analysis with indicated Abs.

(G) The 293 cells were transfected with the indicated combination of plasmids for 48 h. In 

the last 8 h, 10 μM MG132 was added. Cell lysates were prepared for Ni-bead pull down in 

8 M urea, and washed beads were subjected to PAGE, blotted with anti-SAG Ab.

Also see Figures S7 and S8.
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Figure 6. SAG Degradation-Resistant Mutant Promotes the G1-to-S Transition and Cell Survival
(A) H1299 cells were transfected with indicated plasmids for 24 h. Cells were then arrested 

at the G1 phase by palbociclib and harvested at 8 or 12 h after release for FACS analysis 

(left). The percentage of the cell population at the G1 or S phase was plotted (right). Shown 

is mean ± SEM from three independent experiments. *p < 0.05; NS, not significant.

(B and C) H1299 cells were transfected with various indicated plasmids for 24 h, 

synchronized at G1 phase by palbociclib block, then released for indicated time points, and 

followed by IB analysis with indicated Ab.

(D) H1299 cells were transfected with indicated plasmids for 24 h and released from 

palbociclib block for indicated times. Cell lysates were prepared for IP with anti-CDH1 Ab, 

followed by IB with indicated Abs.

(E) H1299 cells expressing the indicated plasmids were subjected to clonogenic survival 

assays. The plates were stained and photographed (top). The colonies with greater than 50 
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cells were counted and plotted (bottom). Shown are mean ± SEM from three independent 

experiments. *p < 0.05; **p < 0.01.

Also see Figure S9.
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Figure 7. Working Model
Under normal conditions (normal), SAG is degraded by CDH1 at the G1 phase but inhibits 

APC/C at the M phase to ensure a timely progression of the cell cycle. Under a condition of 

high SAG (e.g., overexpression in cancer cells), SAG escapes from CDH1 degradation to 

accelerate the G1-to-S transition. Under a condition of low SAG (e.g., SAG inactivation by 

drug or siRNA), APC/C is prematurely activated to promote mitotic progression and 

slippage, leading to drug resistance.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-SAG home-made (Jia et al., 
2010)

N/A

Rabbit Polyclonal anti-APC2 Cell Signaling Cat# 12301s; RRID:AB_2619505

Rabbit monoclonal anti-APC11 Cell Signaling Cat# 14090s; RRID:AB_485228

Rabbit monoclonal anti-CyclinB1 Cell Signaling Cat# 12231; RRID:AB_369073

Rabbit monoclonal anti-Securin Cell Signaling Cat# 13445; RRID:AB_564009

Rabbit monoclonal anti-Aurora A Cell Signaling Cat# 91590s; RRID:AB_451072

Rabbit monoclonal anti-PLK1 Cell Signaling Cat# 4513; RRID:AB_613880

Rabbit monoclonal anti-Phosphorylation- H3(ser10) Cell Signaling Cat# 3377p; RRID:AB_10688281

Mouse monoclonal anti-Cyclin A Cell Signaling Cat# 4656P; RRID:AB_563675

Mouse monoclonal anti-UBE2C Santa Cruz Cat# sc271050; RRID:AB_11215373

Mouse monoclonal anti-CDC20 Santa Cruz Cat# sc13162; RRID:AB_2244441

Rabbit polyclonal anti-UBE2S Abcam Cat# ab177508; RRID:AB_2211467

Rabbit polyclonal anti-CDH1 Abcam Cat# ab217038; RRID:AB_10650758

Mouse monoclonal anti-FLAG Sigma Cat# F1804–200UG; RRID:AB_1537400

Mouse monoclonal anti-p27 BD Biosciences Cat# BD554069; RRID:AB_563927

Chemicals, Peptides, and Recombinant Proteins

MG132 Sigma Cat#: M7449

Palbociclib Selleckchem Cat#: S1116

Thymidine Sigma Cat#: T1895

Nocodazole Sigma Cat#: M1404

Taxol Selleckchem Cat#: S115010

RO3306 R&D systems Cat#: 4181

Paclitaxel FRESENIUS KABI, Cat#: 760305

Pro-TAME R&D systems Cat#: I-440–01M

Critical Commercial Assays

ATPlite Luminescence Assay Kit PerkinElmer Cat#: 6016943

Experimental Models: Cell Lines

H1299 American Type Culture 
Collection (ATCC)

Cat# NCI-H1299 ATCC® CRL-5803

H2170 ATCC NCI-H2170 [H2170] ATCC® CRL-5928

HEK293 ATCC Cat# 293 [HEK293] ATCC® CRL-1573

HeLa ATCC Cat# HeLa ATCC® CCL-2

A549 ATCC Cat# A549 ATCC® CCL-185

A427 ATCC Cat# A-427 ATCC® HTB-53

H1299: lentivirus-based siRNA knockdown of SAG (Lt-SAG), 
along with scrambled siRNA control (Lt-Cont)

Tan et al., 2016 N/A

Oligonucleotides

siRNA targeting sequence: APC2: 
TGCGCGGAGTCTTGTTCTTTA

Genepharma N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

siRNA targeting sequence: APC11: 
GACCATTCATGTGACCIIIII GG

Genepharma N/A

REAGENT or RESOURCE SOURCE IDENTIFIER

siRNA targeting sequence: UBE2C: 
CCUGCAAGAAACCUACUCA

Genepharma N/A

siRNA targeting sequence: UBE2S: 
CCTCCAACTCTGTCTCTAA

Genepharma N/A

siRNA targeting sequence: SAG: 
CCTGTGGGTGAAACAGAACAA

Genepharma N/A

siRNA targeting sequence: SAG#2: 
GAGGACUGUGUUGUGGUCU

Genepharma N/A

siRNA targeting sequence: RBX1: 
GACTTTCCCTGCTGTTACCTAA

Genepharma N/A

siRNA targeting sequence: CDH1: 
UGAGAAGUCUCCCAGUCAG

Genepharma N/A

siRNA targeting sequence: CDC20: 
CGGCAGGACUCCGGGCCGA

Genepharma N/A

Recombinant DNA

Plasmid: pcDNA3 This paper N/A

Plasmid: pcDNA3-Flag-SAG This paper N/A

Plasmid: pcDNA3-Flag-SAG (R98A/L101A) This paper N/A

Plasmid: pcDNA3-Flag-APC11 This paper N/A

Plasmid: pcDNA3-Flag-CDC20 This paper N/A

Plasmid: pcDNA3-Flag-CDH1 This paper N/A

Plasmid: pcDNA3-His-ubiqutin This paper N/A

Software and Algorithms

GraphPad Prism software version 5.01 GraphPad https://www.graphpad.com/support/
prism-5-updates/

ImageJ NIH Image https://imagej.net/Download
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https://imagej.net/Download
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