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ABSTRACT

CRL and APC/C belong to the RING-finger-type E3 ligases, and both play important roles in cell cycle
regulation. Recently, we found that SAG, a RING component of CRL, acts as an endogenous inhibitor of
APC/C by competing with APC2 for E2s binding; while APC/C®P"" targets SAG for ubiquitylation and
degradation at G1 phase. The negative crosstalk between these two E3s ensures the orderly cell cycle

progression.

The RING-finger-type E3 ligases are the largest family of E3
ubiquitin ligases, and mainly include the CRL (Cullin-RING
ligase) and APC/C (Anaphase-Promoting Complex). The CRL
complex is composed of four components: the scaffold protein
Cullin, the substrate recognition protein F-box, the adaptor
protein, and the RING finger protein with only two family
members, RBX1/ROC1 and RBX2/ROC2/SAG.! SAG (sensitive
to apoptosis gene) was originally cloned as a redox-inducible
gene, which encodes a protein of 113 amino acids with 12
cysteine residues. By forming intra- and inter-molecule disul-
fide bonds in response to oxidant exposure, SAG protein pos-
sesses the non-enzymatic antioxidant activity.” SAG was
subsequently found to be the second member of a RING finger
component in CRLs with E3 ligase activity.’

APC/C is another RING-finger-type E3 complex containing
at least 15 different subunits, including the cullin-related pro-
tein APC2 and the RING finger protein APC11. APC/C ligase
is mainly activated during the cell cycle between metaphase
and the end of the next G1 depending on the association with
two activator proteins CDC20 and CDHI. Specifically, APC/
CPC? triggers the progression of metaphase to anaphase,
while APC/CP™! is activated to initiate mitotic exit and main-
tain a stable G1 state.

The negative crosstalk between the CRL, especially RBX1/
E3, and APC/C has been revealed by many previous studies,
mostly focusing on mutual degradation of the two E3
components.*> Whether and how the crosstalk also exists
between SAG/E3 and APC/C was completely unknown. Our
recent studies showed that unlike RBX1, which solely com-
plexes with E2 ubiquitin-conjugating enzymes CDC34 or
UBCH2C to promote substrate ubiquitylation via the K48
linkage, SAG prefers to complex with UBE2C and UBE2S E2
to promote substrate ubiquitylation via the K11 linkage.>”
Given that APC/C E3 also couples with UBE2C and UBE2S
for substrate ubiquitylation, and the levels of UBE2C and
UBE2S fluctuates during the cell cycle,® we hypothesized that
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SAG and APC/C may negatively cross-talk with each other by
competitively binding for the same E2s to ensure proper cell
cycle progression.

In our most recent study,” we reported that SAG knock-
down significantly enhanced the binding between APC2 and
UBE2C and UBE2S, and vice versa for enhanced SAG-UBE2C
/UBE2S binding upon APC2 knockdown. Significantly,
enhanced binding of APC2-UBE2C/2S triggered by SAG-
knockdown biochemically activates APC/C ligase activity,
leading to increased degradation of APC/C substrates, and
biologically accelerated mitotic progression in both unsyn-
chronized and synchronized cells.

The APC/C ligase activity was shown to confer drug resis-
tance by triggering mitotic slippage via progressively degrading
cyclin Bl in response to continuous anti-microtubule drugs."’
Indeed, we found that SAG depletion promoted mitotic slip-
page and apoptosis protection under continuous exposure to
anti-microtubule drugs in a manner dependent of APC/C
activity, eventually leading to drug resistance in both in vitro
cell culture and in vivo xenograft tumor models. Under this
condition, SAG targeting may trigger the unfavorable results
when used in combination with antimitotic drugs.

On the other hand, we found interestingly that the SAG
protein levels were also fluctuated during cell cycle progres-
sion, with the highest levels at the M phase and lowest levels at
the G1 phase. While the high levels of SAG at the M phase
likely keep the APC/C activity under the control by competi-
tive E2 binding to ensure proper mitotic progression, the low
levels of SAG at the G1 phase, where CDHI is expressed at the
highest level, were the result of targeted degradation by APC/
C“PH! Specifically, we identified an evolutionarily conserved
D-box in the SAG protein sequence, which can be recognized
by CDHI1. As such, APC/C®""" promoted the ubiquitylation
and degradation of SAG through a D-box-dependent manner
at the G1 phase. Moreover, degradation of SAG by APC/C“P™!
to maintain the low level of SAG at the G1 phase was critical for
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Figure 1. The competition between SAG and APC/C for UBE2C/S binding during cell cycle. Under physiological conditions, activated APC/C<°"" at the G1 phase targets
SAG for ubiquitylation and degradation to maintain the stable G1 status. Under high SAG conditions (e.g. SAG overexpression in cancers), SAG “sucks” UBE2C/2S from
CDH1, thus impairing the APC/C®""" ligase activity to accelerate the G1-to-S transition. Under low SAG conditions (e.g. SAG knockdown by siRNAs or SAG inactivation by
drugs), more UBE2C/2S are freed up to couple with APC/C, thus prematurely activating its ligase activity to promote the mitotic slippage, eventually leading to
resistance to antimitotic drugs. SAG: sensitive to apoptosis gene, APC/C: Anaphase-Promoting Complex.

the orderly Gl-to-S transition, since ectopic expression of
D-box mutant SAG, a degradation resistant version of SAG,
impaired the APC®""'" activity by competing for UBE2C/2S
binding, thus promoting the G1-to-S transition, and conferring
tumor cell survival.

Based on these results, we proposed a working model that
the competition between SAG and APC/C for UBE2C/S bind-
ing is a dynamic process. In normal physiological conditions,
APC/CP™!| mainly activated at the G1 phase, triggers SAG
ubiquitylation and degradation to maintain the activity of
APC/C by reducing the SAG-E2s competition, which is like
a feed-forward loop to ensure the APC/C activity at the GI
phase. When in a high SAG condition (e.g. overexpression in
cancers), SAG will “win” the competition for UBE2C/2S bind-
ing with CDHI, which, to some extent, impairs the ligase
activity of APC/CP™!, therefore leading to accelerated G1-to
-S transition. Under the low SAG expression conditions (e.g.
SAG knockdown by siRNAs or SAG inactivation by drugs),
more free UBE2C/2S then couple with APC/C to enhance its
ligase activity, thereby promoting the mitotic progression and
slippage, eventually leading to antimitotic drug resistance
(Figure 1).

In summary, the two RING-finger-type E3 ubiquitin ligases,
SAG/E3 and APC/C, negatively regulate each other to ensure the
fidelity of cell cycle progression. Disrupting this fine balance will
lead to unfavorable cell proliferation and drug resistance.
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