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Summary

Error-free chromosome segregation depends on timely activation of the multi-subunit E3 ubiquitin ligase APC/C. Activation of the
APC/C initiates chromosome segregation and mitotic exit by targeting critical cell-cycle regulators for destruction. The APC/C is the
principle target of the mitotic checkpoint, which prevents segregation while chromosomes are unattached to spindle microtubules. We
now report the identification and characterization of APC16, a conserved subunit of the APC/C. APC16 was found in association with
tandem-affinity-purified mitotic checkpoint complex protein complexes. APC16 is a bona fide subunit of human APC/C: it is present
in APC/C complexes throughout the cell cycle, the phenotype of APC16-depleted cells copies depletion of other APC/C subunits, and
APCI16 is important for APC/C activity towards mitotic substrates. APC16 sequence homologues can be identified in metazoans, but
not fungi, by four conserved primary sequence stretches. We provide evidence that the C. elegans gene K10D2.4 and the D. rerio gene
zgc:110659 are functional equivalents of human APC16. Our findings show that APC/C is composed of previously undescribed
subunits, and raise the question of why metazoan APC/C is molecularly different from unicellular APC/C.

Key words: Anaphase-promoting complex, Spindle-assembly checkpoint, E3 ubiquitin ligase, Metaphase-to-anaphase transition, Tandem-affinity

purification

Introduction

Timely destruction of cell cycle regulators by the proteasome is
integral to successful cell division in all eukaryotes. One of the
machineries that promotes protein destruction is the E3 ubiquitin
ligase anaphase-promoting complex/cyclosome or APC/C (Peters,
2006). The APC/C poly-ubiquitylates protein substrates that are
recognized by its coactivator proteins Cdc20 and Cdhl (Fang et
al., 1998b; Kramer et al., 1998; Visintin et al., 1997). Originally
identified by its ability to ubiquitylate cyclin B and thus promote
chromosome segregation in mitosis (Irniger et al., 1995; King et
al., 1995; Sudakin et al., 1995), the APC/C has since been shown
to have many additional targets in mitosis as well as in interphase.
Targets of APC/C®?0 include cyclin A, HOXC10 and Nek2A in
the early stages of mitosis (den Elzen and Pines, 2001; Gabellini
et al., 2003; Geley et al., 2001; Hames et al., 2001) and cyclin B,
securin and Kid during metaphase (Clute and Pines, 1999; Cohen-
Fix et al., 1996; Funabiki and Murray, 2000; Funabiki et al., 1996;
Hagting et al., 2002; Yamamoto et al., 1996; Zou et al., 1999; Zur
and Brandeis, 2001). Shortly thereafter, in early anaphase, Cdhl
takes over from Cdc20 (Hagting et al., 2002) and aides the APC/C
in ubiquitylating a variety of substrates in late mitosis or interphase
that include aurora B, Plkl, Cdc20, Mpsl and geminin (Lindon
and Pines, 2004; McGarry and Kirschner, 1998; Palframan et al.,
2006; Pfleger and Kirschner, 2000; Prinz et al., 1998; Stewart and
Fang, 2005; Zielke et al., 2008) [a list of additional APC/Ctd"!

substrates is provided by Li and Zhang (Li and Zhang, 2009)]. By
ensuring destruction of these proteins, the APC/C is responsible
for timely chromosome disjunction and mitotic exit (e.g. cyclins
and securin), as well as for coordination of events that initiate a
single round of DNA replication (e.g. cyclin A and geminin).
Although recently challenged (Walker et al., 2008), the APC/C is
proposed to auto-inhibit by targeting its associated E2 ubiquitin
conjugating enzyme UbcH10 for destruction in late G1, allowing
essential cell cycle regulators such as cyclin A to accumulate
during S phase (Rape and Kirschner, 2004).

The APC/CC%20 is the principal target of the mitotic (or spindle
assembly) checkpoint, a surveillance mechanism that ensures
that cells cannot initiate chromosome segregation until all
chromosomes are stably attached to spindle microtubules
(Musacchio and Salmon, 2007). Unattached chromosomes
catalyse production of an APC/C inhibitor termed mitotic
checkpoint complex (MCC), thus preventing premature
chromosome segregation and mitotic exit (Hardwick et al., 2000;
Kulukian et al., 2009; Sudakin et al., 2001). The mitotic
checkpoint protein BubR1 (also known as BUB1J; in complex
with Bub3) is an essential component of the MCC as it directly
binds Cdc20 and inhibits APC/C activity in vitro (Fang, 2002;
Kulukian et al., 2009; Tang et al., 2001a). In cells, the inhibitory
activity of BubR 1 requires Mad?2 to visit unattached kinetochores,
and in vitro Mad2 strongly stimulates the ability of BubR1 to
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inhibit the APC/C (De Antoni et al., 2005; Fang, 2002; Kulukian
et al., 2009). Although evidence to the contrary exists (Nilsson et
al., 2008), Mad2 might in addition be part of the MCC, as it has
been found in APC/C complexes (Herzog et al., 2009) and can
inhibit APC/C activity in vitro (Fang et al., 1998a; Herzog et al.,
2009). In addition to its composition, the mode of inhibition of
APC/C by the MCC is not fully understood. It is mediated by
Cdc20 interactions (Kulukian et al., 2009) and requires
recognition of the KEN box motifs of BubR1 that in other proteins
can function as a destruction signal for APC/C substrates (Burton
and Solomon, 2007; King et al., 2007; Malureanu et al., 2009).
The MCC partly replaces Cdc20 from its normal binding site on
the APC/C complex, diminishes UbcH10 binding and substrate
binding, and imposes a structural rearrangement that puts APC/C
in a closed conformational state (Herzog et al., 2009). Whether
these structural changes are sufficient to explain the potent
inhibition of APC/C activity by the MCC remains to be
investigated.

The APC/C is a complex 20S multisubunit assembly (Peters,
2006). The APC/C is composed of at least 11 subunits, which are
conserved between yeast and vertebrates: APC1-6, APCS, APC10,
APCI11, APC13 and Cdc26. Four of these (APC3/Cdc27,
APC6/Cdcl6, APC8/Cdc23 and Cdc26) in addition to the
coactivator protein Cdc20 had previously been identified as CDC
mutants that caused G2-M delays in the genetic screens by
Hartwell and colleagues (Hartwell et al., 1974; Irniger et al.,
1995; King et al., 1995; Lamb et al., 1994; Sudakin et al., 1995;
Tugendreich et al., 1995; Zachariae et al., 1998; Zachariae et al.,
1996). Three of the four ‘CDC’ subunits of the APC/C have
tetratricopeptide (TPR) repeats (Lamb et al., 1994) and are
involved in coactivator binding (Thornton et al., 2006; Vodermaier
et al., 2003). E3 ligase activity can be reconstituted in vitro by a
two-subunit complex composed of the scaffold APC2 and APC11
that have cullin homology and ring-finger motifs, respectively
(Gmachl et al., 2000; Leverson et al., 2000; Tang et al., 2001b; Yu
et al., 1998). This catalytic module functions in concert with three
E2 ubiquitin conjugating enzymes to poly-ubiquitylate substrates.
Ubiquitylation is initiated by the E2 enzymes UBE2C/UbcH10
and UBE2D1/UbcHS, while ubiquitin chains are further elongated
by Ube2S (Aristarkhov et al., 1996; Garnett et al., 2009; Irniger
et al., 1995; King et al., 1995; Osaka et al., 1997; Townsley et al.,
1997; Williamson et al., 2009; Wu et al., 2010; Yu et al., 1996).
Finally, the small subunit APC10 may be involved in APC/C
processivity and/or substrate recognition (Carroll and Morgan,
2002; Matyskiela and Morgan, 2009; Passmore et al., 2003). It is
unclear what role the other subunits fulfill in APC/C functionality,
but most are essential for budding yeast viability [see Thornton
and Toczyski (Thornton and Toczyski, 2003) and references
therein].

In addition to the 11 ‘core’ subunits that are found in APC/C
complexes in metazoans, plants and fungi (reviewed by Capron et
al., 2003; Peters, 2006), additional species-specific subunits have
been identified. APC9 associates with the APC/C in several fungi
including budding yeast and promotes efficient ubiquitylation of
some but not all mitotic budding yeast APC/C substrates (Page et
al., 2005). Likewise, APC14 is a bona fide APC/C component in
fission yeast only (Yoon et al., 2002), and both yeast model
organisms, but not metazoans, have an additional, related APC/C
subunit, termed Mnd2 in budding yeast or APC15 in fission yeast
(Page et al., 2005; Yoon et al., 2002). Mnd2 is required for APC/C
function in meiosis (Yoon et al., 2002). Finally, APC/C complexes

in Metazoa and plants but not fungi contain APC7, a fourth TPR-
domain containing protein that, like the other TPR subunits,
participates in coactivator binding in human cells (Vodermaier et
al., 2003; Yoon et al., 2002; Yu et al., 1998).

We set out to identify the minimal MCC-APC/C complex in
humans by comparing tandem-affinity purifications of Mad2- and
BubR1-containing complexes from mitotic human cells. This
revealed the presence of C100rf104, recently identified as MSAG
(metabolic syndrome associated gene) by differential cDNA
expression screening of liver genes that respond to high glucose
(Cui et al., 2009). Here we show that C100rf104 (MSAG) is a bona
fide APC/C subunit in human cells and as such we have renamed
it APC16. APC16 is conserved in metazoans and possibly plants
but no apparent homologue has been found in fungi, and we show
functional conservation of APC16 in Caenorhabditis elegans and
Danio rerio.
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Fig. 1. Tandem-affinity purifications of MCC-APC/C identifies the
APC/C interactor C100rf104 (APC16). (A,B) Expression levels of TAP-
tagged Mad2 (A) and LAP-tagged BubR1 (B) relative to the endogenous
proteins. (C,D) SDS-PAGE silver staining of tandem-affinity purifications of
Mad2 (C) and BubR1 (D) from mitotic HeLa cells. Molecular mass markers
as well as some of the interactors are indicated. (E) Primary amino acid
sequence of APC16. Blue indicates sequences covered in the various mass
spectrometry analyses. Red asterisks indicates phosphorylated residues.

(F) Immunoblots (APC4, APC16, BubR1 or APC3/Cdc27) of the various
immunoprecipitates (IP) and of whole-cell lysates (wcl) from mitotic
(nocodazole, N) or interphase (thymidine, T) HeLa cells. (G) Anti-GFP
immunoprecipitates from APC165YP-expressing HeLa cells incubated with
a recombinant securin substrate resulted in a HA-ubiquitin banding pattern
consistent with ubiquitylation. Anti-APC3 immunoprecipitates also
contained ubiquitylation activity whereas control IgG precipitates did not.
The immunoprecipitates with ubiquitylation activity also contained Cdc20
and APC6/Cdc16.
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Results

Tandem-affinity purification of MCC complexes identifies
C100rf104

To examine the protein composition of MCC-containing complexes,
the MCC was tandem-affinity purified from mitotic HeLa cell
lines that stably expressed Mad2 or BubR1 fused to the tandem-
affinity purification tag TAP or LAP, respectively (Fig. 1A-D;
supplementary material Fig. S1). Proteolytic digestions of urea
eluates were then processed for peptide identification by mass
spectrometry. Present in the TAP-Mad2 purifications were the
direct Mad2 interactors Madl and p31comet (Chen et al., 1998;
Habu et al., 2002) as well as TPR (Lee et al., 2008), PRP4
(Montembault et al., 2007) and ZW10, KNL1 (blinkin) and Rael
(Table 1). BubR1 interactors included the direct interactor KNL1
(Kiyomitsu et al., 2007) and Bub1 (Taylor et al., 2001). Although
some of the proteins found in the TAP-Mad2 purifications are
predicted to be specific for Mad2 association, because fewer cells
were used for the BubR1 pull-downs (supplementary material Fig.
S1) it cannot be excluded that some proteins detected solely in the
TAP-Mad2 purifications also associated with BubR1-containing
complexes, yet failed to be sufficiently covered. Overlay of all
identified proteins from the separate purifications pinpointed a
number of proteins that were present in both samples at high
coverage and that thus probably constituted the MCC-associated
protein complexes. As expected (Herzog et al., 2009), all MCC
components including Bub3 and Cdc20, as well as the majority of
APC/C subunits were present. Notable exceptions were APCl11
and APC13, perhaps because of difficulty in detection owing to a

Table 1. Mass spectroscopic analysis of TAP-Mad2 and LAP-
BubR1 purifications

Molecular TAP-Mad2 LAP-BubR1
Name mass (kDa) coverage (%) coverage (%)
TAP bait
Mad2 23.5 86.80 22.40
BubR1 119.5 38.10 57.20
MCC
Bub3 37.2 46.00 55.80
Cdc20 54.7 45.70 22.40
APC/C
APCI1 216.5 37.20 7.50
APC2 93.8 21.50 4.10
APC3/Cdc27 91.8 34.20 7.40
APC4 92.1 55.70 5.40
APC5 85.1 49.90 5.60
APC6/Cdcl6 71.5 48.10 7.40
APC7 63.2 58.80 11.70
APC8/Cdc23 68.3 53.10 11.20
APC10 21.2 30.80 ND
Cdc26 9.8 54.10 ND
Other — kinetochore
Bubl 122.3 ND 15.90
KNL1/blinkin 265 7.70 6.20
Madl 91.7 56.50 ND
Zwint-1 31.3 34.70 ND
Rael 41 31.50 ND
p31lcomet 31.1 65.30 ND
PRP4 58.4 46.90 ND
TPR 265.6 12.30 ND
Other — uncharacterized
c100rf104 11.7 51.80 63.70

Significant proteins were chosen based on criteria outlined in Materials and
Methods except APC2, APC10 and Cdc26, which were chosen based on their
association with the mitotic APC/C.

ND, not determined.

combination of their small size (9.8 and 8.5 kDa, respectively) and
amino acid composition, as previously noted (Kraft et al., 2003).
Consistently present in all purifications was the previously
uncharacterized 11.7 kDa protein C10o0rf104, which we have
renamed APC16 (see functional characterizations below; Table 1).
In all purifications combined, we identified four peptides that
together covered 61.4% of the primary APC16 sequence and
contained six putative phosphorylated residues (Fig. 1E).

APC16 is a constitutive subunit of the APC/C holocomplex
To address whether APC16 behaved as a component of the MCC,
the APC/C, or neither, we examined association of APC16 with
APC/C complexes in mitosis and interphase. An antibody raised to
APC16 recognized a ~12 kDa band that was enriched in
immunoprecipitations and that was reduced in intensity upon
APC16 RNAI (see below). We therefore conclude that the antibody
recognizes endogenous APC16 protein. Immunoprecipitations of
the APC/C using APC3/Cdc27 or APC4 antibodies coprecipitated
APC16 and, vice versa, APC16 precipitations contained the
APC3/Cdc27 and APC4 subunits (Fig. 1F). Since APC3/Cdc27 is
part of the ‘head’ domain of the APC/C whereas APC4 is part of
the ‘platform’ domain (Herzog et al., 2009), the fact that both
APC3/Cdc27 and APC4 coprecipitated with APC16 indicated that
the entire APC/C assembly was co-purified with APC16. In
agreement with this, gelfiltration experiments showed that APC16
co-migrated with the APC/C holocomplex at around 1.5 MDa (Fig.
4B). As an alternative strategy for monitoring APC16, we generated
a HeLa-derived cell line stably expressing APC165YF?, Precipitation
of APCI6EY? using anti-GFP antibodies and gelfiltration
experiments verified its association with APC/C complexes in
mitotic cells (supplementary material Fig. S2A-C) Importantly,
APCI16EYFP precipitations from these cells co-purified E3 ubiquitin
ligase activity (Fig. 1G). To our knowledge, this is only the second
report of incorporation of a tagged subunit into the APC/C in
human cells, the first being APCS8 (Poser et al., 2008). Endogenous
APC16 was found associated with APC3/Cdc27 and APC4 in
interphase, thymidine-blocked cells, as well as in mitotic,
nocodazole-blocked cells, whereas BubR 1 was found associated to
APC/C complexes only in mitotic cells (Fig. 1F). Similarly, APC16
immunoprecipitates from interphase as well as mitotic cells
contained APC3/Cdc27 and APC4, whereas BubR1 associated
with APC16-containing complexes only in mitosis (Fig. 1F). Similar
results were obtained with precipitations from the APC16EYFP
HeLa cells (supplementary material Fig. S2). Thus, APCI16 is a
constitutive interactor of the APC/C in human cells.

Prolonged metaphase delays in cells depleted of APC16

Genetic inactivation of APC/C components in yeast, worms, flies
and mice, and injection of anti-APC/C antibodies in mammalian
cells have been reported to result in arrest at metaphase (Furuta et
al., 2000; Golden et al., 2000; Irniger et al., 1995; Sigrist and
Lehner, 1997; Tugendreich et al., 1995; Wirth et al., 2004). To
examine whether the constitutive association of APC16 with the
APC/C reflected a functional role for APC16 in APC/C activity,
mitotic progression was analyzed by time-lapse microscopy of
HeLa cells expressing H2BEY™ upon RNAi-mediated knockdown
of APC16, and compared with knockdown of established APC/C
subunits. Depletion of APC16 with double-stranded siRNA
oligonucleotides directed against the ORF or the 3’ or 5" UTRs
(Fig. 2A) caused strong mitotic delays in the vast majority of cells
(Fig. 2B-E). The average time spent in mitosis was 45 minutes for
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Fig. 2. APC16 depletion prevents exit from mitosis. (A) Immunoblots of cells transfected with the indicated siRNA oligonucleotides. UTR (untranslated region)
and ORF (open reading frame) refer to location of the siRNA targeting sequence within endogenous APC16 mRNA. (B) Selected frames of a live cell imaging
series of HeLa-H2BEYFP cells either mock transfected or transfected with APC16 siRNA (#11, ORF). The arrows and arrowheads each point to a cell with a
metaphases of ~8 hours (arrow) and at least 10 hours (arrowhead). (C) Graph of the cumulative duration of mitotic phases in cells transfected and analyzed as in B.
Each bar represent one cell. Bars indicate time from nuclear envelope breakdown (NEB) to metaphase (white), from the first frame of metaphase to either
anaphase, death (black, usually preceded by loss of chromosome alignment for 1-2 hours), or the end of the time-lapse (TL) experiment (gray). Red indicates post-
metaphase stages. (D) Whisker diagram of the duration of mitosis (NEB to anaphase) in HeLa cells transfected with the indicated siRNA oligonucleotides and
imaged with DIC microscopy. Cells never entering anaphase were included provided they had entered mitosis at least 6 hours before the experiment was
terminated. The number of cell analyses (») is indicated. Data are of at least three independent experiments. (E) The percentage of cells (transfected and imaged as
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with plasmids and siRNA oligonucleotides as indicated, in which mitosis took longer than 4 hours. Values are means + s.d. of transfected (EYFP-positive) and
untransfected (EYFP-negative) cells in the same well; data are from two independent experiments.

control cells and 75, 112, 115 or 258 minutes for cells depleted of
APC16 with each of the four siRNAs, respectively (Fig. 2D).
Analysis of the individual stages of mitosis indicated that the delay
was due to a strong increase in the time spent in metaphase,
whereas the duration of prometaphase was mostly unaltered
compared with cells transfected with mock siRNAs (Fig. 2B,C).
The length of metaphase varied between cells, but could be as long
as 18 hours (Fig. 2C,D). Long metaphase delays were often
followed by loss of chromosome alignment prior to cell death (not
shown). Depending on the siRNA used, 16-45% of cells with
reduced APC16 delayed metaphase for more than 4 hours,
compared with 1% in control cells (Fig. 2E). Importantly, in all
analyses, depletion of APC8 or APC2 delayed mitosis to similar
extents as APC16 depletion (Fig. 2D,E).

All four siRNA oligonucleotides to APC16 caused comparable
mitotic phenotypes in cells, albeit to different extents (Fig. 2E). To
further verify specificity of APC16 knockdown, the effects of an
oligonucleotide targeting the 5' UTR of APC16 (APC16si#12)

were examined in cells transiently expressing epitope-tagged
APC16 lacking UTRs in the sequence. Whereas 36% of cells
transfected with control plasmids were in mitosis for more than 4
hours upon APC16 depletion, only 12% of cells expressing
APC165Y™? were (Fig. 2F). Importantly, this threefold reduction in
the fraction of cells with prolonged mitosis did not reflect sample-
to-sample variation, as the untransfected cells in both preparations
behaved similarly (mitosis lasted >4 hours in 27% versus 30% of
cells, respectively; Fig. 2F). To our knowledge, this is the first
report of a (partial) functional rescue of an APC/C-depletion
phenotype in human cells. Taken together, these data support the
hypothesis that APC16 is required for the metaphase-to-anaphase
transition.

APC16 depletion stabilizes mitotic APC/C substrates

Deletion of Apc2 in mice stabilizes securin and the cyclin substrates
of the APC/C (Wirth et al., 2004). Reduction of the levels of APC2
in human cells was similarly shown to stabilize the early mitotic
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Fig. 3. Stabilization of APC/C substrates following depletion of APC16.
(A,B) Immunoblots [securin and tubulin (A) or cyclin A and tubulin (B)] of
lysates from HeLa cells transfected with the indicated siRNA oligonucleotides.
In A, all cells were collected after 12 hours of nocodazole treatment or after an
additional 2 hours following nocodazole washout. In B, mitotic APC/C siRNA
cells were collected by shake-off prior to nocodazole addition, then treated
with nocodazole for 12 hours followed by either nocodazole washout or
treatment with the cdk1-inhibitor RO-3306 for an additional 2 hours.

(C,D) Graph of relative fluorescence intensity of mCherry-D-Box (cyclin
B'*) in individual HeLa-mCherry-cyclinB!**° cells transfected with the
indicated siRNA oligonucleotides. In APC/C siRNA samples, only cells that
were delayed in mitosis for at least 4 hours were analyzed for stability of
mCherry-D-Box. Plots are representative of at least two independent
experiments, at least five cells per experiment. Immunoblot in D shows APC8
and tubulin protein levels in the imaged cells.

APC/C substrate cyclin A (Wolthuis et al., 2008). To further
determine whether APC16 plays a role in APC/C functionality, the
levels of various substrates of the APC/C were examined in cells
depleted of APC16, APC2 or APC8. Control populations were
enriched for mitotic cells by treatment with nocodazole for 12
hours, after which the mitotic cells were harvested by shake-off.
APC/C-subunit-depleted cells were first harvested by shake-off in
the absence of nocodazole (to ensure enrichment of cells properly
depleted of APC/C subunits; see Fig. 2C) and subsequently treated
with nocodazole for 12 hours to allow comparison with mitotic
control cells. Securin was easily detectable in nocodazole-treated
control cells, and its levels diminished when cells were released
from nocodazole and allowed to satisfy the mitotic checkpoint and
initiate anaphase and mitotic exit (Fig. 3A). By contrast, Securin

levels in APC2- and APC16-depleted, nocodazole-treated cells
were significantly higher than in controls and did not reduce upon
nocodazole release (Fig. 3A). Although the latter is probably the
result of the metaphase arrest of APC2- and APC16-depleted cells,
the strikingly elevated securin levels in these cells after nocodazole
treatment were indicative of a defect in APC/C activity. Normally,
residual APC/CC%20 activity in cells treated with nocodazole is
responsible for slow but persistent degradation of cyclin B in a
process known as mitotic slippage (Brito and Rieder, 2006). The
observations that securin is stabilized under similar circumstances
upon depletion of APC16 or APC2 suggests that this residual
APC/C activity is ablated in these cells.

As expected, nocodazole-treated control cells had low levels of
the early mitotic APC/C substrate cyclin A (Wirth et al., 2004;
Wolthuis et al., 2008) (Fig. 3B). The remaining pool of cyclin A in
these cells was degraded upon release from nocodazole or after
forced exit from mitosis by treatment with the Cdk1 inhibitor RO-
3306 [Fig. 3B and Vassilev et al. (Vassilev et al., 2006)]. APC16-
and APC2-depleted, nocodazole-treated cells, however, had high
amounts of cyclin A, a significant fraction of which remained
stable when these cells were forced out of mitosis (Fig. 3B). To
measure APC/C-dependent protein destruction in real time (Clute
and Pines, 1999), fluorescence of an artificial APC/C substrate was
analyzed in HeLa cells stably expressing mCherry-cyclinB!°,
containing the D-box of cyclin B, which is recognized and
polyubiquitylated by the APC/C (Fang et al., 1998b; Gascoigne
and Taylor, 2008). Total cellular fluorescence, set to 100% at
nuclear envelope breakdown, remained relatively stable during the
variable lengths of prometaphase in control cells, after which levels
dropped to background within ~30 minutes at comparable rates
(Fig. 3C,D). In cells depleted of APC16, mCherry-cyclinB!°
levels remained constant at or near 100% levels for several hours,
showing no signs of slippage (Fig. 3C). Similarly, APC2- or APC8-
depleted cells did not degrade mCherry-cyclinB!*° (Fig. 3D),
indicating that APC/C activity was fully inhibited in cells depleted
of any of the three APC/C subunits. Combined, these data strongly
suggest that APC16 is a functional subunit of the APC/C that, like
APC8 and the catalytic core subunit APC2, is of critical importance
for APC/C activity towards mitotic substrates.

APC16 is not required for structural integrity of the APC/C
holocomplex
A specific role within the APC/C complex has been ascribed to
five of its twelve previously identified subunits in yeast and human
cells (see Introduction for more details). In addition, there is
interdependency of subunits with respect to incorporation into the
APC/C. For example, the three TPR subunits in the ‘head’ region
of the APC/C assemble in an ordered fashion: in yeast, APC6/Cdc16
is needed for binding of APC3/Cdc27, whereas APC8/Cdc23 is
upstream of both other TPR subunits (Thornton et al., 2006).
Deletion of APC13 in yeast prevents stable association of
APC3/Cdc27 and APC6/Cdcl6 with the APC/C holocomplex
(Schwickart et al., 2004). Furthermore, deletion of Henl1/Cdc26 in
fission yeast causes disassembly of the APC/C into at least two
subcomplexes, one containing the platform (APC1, 2, 4, 5 and 11)
and one containing the other components (Yoon et al., 2006). The
only report of a direct interactor of APC16 is the RING finger
domain of Rb binding protein 6 (Chibi et al., 2008), suggesting
APC16 may possibly interact with the APC11 RING finger.

To gather more insight into a potential role of APC16 in
holocomplex assembly, we examined whether the APC/C was
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Fig. 4. APC16 is required for phosphorylation of APC3/Cdc27 but not for
assembly of the APC/C holocomplex. (A) Immunoblots of whole cell lysates
of the experiments shown in B and C. (B,C) Immunoblots of cellular fraction
of (B) mock siRNA- or (C) APC16 siRNA-transfected HeLa cells after gel
filtration. Migration of markers is indicated on top and the fractions containing
APC/C are indicated at the bottom. Lines in the APC16 immunoblots indicate
that the samples on either side were run on different gels. (D) Diagram of
APC/C structure, according to Herzog et al. (Herzog et al., 2009).
Approximate location of APC4 and APC3/Cdc27 are indicated. IP,
immunoprecipitation. IB, immunoblot. (E) Immunoblots (APC3/Cdc27 and
APC4) of anti-APC3/Cdc27 immunoprecipitates or whole cell lysates (wcl)
from mitotic lysates of HeLa cells transfected with the indicated siRNA
oligonucleotides. Mock siRNA-transfected cells were collected after 12 hours
of nocodazole treatment, whereas APC16 siRNA-transfected cells were
collected by mitotic shake-off. (F) Immunoblots (APC3/Cdc27) of whole cell
lysates from mitotic HeLa cells transfected with the indicated siRNA
oligonucleotides and left untreated (shake-off) or treated with nocodazole for
12 hours (noco) or MG132 for 90 minutes (MG132 + shake-off). Mock
siRNA-transfected cells were treated with MG132 to enrich for mitotic cells in
metaphase. Two chemiluminescence exposures (long and short exp.) are
shown.

intact in cells lacking APC16. APC16-depleted cells (Fig. 4A)
were collected by mitotic shake-off to ensure that only cells that
had been properly depleted of APC16 were analyzed. APC/C
composition was subsequently compared with that of mock-
depleted cells by gelfiltration. In both mock- and APC16-depleted
cells, the APC/C was comparable in size and contained at least
APC3/Cdc27, APC4 and APCS8 (Fig. 4B,C). In support of this,
immunoprecipitation of the APC3/Cdc27 subunit within the head
domain resulted in co-precipitation of the APC4 subunit within the
platform in mock-transfected, nocodazole-treated cells (Fig. 4D).
APC4 was similarly co-purified with APC3/Cdc27 in cells depleted
of APC16 (Fig. 4D). Together, these experiments indicated that
APCI16, although essential for APC/C function, is not required for
APC/C assembly and incorporation of at least APC3, 4, 5, 6, 8 and

13 into the APC/C holocomplex (Schwickart et al., 2004; Thornton
et al., 2006).

We noted, however, that APC3/Cdc27 was hypophosphorylated
in APC16-depleted cells. Although this hypophosphorylation might
simply reflect a different phosphorylation state of metaphase APC/C
[APC16 RNAI (Fig. 3B) or MG132 (Fig. 4E)] and prometaphase
APC/C (nocodazole, Fig. 4E), we noted that prometaphase APC/C
was similarly hypophosphorylated when APC2, 8 or 16 but not
Cdc20 were depleted (Fig. 4E; supplementary material S2). Since
Cdc20 siRNA nevertheless caused a profound delay in mitosis
(supplementary material Fig. S2), this argues against APC/C activity
in general, at least towards Cdc20-recognized targets, as a
determinant of APC3/Cdc27 hyperphosphorylation. Together, these
data show that APC16 is probably not involved in APC/C assembly
and that APC16 is required for proper hyperphosphorylation of the
APC3/Cdc27 subunit in prometaphase.

APC16 is functionally conserved in Caenorhabditis
elegans and Danio rerio

Primary sequence alignment of human APC16 identified
homologous sequences in the genomes of a variety of vertebrates
(Fig. 5A; supplementary material Figs S3, S4). Sequence similarity
was mostly in four patches, termed AH1-4 (for APC16 homology
1-4; Fig. 5B; supplementary material Fig. S3). The most significant
similarity was found in AH4, suggesting this sequence is important
for APC16 function. Based on this domain, homologues could be
identified in a host of metazoans, including arthropods, nematodes,
sponges, jellyfish and the simple multicellular organism trichoplax
(supplementary material Figs S3, S4). Like APC7, however, no
homologues could be identified in fungi including S. pombe or S.
cerevisiae, but the genomes of various plants including Arabidopsis
thaliana contain a possible APC16 homologue (Fig. 5A,B;
supplementary material Figs S3, S4).

To examine whether some of these APC16-like proteins could
be functional APC/C subunits, candidate orthologues in C. elegans
(K10D2.4) or D. rerio (zgc:110659) were depleted by RNAi or
morpholino oligonucleotides. Previous studies have shown that in
C. elegans APC/C function is required for exit from meiotic M
phase. Inhibition of various C. elegans APC/C subunits by RNAi
or temperature-sensitive mutations causes a ‘metaphase-to-
anaphase-transition defective’ (Mat) phenotype, which is highly
characteristic for APC/C loss of function (Davis et al., 2002; Furuta
et al., 2000; Golden et al., 2000). Importantly, knockdown of
K10D2.4 by RNAI resulted in a clear Mat phenotype. Upon
K10D2.4 RNAI, all fertilized eggs remained arrested at the one-
cell stage within the hermaphrodite uterus (Fig. 5C). The arrest
occurred at the metaphase-to-anaphase transition of meiosis I, and
closely resembled depletion of mar-2 (APC1) (Fig. 5C). In utero
time-lapse microscopy of a K10D2.4-depleted fertilized egg showed
the formation of a metaphase spindle, which persisted for the
duration of the recording (67 minutes). By contrast, wild-type
embryos initiated meiotic anaphase I after 5.1+0.89 minutes and
anaphase II after 19.3+0.45 minutes following exit from the
spermatheca (n=5; Fig. 5D,E; supplementary material Movies 1
and 2). The fact that inhibition of C. elegans K10D2.4 causes a
highly specific APC/C loss-of-function phenotype indicates that
K10D2.4 is an essential APC/C component and an orthologue of
APCI6.

Injection of ATG-directed morpholino oligonucleotides against
APC/C subunits APC11 and APCI16 into zebrafish embryos in
both cases resulted in increased phospho-histone H3 staining in the
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head region of the developing embryo (18-somite stage, 18 hours
post-fertilization) when compared with control morpholino
oligonucleotide injections (Fig. 6A-C). High magnification
observation of the head region in knocked down embryos showed
cells arrested in mitosis (Fig. 6C, inset) consistent with the delay
in mitotic progression seen in cultured cells. Co-injection of mRNA
coding for human APCI16 fused at the C-terminus to EYFP
(APC16FYP) rescued the increased pH3 staining in the head region
(Fig. 6D). Quantification of pH3 staining (normalized to DAPI
staining) in the head region showed more positive cells in APC11
and APC16 knocked down embryos compared with control
embryos (Fig. 6E). This increase was rescued by human APC165YFP
mRNA. Consistent with delayed mitotic progression increased
apoptosis could be observed as early at the shield stage (6 hpf) in
APC11 and APC16 knocked down embryos (Fig. 6F) that again
was rescued with human APC165YFP mRNA. The increased mitotic
index found in APC16 knocked down zebrafish embryos
phenocopies the APC11 knockdown and is rescued by human
APC16%Y'" mRNA. This supports the findings in human cells and
worms showing that APC16 is a bona fide APC/C subunit
responsible for timely mitotic progression.

Discussion

We have presented evidence that the 11.7 kDa protein C100rf104
(APC16) is a bona fide subunit of the APC/C. First,
immunoprecipitations and gelfiltration showed that APC16 co-

recently fertilized eggs with a metaphase spindle. Asterisks
indicate spindles that have been in a prolonged metaphase
arrest. Scale bars: 10 um. Green, GFP—o-tubulin; red,
mCherry-H2B. (D) Frames from time-lapse movies of
meiotic spindles of a wild-type and K10D2.4 embryo. Exit
from the spermatheca was taken as #=0. The cortex is to the
left, background fluorescence was removed with the
Image] ‘subtract background’ command. Scale bars: 2 um.
(E) Quantification of anaphase onset in wild-type and
K10D2.4 RNAi embryos.

purified and co-migrated with the APC/C and that APC16EYFP
coprecipitated E3 ubiquitin ligase activity. All recognized subunits
of the APC/C are constitutively associated with the holocomplex
(Kraft et al., 2003). Besides these, the APC/C interacts with many
transient binding partners that do not constitute the core APC/C,
including the coactivators, inhibitors and substrates. Our
observations that APC16 co-purifies with the APC/C from both
interphase and mitotic cells thus indicates that APC16 is likely a
constitutive component of the APC/C. Second, APC16-depleted
cells have profound delays at metaphase, and as such are
indistinguishable from cells depleted of the recognized subunits
APC2 and APCS. Third, the APC/C substrates cyclin A, securin
and the D-box of cyclin B are stabilized in APC16-depleted cells.
Again, for all three substrates, their levels and the duration of their
stabilization upon APC16 depletion was similar to depletion of
APC2 and APC8. Importantly, we have identified APC16
homologues throughout the animal and plant kingdoms and provide
evidence of functional conservation of APC16 in the nematode C.
elegans and the fish D. rerio. Thus, APC16 is probably essential
for APC/C activity in all metazoans and plants.

It is unclear what the role of APC16 is within the APC/C. Unlike
some other subunits, it is not required for APC/C assembly, and,
although it is required for APC3/Cdc27 phosphorylation in
prometaphase, this role is not unique to APC16. We are currently
testing whether APC16 is involved in coactivator binding, substrate
recognition or E2 binding. In conclusion, the metazoan APC/C has
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Fig. 6. zgc:110659 is a functional D. rerio orthologue of APC16.

(A-D) Larvae were stained in whole-mount for phospho-histone H3 (pH3, red)
at the 18-somite stage. Lateral views of embryos show that many cells are
pH3-positive in the head region of embryos in which APC11 (B) or APC16 (C)
has been knocked down compared with (A) control larvae. Inset in C shows
high power view of mitotically arrested cell in APC16 knocked down embryo.
(D) APC16 knockdown is rescued by mRNA of human APC16 fused to EYFP.
Scale bar: 200 um. (E,F) A significant increase in (E) pH3-positive
(normalized to DAPI-positive cells) and (F) apoptotic cells [per high power
field (HPF)] was found in both APC11 and APC16 knocked down embryos
and was rescued with human APC165YFP mRNA.

a previously overlooked additional small subunit that is essential
for its activity. APCl16-like proteins were not identified in
proteomics analyses of budding and fission yeast APC/C complexes
(Yoon et al., 2002) and, similar to APC7, we were unable to
recognize APC16 sequence orthologues in fungal genomes. It will
be a future challenge to understand why metazoan and plant APC/C
complexes may be composed of partly distinct subunits.

Materials and Methods

Plasmids

BubR1 was amplified by PCR from pcDNA3-myc-BubR1-AsiRNA (Kops et al.,
2004) and inserted into the Xhol-BamHI sites of pIC58 (pEYFP-LAP) to create
pLAP-BubR1. LAP-BubR1 (Afel-Mfel) was then transferred to pJag98 (SnaBI-
EcoRI) to create pBabe-blast-LAP-BubR1. Mad2 was amplified by PCR from
pJAG43 (EYFP-hsMad2) (Shah et al., 2004) and inserted into pJAG168 (pcDNA3.1,
N-terminal TAP tag; protein A-TEV-CBP) to produce pcDNA3.1-TAP-Mad2
(pJAGI179). TAP-Mad2 was excised from pJAG179 (Pmel) and inserted into
pBABEpuro (SnaBI) to create pBABEpuro-TAP-Mad2 (pJAG184). APC16 was
amplified by PCR from isolated HeLa ¢cDNA (primers: 5'-ATGCATGCATAG-
ATCTatggctgcttcatcatcatee-3', 5'-ATGCATGCATCTCGAGacctgaagagggggtgaatec-
3’) to permit cloning into EYFP-N1 (Bg/II-Xhol) or EYFP-C1 (Bg/II-Xhol). APC16
fusions to EYFP were cloned into pPBABEDlast (pJAG98) (Afel-Mfel into SnaBI-
EcoRI) for generation of retrovirus. pLNCX2-mCherry-cyclinB**° was a gift from
Stephen Taylor (Gascoigne and Taylor, 2008). All sequences were verified by
automated sequencing.

Cell lines, tissue culture and transfections

HeLa cells stably expressing LAP-BubR1, TAP-Mad2, APC165Y*" or mCherry-
cyclinB' were established as described previously (Shah et al., 2004). In short,
retrovirus of pLNCX2-mCherry-cyclinB'*°, pBABEpuro-TAP-Mad2, or pBabe-

Blast-LAP-BubR1 or -APC16%Y"? was produced from 293-GP cells and used to
infect HeLa cells. After 2 weeks of selection with G418 (400 pg/ml; Sigma),
puromycin (2 pg/ml; Sigma) or blasticidin (2 pg/ml; Sigma), either polyclonal lines
were maintained (mCherry-cyclinB'*°) or single cells clones were selected by flow
cytometry and analyzed for EYFP expression (BubR1, APC16) or TAP-expression
(Mad2). HeLa cells and HeLa cell clones (H2BEY'F, APC16%Y"P, mCherry-
cyclinB'’, LAP-BubR1 or TAP-Mad2) were grown in DMEM with 8% FBS,
supplemented with penicillin and streptomycin. Effectene (Qiagen) was used for
plasmid transfections. Thymidine (2 mM), aphidicolin (5 pug/ml) and nocodazole
(200 ng ml™") were from Sigma. RO-3306 (10 uM) was purchased from EMD
Biosciences.

Short interfering RNAs

siRNAs to APC16 (C100rf104) were purchased from Dharmacon (siRNA 9, 11, 12:
LQ-018378-01) and Qiagen (siRNA 7: SI04267564). siRNAs to Mock (5'-AGA-
UUCUAGCUAACUGUUC-3"), APC8 (L-009523-00) and APC2 (J-003200-13)
were from Dharmacon. siRNA transfections were done using HiPerfect (Qiagen) and
according to the thymidine-aphidicolin protocol of Meraldi et al. (Meraldi et al.,
2004). In short, cells were blocked with thymidine (2 mM) for 16 hours, released
into medium for 6 hours and transfected with siRNA oligonucleotides. Three hours
post-transfection, aphidicolin (5 pg/ml) was added for 24 hours and released into
medium with or without spindle poisons and prepared for further analysis 12 hours
after release.

Tandem-affinity purifications and mass spectrometry

10" or 10" cells of HeLa-LAP-BubR1 or HeLa-TAP-Mad2 clones, respectively
(see Fig. 1), were blocked in 300 nM nocodazole for 16 hours. Cells were collected
and mixed for further purification of native complexes as described previously
(Cheeseman and Desai, 2005). Mass spectrometry was conducted essentially as
described by Cheeseman et al. (Cheeseman et al., 2004). The samples were analyzed
using a ThermoFinnigan LTQ mass spectrometer using Mudpit with the following
gradients of 500 mM ammonium acetate: 10, 25, 35, 50, 65, 80 and 100%. Results
were searched by Sequest against an NCBI human-mouse-rat database and filtered
with DTA Select.

Antibodies, immunoprecipitations, inmunoblotting and silver stains

A polyclonal antibody to APC16 was prepared from rabbits using a fast immunization
protocol (Davids Biotech, Germany). Rabbits were injected with a mixture of
peptides (SDLAPPRKALFTYPKGAG, ASTLKQVKHDQQVARMEKLA, and
LEADEWRFKPIEQLLGFTPSSG), and antibody was affinity purified against this
mixture. Rabbit anti-GFP was a custom polyclonal antibody. Sheep anti-BubR1 was
a custom polyclonal antibody, produced according to the methods of Taylor et al.
(Taylor et al., 2001). Other antibodies used were, mouse anti-Cdc27 (for immunoblots;
BD Transduction Labs), rabbit anti-Cdc27 (for immunoprecipitations; a gift from P.
Hieter), goat anti-APC4 (C-18; Santa Cruz Biotechnology), rabbit anti-APC8 (A301-
181A), rabbit anti-PTTG (Securin, Zymed), rabbit anti-cyclin A (H-432; Santa Cruz
Biotechnology) and mouse anti-o-tubulin (Sigma). Secondary antibodies for
immunoblotting were from Bio-Rad. For immunoprecipitations, cells were lysed
(50 mM Tris pH 7.5, 150 mM NaCl,, 1% Trition X-100, 5 mM EDTA, 1 mM
NazVOs4, 1 mM B-glycerophosphate, 1 mM NaF and complete protease inhibitor
cocktail; Roche), cleared by centrifugation at 21,000 g for 5 minutes, and incubated
with antibodies coupled to protein A agarose for 2 hours at 4°C. Precipitates were
washed four times with lysis buffer and prepared for further analysis. SDS-PAGE
electrophoresis and immunoblotting were performed according to standard
procedures. Silver staining was done by fixing the gel twice for 15 minutes with 30%
ethanol/10% acetic acid followed by a 30-minute incubation in 0.1 g Na,S,03, 30%
ethanol, 2.5 ml 4 M sodium acetate (pH 6.8). Gels were washed thoroughly with
water and incubated with 0.1 g AgNO3, 25 ml CH,O (formaldehyde) for 30 minutes
and developed with 2.5 g Na,CO3, 50 ml CH,O. The reaction was stopped with 1%
acetic acid.

APC/C ubiquitylation assay

Functional APC/C was purified from mitotic wild-type HeLa cell extracts or from
mitotic APC165Y™P HeLa cell extracts as described by Reddy and colleagues (Reddy
et al., 2007). Anti-GFP (Abcam)-bound Protein G beads were incubated with mitotic
(checkpoint) HeLa APC165YFP extracts. In vitro ubiquitylation assays were carried
out as previously described (Rape and Kirschner, 2004) with HA-ubiquitin (Boston
Biochem) in place of ubiquitin. Recombinant securin was kindly provided by Tao
Wu (Harvard Medical School). Substrate ubiquitylation was detected using
immunoblotting using anti-HA antibody (Abcam).

Gel filtration

Cells were lysed (50 mM Tris pH 7.5, 150 mM NaCl,, 1% Trition X-100, 5 mM
EDTA, 2 mM MgCl,, | mM NazVO,, 1 mM B-glycerophosphate, 1 mM NaF and
complete protease inhibitor cocktail; Roche), cleared by centrifugation at 21,000 g
for 10 minutes, and set to a protein concentration of 10 mg/ml. Lysates were
separated on a Superose 6 HR10/30 column (Pharmacia) at a flow rate of 0.25
ml/min in lysis buffer without protease inhibitors, and 400 pl fractions were collected.
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Live-cell microscopy

For live-cell imaging, cells were plated in eight-well chambered glass-bottom slides
(LabTek II) or 24-well glass bottom plates (MatTek), transfected and imaged in a
heated chamber (37°C and 5% CO,) using a X20/0.5 NA UPLFLN objective on a
Olympus IX-81 microscope, controlled by Cell-M software (Olympus). 16 bit DIC,
EYFP or mCherry fluorescence images were acquired every 4 minutes using a
Hamamatsu ORCA-ER camera. Images of H2B-eYFP are maximum intensity
projections of all Z-planes and were processed using Cell-M software. mCherry-
CyclinB'* signal intensities were quantified with ImageJ software. Circumferences
of cells were drawn and average intensities over time were corrected for bleaching
and background, related to area and plotted relative to the value at nuclear envelope
breakdown (100%)).

C. elegans studies

Caenorhabditis elegans strains were maintained as described previously (Sulston
and Brenner, 1974). The strain used in this study was SV1010 [ruls57(unc-119(+)
pie-1-GFP-o-tubulin); itls37(unc-119(+) pie-1-mCherry—H2B) (may contain unc-
119 (eds) IIT)], which was created by crossing strain EU1561 with strain AZ244. The
RNAI clone for K10D2.4 was obtained from the Ahringer RNAI library (Kamath et
al., 2003). For dsRNA production, gene fragments were amplified in PCR reactions
with flanking T7 primers, followed by in vitro transcription with an Ambion
MegaScript transcription kit. To obtain knockdown by RNAi, double-stranded RNA
was injected into the gonad of young adult hermaphrodites (Fire et al., 1998). After
injection, animals were kept at 25°C for 24 hours before in vivo imaging. For in
utero time-lapse recordings, gravid hermaphrodites were anaesthetized for 30 minutes
in M9 medium containing 0.1% tricaine and 0.01% tetramisole on 2% agarose pads.
Time-lapse recordings were performed at 20°C. Wide-field fluorescence and
differential interference contrast (DIC) movies were recorded at 30-second intervals
with a X100/1.4 NA PlanApochromat objective lens with 400 msecond exposures
on a motorized microscope (Zeiss Axioplan). Fluorescence excitation light was
filtered to 10% transmission with neutral density filters, and binning was set to 2X2
with automatic gain adjustments.

Zebrafish studies

Maintenance and breeding of zebrafish (Danio rerio) were carried out according to
standard protocols. Wild-type embryos of AB fish were injected with 375 uM Apcl6
(5"-ATCTGGCGCATCTAGGACTTACCCG-3") or Apcll (5'-ACCTTCATTCC-
TTTGTTACGTTCTC-3") morpholino oligonucleotides targeting the ATG site or a
control morpholino oligonucleotide (5'-CCTCTTACCTCAGTTACAATTTATA-3").
Three independent trials were performed with embryos derived from different parents
and injected on different days. The coding sequence of human APC16 fused at the
C-terminus to EYFP was cloned into pCS2+. This clone was used to generate sense
mRNA using the Ambion SP6 mMessage Machine kit. For rescue experiments,
20 pg of human APC16-EYFP mRNA in Tris-EDTA (TE) were co-injected with the
morpholino oligonucleotides into the embryo at the one- to two-cell stage. Whole-
mount immunohistochemistry was carried out as previously described (Wehman et
al., 2005). Briefly, larvae at the shield stage (6 hours post-fertilization; hpf) and 18-
somite stages (18 hpf) were fixed in 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS), dehydrated in methanol and stored at —20°C. Larvae were
then rehydrated and digested with 5 pg/ml proteinase K for 10 minutes. Embryos
were stained with rabbit anti-phospho-histone H3 (PHH3) antibody (1:1000, Sigma)
followed by goat anti-rabbit-Cy3 (1:400, Jackson Laboratories). Embryos were then
co-stained with DAPI. To examine apoptotic cell death, larvae were stained at shield
stage with Acridine Orange (Langheinrich et al., 2002). Whole-mount images were
taken at X4 and high power fields were imaged at X 100.
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Note added in proof
We call your attention to a recent paper that also identified APC16
as a subunit of the APC/C in human cells (Hutchins et al., 2010).
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