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The E3 ubiquitin ligase APC/C-Cdh1 maintains the G0/G1
state, and its inactivation is required for cell cycle entry. We
reveal a novel role for Fas-associated protein with death
domain (FADD) in the cell cycle through its function as an
inhibitor of APC/C-Cdh1. Using real-time, single-cell imaging
of live cells combined with biochemical analysis, we demon-
strate that APC/C-Cdh1 hyperactivity in FADD-deficient cells
leads to a G1 arrest despite persistent mitogenic signaling
through oncogenic EGFR/KRAS. We further show that
FADDWT interacts with Cdh1, while a mutant lacking a
consensus KEN-box motif (FADDKEN) fails to interact with
Cdh1 and results in a G1 arrest due to its inability to inhibit
APC/C-Cdh1. Additionally, enhanced expression of FADDWT

but not FADDKEN, in cells arrested in G1 upon CDK4/6 inhi-
bition, leads to APC/C-Cdh1 inactivation and entry into the
cell cycle in the absence of retinoblastoma protein phosphor-
ylation. FADD’s function in the cell cycle requires its phos-
phorylation by CK1α at Ser-194 which promotes its nuclear
translocation. Overall, FADD provides a CDK4/6-Rb-E2F-in-
dependent “bypass” mechanism for cell cycle entry and thus a
therapeutic opportunity for CDK4/6 inhibitor resistance.

Cell division is a tightly regulated process to ensure the
production of two genetically identical cells and is often dys-
regulated in cancer, wherein oncogenic mutations perturb the
cell cycle leading to uncontrolled cell division. The somatic
mammalian cell cycle involves a tightly regulated, precise, and
sequential phase transition through G1, S, G2, and M. Entry
into the cell cycle requires the activation of G1 cyclin-
dependent kinases (CDK4/6), which inactivates the retino-
blastoma protein (Rb) by its phosphorylation (1, 2). Inactive Rb
releases the E2F transcription factor from inhibition leading to
the transcription of E2F targets including cyclin E and early
mitotic inhibitor 1 (Emi1) (3, 4). Ubiquitination of S-phase
cyclins (e.g., cyclin A2 and cyclin E) and Emi1 (3, 5–7), by the
E3 ligase, Anaphase Promoting Complex with its co-activator
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Cdh1 (APC/C-Cdh1) and subsequent degradation by the
proteasomal machinery provides a strict unidirectional
behavior of the cell cycle, necessitating inactivation of the
APC/C-Cdh1 prior to entry into the cell cycle (8, 9). Accu-
mulation of cyclin E leads to activation of the cyclin-dependent
kinase CDK2, which in collaboration with Emi1 provides a
feed-forward loop for APC/C-Cdh1 inactivation, a critical
decision point, required for a rapid and robust accumulation of
S-phase cyclins triggering the transition of cells into S phase
and an irreversible commitment to proliferate (3, 8, 10–16).

Fas-associated protein with death domain (FADD) was
originally identified as an adapter for death receptor-mediated
activation of the extrinsic apoptosis cascade (17–19). How-
ever, recent evidence has also ascribed a non-apoptotic
function of FADD in cell proliferation, wherein the
increased abundance of FADD, specifically that of the phos-
phorylated, nuclear-localized form, is predictive of aggressive
disease and poor clinical outcome in patients with lung
adenocarcinoma (20–22). Amplification of the FADD locus on
chromosome 11q13.3 is frequently observed in human can-
cers (23–26). Using conditional, genetically engineered mouse
models of lung cancer, we have previously demonstrated a
requirement for FADD and its phosphorylation at Serine-194
for mutant KRAS-mediated oncogenic transformation in lung
cancer (22). However, the mechanistic underpinning for
FADD’s non-apoptotic function in oncogenesis remains to be
elucidated.

Findings presented here reveal that FADD promotes entry
into the cell cycle and the G1 to S cell cycle transition. Anal-
ogous to Emi1, the association of FADD with Cdh1 leads to
the inhibition of APC/C-Cdh1 E3 ligase activity which is
required for the G1 to S transition. A consensus KEN-box
domain (27) within the C-terminus of FADD was found to
be necessary for interaction with Cdh1 and the inactivation of
APC/C-Cdh1. The significance of FADD in cell cycle entry was
demonstrated by its ability to promote G1 to S transition in the
absence of cyclin D/CDK4/6 activity and Rb phosphorylation.
In summary, these findings demonstrate a role for FADD as an
alternate pathway for APC/C-Cdh1 inactivation and therefore
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entry into the cell cycle as well as a new understanding of the
role of a pro-apoptotic protein FADD in promoting cell pro-
liferation, consistent with our previous finding that elevated
FADD levels correlate with poor clinical outcomes in patients
with lung cancer (21).
Results

FADD is required for G1 to S transition in mutant EGFR lung
adenocarcinoma cells

In an effort to quantitatively evaluate the role of FADD in
the transition through each phase of the cell cycle at high
temporal resolution, we utilized time-lapse live cell imaging
using the PIP-FUCCI reporter (28). PIP-FUCCI consists of a
Cdt1 degron fused to the mVenus fluorescent tag as well as a
Geminin degron fused to the mCherry tag (Fig. 1A, top). Cdt1
is stable during G1 and degraded rapidly upon entry into the S
phase, while Geminin is ubiquitylated and degraded from
anaphase through G1 by APC/C-Cdh1 but accumulates upon
entry into the S phase. Hence, mCherry accumulation (APC/
C-Cdh1 inactivation) and mVenus degradation serve as sur-
rogates for quantitative and precise evaluation of the G1 to S
transition (APC/C-Cdh1 inactivation) (Fig. 1A, bottom). We
generated stable cell lines expressing PIP-FUCCI and per-
formed live cell imaging. Analysis of fluorescence images
revealed Cdt1-mVenus stabilization (green nuclei) and
Geminin-mCherry degradation (loss of red fluorescence)
immediately following mitosis (Fig. 1, A and B), persisted for
8 h, followed by a rapid decrease in Cdt1-mVenus fluorescence
and a corresponding accumulation in Geminin-mCherry
fluorescence, indicative of a transition into the S phase from
G1 (single cell nuclei shown in Fig. 1B). At 20 h post-mitosis,
accumulation of Cdt1-mVenus, simultaneous with peak
Geminin-mCherry fluorescence, is indicative of G2/M phase of
the cell cycle. A rapid decrease in Geminin-mCherry fluores-
cence was observed upon mitosis and daughter cell production
after 24 h to reinitiate the cell cycle (Fig. 1B).

EGFR, a transmembrane receptor tyrosine kinase, is often
overexpressed or mutated in lung cancer. NCI-H1975 lung
adenocarcinoma cells harbor a mutation in EGFR (L858 R) that
stabilizes the active dimeric form of the receptor thus driving
uncontrolled cell proliferation as well as a T790M mutation
that is associated with resistance to first-generation EGFR in-
hibitors (29, 30). HCC827 lung cancer cells express a consti-
tutively active mutant EGFR (exon 19 deletion) (31) (Fig. 1C).
To understand the role of FADD in the cell cycle using EGFR-
driven cancer cells, we performed siRNA-mediated knock-
down of FADD using two independent target sequences
(Fig. S1A). In contrast to control NCI-H1975 cells, FADD-
depleted cells showed a persistent Cdt1-mVenus fluorescence
following mitosis wherein accumulation of Geminin-mCherry
fluorescence (G1 to S transition) was not observed in 60% of
the cells for the entire imaging period (>40 h, Fig. 1D) Inter-
estingly, some cells (Fig. 1D, lower panel, FADD KD) did un-
dergo a G1 to S transition which was delayed to 24 h
(compared to 8–10 h for control). To rule out the possibility
that the observed defect in the G1 to S transition in FADD KD
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cells was due to a defect prior to entry into G1, we evaluated
the time in S and G2/M during the previous cycle. Compared
to control cells, FADD-depleted cells did not show an obvious
alteration of the time in S or G2/M (8 h and 6 h respectively),
while the subsequent mean time in G1 was extended from 8 h
to 24 h in FADD-depleted cells compared to the control siRNA
treated cells (Fig. 1E). Single-cell traces of the PIP-FUCCI re-
porter for the S and G2/M phases in FADD-depleted and
control NCI-H1975 cells are shown in Fig. S1B, revealing that
the S and G2/M of G1 protracted cells were unaltered
compared to control siRNA-treated cells. Quantitative evalu-
ation of cells arrested in G1 at 48 h post-transfection revealed
that almost 60% of FADD-depleted cells (FADD KD) were
arrested, in contrast to none in the control siRNA-treated cells
(CTRL) (Fig. 1F). Analysis of mitotic events per 100 cells over a
48 h period revealed that 100% of control cells underwent at
least one round of mitosis, whereas only 5% of FADD siRNA
treated cells underwent mitosis indicating that FADD-depleted
cells demonstrate defective G1 to S transition. (Fig. 1G). The
defect in the G1 to S transition upon FADD depletion was
recapitulated in an independent lung cancer cell line having
constitutive EGFR mitogenic signaling wherein a protracted
G1 or a G1 arrest, as well as fewer mitotic events, were
observed (HCC827, Fig. S2, A–C).

A delay in Geminin-mCherry accumulation in FADD-
depleted cells suggested a defect in timely APC/C-Cdh1
inactivation (and hence a defect in G1 to S transition). To
evaluate this biochemically, we synchronized NCI-H1975 cells
at G2/M using a Cdk1 inhibitor, CDK1i (RO-3306). Upon
release, cells were collected at various times to evaluate the
degradation and accumulation of APC/C-Cdh1 substrates. In
control cells, cyclin B1, cyclin A2, and Securin were observed
at peak levels immediately upon release from CDK1i, when
APC/C-Cdh1 is inactive (G2/M, Fig. 1H, CTRL, 0 h), and
degraded at 8 h, when APC/C-Cdh1 is reactivated upon
mitotic exit (confirmed by peak phospho-Histone H3). Re-
accumulation of cyclin B1, cyclin A2, and Securin levels at
24 h post CDK1i release in control cells is consistent with
APC/C-Cdh1 inactivation and entry into S from G1. In
contrast, FADD-depleted cells failed to show an accumulation
of cyclin B1, cyclin A2, or Securin at the expected time
(Fig. 1H, right panel (FADD KD)). Quantitative analysis of
cyclin B1 and cyclin A2 levels in replicate experiments (Fig. 1I)
confirmed a defect in the accumulation of APC/C-Cdh1 sub-
strates in the absence of FADD. In aggregate, these results
demonstrate that FADD depletion in EGFR-driven NCI-
H1975 and HCC827 lung adenocarcinoma cells results in a
defect in the G1 to S transition, likely due to a failure to
inactivate APC/C-Cdh1.
FADD is required for G1 to S transition in KRAS mutant lung
cancer cells

KRAS is a component of the RAS/MAPK signaling pathway
that relays mitogenic signals to the nucleus upon cell surface
receptor activation (including EGFR). KRAS is a GTPase,
which switches from its inactive GDP-bound form to an active
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Figure 1. FADD is required for efficient cell cycle entry in lung cancer cells having oncogenic EGFR. A, the PIP-FUCCI dual reporter expression
construct. The PIP-Cdt1 polypeptide consists of the Cdt11–17 PIP (PCNA-interacting protein) degron and an NLS fused to mVenus. The Gem1–110 polypeptide
consists of the D-box and the KEN-box degron motifs of Geminin fused to mCherry. The P2 self-cleaving peptide separates the two fluorescent polypeptides
(top panel). The PIP-FUCCI cell cycle reporter is designed such that during G1, the Cdt1-mVenus polypeptide is stable, while the Geminin-mCherry poly-
peptide is degraded (APC/C-Cdh1 is activated) and hence cells demonstrate green fluorescence. Upon entry into S phase, inactivation of APC/C-Cdh1 results
in stabilization of geminin-mCherry but degradation of Cdt1-mVenus resulting in red fluorescence. In the G2 phase, both polypeptides are stable and hence
cell fluoresce yellow (green + red) (lower panel). A schematic of cell cycle transitions emphasizing APC/C-Cdh1 inactivation prior to entry into S phase and
that APC/C-Cdh1 activity is characteristic of cells in G1. B, images of a single nucleus from confocal time-lapse imaging of stable PIP-FUCCI reporter
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GTP-bound form upon receptor activation. Mutated RAS
oncoproteins (15–25% of lung adenocarcinoma) differ func-
tionally from their normal counterparts in that they remain in
a GTP-bound active state, which constitutively signals through
the RAS/MAPK pathway, activating a transcriptional program
that promotes uncontrolled cell proliferation as a result of
uncontrolled cell cycle entry (Fig. 2A) (32). To investigate if
FADD also participates in the G1 to S transition in lung cancer
cells harboring mutant KRAS, we utilized NCI-H441 cells
expressing stable PIP-FUCCI reporter. Control NCI-
H441 cells exhibit high Cdt1-mVenus levels upon mitosis and
low Geminin-mCherry levels indicative of active APC/C-Cdh1
(Fig. 2B, CTRL). Knockdown of FADD resulted in a delayed
G1 to S transition which required 20 h (compared to 10 h in
control cells) (Fig. 2B and C). These studies revealed that the
time in S or G2/M in cells that experienced a delayed G1 to S
transition was not significantly altered (Fig. 2C) and that the
cell cycle defect could be attributed to a delayed G1 to S
transition or a G1 arrest in 30% of the cells (Fig. 2D). Live cell
traces of the PIP-FUCCI reporter used to derive these results
shown in Fig. S3A, demonstrate that individual cells which
experience a G1 arrest in the absence of FADD had an unal-
tered S and G2/M when compared to CTRL. Quantitative
analysis of mitotic events revealed that only 10% of FADD-
depleted cells underwent mitosis during the 48 h experiment
compared to 100% of the control cells (Fig. 2E). To bio-
chemically demonstrate that the delay in G1 to S transition
observed in NCI-H441 cells is due to APC/C-Cdh1 hyperac-
tivity in FADD-depleted cells, we conducted a synchronization
experiment as above in Figure 1H. In contrast to non-
synchronized cells (NS, Fig. 2F) G2/M arrested cells demon-
strated peak cyclin B1, cyclin A2, Securin, and Aurora A levels
in the presence of nocodazole (G2/M arrested cells, NOC,
Fig. 2F) and CDK1i (0 h, Fig. 2F, CTRL). Upon mitosis and
entry into G1, a decrease in levels of each of the above APC/C-
Cdh1 substrates was observed at 4 h, demonstrating activation
of the APC/C-Cdh1. Subsequent entry into the S phase at 20 h
expressing NCI-H1975 cells. Cell cycle transition from G1 to S (green to red) requ
to 6 h. Scale bar is 10 μm. C, schematic of EGFR-mediated activation of the KRA
live cell imaging of control siRNA (CTRL) and FADD KD NCI-H1975 cells was u
aligned in silico at the G1 to S transition (sharp decrease in Cdt1-mVenus signal
mean of the median traces (bold plot) of three independent experiments with v
(Cdt1-mVenus and Geminin-mCherry) are also shown. CTRL cells demonstrated
the entire imaging time or were in G1 for 24 h. n = 188 for CTRL and 152 for FA
by CTRL cells and FADD KD cells reveal that in contrast to a 8 to 10 h G1, FADD
phase and G2/M time in CTRL versus FADD KD cells. n = 58, n = 35 and n = 123
experiments. Error bars represents mean ± SEM. *p < 0.05; **p < 0.01; ***p
percentage of cells arrested in G1 in CTRL and FADD KD NCI-H1975 cells. 60%
CTRL cells were arrested in G1, n = 165 for CTRL and n = 160 for FADD KD fro
0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001. G, quantification of number
imaging experiment revealed that 100% of CTRL cells underwent mitosis, in
independent experiments ± SEM. Each dot represents average number of mito
*p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001. H, Western blot analys
using the CDK1 inhibitor, CDK1i, and samples were collected at indicated timep
and G2/M phase markers cyclin B1, cyclin A2, Securin, pRB, Phospho Histone-
mitotic exit at approximately 8 h (degradation of cyclin A2, cyclin B1, Aurora A
release (as observed by accumulation of cyclin A2, cyclin B1 and Securin). In co
expected time. I, quantification of cyclin B1 and cyclin A2 levels in CTRL and
inhibitor, CDK1i. CTRL cells show an accumulation of cyclin B1 (top panel) and c
KD cells (red line) demonstrate a decreased efficiency of accumulation of eac
periments with ± SEM. cyclin B1 and cyclin A2 were normalized to their respe
domain; NLS, nuclear localization signal.
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in control cells was marked by an accumulation of each of
these APC/C substrates indicative of APC/C-Cdh1 inactiva-
tion (Fig. 2F, CTRL). In cells having FADD knockdown,
although peak levels of cyclin B1, cyclin A2 and Aurora A (in
G2/M) were observed upon release from CDK1i at the ex-
pected time (0 and 4 h, Fig. 2F, FADD KD); however, a tran-
sition from G1 into S was not observed as the levels of cyclin
B1, cyclin A2, Aurora A, and Securin failed to accumulate to
the levels observed in control cells as quantified using replicate
experiments (Fig. 2G). A failure to accumulate each of these
APC/C-Cdh1 degron-containing proteins is consistent with a
failure to inactivate APC/C-Cdh1 at the expected time in
FADD-depleted cells. Interestingly, analysis of NCI-H441 cells
(Fig. 2F) also revealed that FADD levels were highest in G2/M
and decreased precipitously at the end of mitosis and began to
reaccumulate prior to entry into the S phase from G1 sug-
gesting that FADD may also be regulated in a cell cycle phase-
dependent manner. A similar but less pronounced fluctuation
of FADD levels in a cell cycle phase-dependent manner was
also observed in NCI-H1975 cells (Fig. 1H). In NCI-H441 cells,
expression of Emi1, a well-appreciated regulator of the G1/S
transition, was not detectable (Fig. S3B), although MCF7 cells
had readily detectable levels of Emi1 under identical
conditions.

To investigate if the observed defect in the G1 to S tran-
sition observed in FADD-depleted cells was specific to cancer
cells or a specific characteristic of lung cancer cells, we eval-
uated the impact of FADD depletion in MCF-7 breast cancer
cells, which are mitogenically driven in response to hormone
receptor signaling. Results presented in Fig. S4A recapitulate
the finding that FADD depletion results in a defective tran-
sition of cells from G1 into S using a non-lung cancer cell line.
Next, we isolated non-transformed, mouse embryonic fibro-
blasts (MEF) from conditional mutant KRAS-expressing mice
(KRASG12D). This mouse model also harbors an insertionally
inactivated FADD genomic locus, which is complemented by
a conditional transgene (lox-stop-lox GFP-FADD) (Fig. S4B)
ired 8 to 10 h, S to G2 (red to yellow) required 8 to 10 h and G2/M required 4
S-MEK-ERK mitogenic signaling pathway in NCI-H1975 and HCC827 cells. D,
sed to obtain fluorescence emission traces of individual cells. Traces were
and a steady increase in Geminin-mCherry signal). The first panel shows the
ariance shown in a lighter shade. Individual fluorescence traces of single cells
an 8 to 10 h G1 phase, while a majority of FADD KD cells were in G1 during
DD KD cells. E, quantification of average time spent in S, G2/M, and G1 phase
KD cells had a G1 time of >20 h whereas there is no difference in previous S
for S, G2/M and G1 respectively. Quantifications are from three independent
< 0.001 and ****p < 0.0001, n.s. = non-significant. F, bar graph showing
of FADD knockdown cells demonstrated an arrested G1, while none of the
m three independent experiments. Error bars represents mean ± SEM. *p <
of cells that underwent at least one mitotic event during the 48 h live cells
contrast to only 5% of FADD KD cells. Error bars show the mean of three
tic events per experiment with at least 100 cells analyzed per experiments.
is of CTRL (left panel) and FADD KD (right panel) cells synchronized in G2/M
oints after release from the block. Immunoblots were probed using S-phase
3, Aurora A, p27 as well as FADD and α-actinin as controls. CTRL cells show
and Securin) and a transition from G1 to S was observed at 24 h post G2/M
ntrast, FADD KD cells fail to accumulate each of these S phase markers at the
FADD knockdown NCI-H441 cells synchronized at G2/M using the CDK1

yclin A2 (bottom panel) upon transition from G1 to S (green line), while FADD
h S phase cyclin. Error bars show mean values from three independent ex-
ctive mitotic levels. CTRL, Control; FADD, Fas-associated protein with death
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Figure 2. FADD is required for efficient cell cycle entry in KRAS mutant lung cancer cells. A, schematic of mutant KRAS-mediated activation of the
KRAS-MEK-ERK mitogenic signaling pathway in NCI-H44 cells. B, single cell traces of control siRNA (CTRL) or FADD siRNA (FADD KD)–treated NCI-H441 cells
stably expressing the PIP-FUCCI reporter. Fluorescence traces were aligned in silico at the G1 to S transition (sharp decrease in Cdt1-mVenus signal and a
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non-significant. D, bar graph showing percentage of cells arrested in G1 in CTRL or FADD KD NCI-H441 cells. 30% of FADD KD cells demonstrated an arrest
in G1 compared to 0% of CTRL cells (left panel). n = 100 for CTRL and n = 100 for FADD KD. Error bars represents mean ± SEM. *p < 0.05; **p < 0.01;
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and (22). MEFs that harbor mutant KRAS (but wild type for
FADD) exhibited rapid proliferation, upon AdCre adminis-
tration which initiates the expression of oncogenic KRASG12D.
In contrast, MEFs that were conditionally deleted for the
FADD transgene and expressed KRASG12D exhibited a lower
rate of proliferation (Fig. S4C) and (22), indicating that FADD
is also required for entry into the cell cycle in non-
transformed cells, in context of mutant KRAS as a mito-
genic driver.

The significance of APC/C-Cdh1 inactivation during the G1
to S transition has best been studied in HeLa cells (11, 14, 15,
33). To evaluate the contribution of FADD in APC/C-Cdh1
inactivation in this model system we utilized HeLa cells
expressing mCherry conjugated to a peptide from Geminin
containing its APC/C degron motif (34). APC/C activity
heatmaps and individual cell traces show that HeLa cells with
FADD knockdown have hyperactive APC/C-Cdh1 and elon-
gated G1 with slower APC/C turn-off rates compared to the
control cells (Fig. S5, A–D). Since FADD-depleted cells spend
more time in G1, their intermitotic times also increase
(Fig. S5E), further confirming that FADD depletion disrupts
the G1 to S transition. To further support a requirement for
FADD in APC/C-Cdh1 inactivation in HeLa cells, we con-
ducted a transient CRISPR/Cas9 mediated ablation of the
FADD locus using two independent sgRNA. Western blot
analysis of FADD-deleted cells showed a modest decrease in
the rate of accumulation of mitotic cyclins cyclin B1, Aurora A,
and Securin (Fig. S6A) upon G1 to S transition in cells released
from a G2/M arrest (nocodazole). The dependence on FADD
during the G1 to S transition in HeLa cells was less pro-
nounced compared to NCI-H1975, NCI-H441, HCC827, and
MCF-7 cells. This difference could be attributed to the fact
that HeLa cells express HPV18 proteins E6 and E7, which lead
to hyper-phosphorylation of Rb and constitutive activation of
the E2F transcription factor. Constitutively active E2F leads to
the expression of S-phase cyclins (cyclin E) and Emi1. Emi1
and cyclin-E/CDK2 inactivate APC/C-Cdh1 promoting the
entry of cells into S phase. We hypothesize that due to hy-
peractive E2F, HeLa cells are less responsive to FADD deple-
tion compared to lung adenocarcinoma cell lines (summarized
in Fig. S6B). We evaluated the relative levels of FADD and
Emi1 in HeLa, NCI-H441, and NCI-H1975 and found that
indeed, HeLa cells express relatively high Emi1 protein levels
compared to NCI-H1975 and NCI-H441 cells, which have
reduced Emi1 levels and elevated FADD levels in contrast
(Fig. S6C), suggesting that FADD may be a major driver of G1
***p < 0.001 and ****p < 0.0001, n.s. = non-significant. E, percentage of CTRL a
Each data point represents a total of at least 100 cells from a single experimen
underwent mitosis during the entire imaging period. Error bars shows the mean
FADD KD cells from three independent experiments. Error bars represents mea
blot analysis of CTRL (left panel) and FADD KD (right panel) cells synchronized in
release from the block. Immunoblots were probed using S-phase and G2/M pha
well as FADD and α-actinin as controls. CTRL cells show mitotic exit at approxi
transition from G1 to S was observed at 20 h post G2/M release (as observed by
fail to accumulate each of these S phase markers at the expected time. G, quan
H441 cells synchronized at G2/M using CDK1i. Control (CT) cells show an accu
from G1 to S (green line), while FADD KD cells (red line) demonstrate a decreas
values from three independent experiments with ± SEM. cyclin B1 and cyclin A2
associated protein with death domain.
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to S transition in lung adenocarcinoma cells, a function that is
carried out predominantly by Emi1 rather than FADD in HeLa
cells.

FADD depletion leads to hyperactive APC/C-Cdh1
To investigate if an inability to accumulate S phase cyclins

could be due to APC/C-Cdh1 hyperactivity, control and FADD
knockdown NCI-H441 cells were synchronized at G2/M using
CDK1i. At 20 h post CDK1i release (exiting G1 and entering S
phase), cells were treated with a proteasomal inhibitor
(MG132), APC/C inhibitor (pro-TAME), or an inhibitor of
APC/C-Cdc20 (APCin) for 10 h (Fig. 3A). CTRL cells
demonstrated high levels of cyclin B1 in S phase (Fig. 3B,
CTRL, dimethyl sulfoxide [DMSO] treated), which did not
change in the presence of MG132, pro-TAME, or APCin,
indicating that ubiquitination and proteasomal degradation of
cyclin B1 was not occurring in control cells at this time point
(due to APC/C-Cdh1 inactivity in S phase). In contrast,
FADD-depleted cells had barely detectable levels of cyclin B1
under identical conditions (Fig. 3B, DMSO in FADD KD),
while MG132 as well as pro-TAME but not APCin treatment
restored the levels of cyclin B1 when compared to DMSO-
treated cells (Fig. 3B). Restoration of APC/C-Cdh1 substrate
levels upon inhibition of APC/C (Pro-TAME) or the protea-
somal machinery (MG132) but not APC/C-Cdc20 (APCin) in
FADD-depleted cells supports the notion that the APC/C-
Cdh1 E3-ligase (and not APC/C-Cdc20) remains hyperactive
in the absence of FADD during the G1 to S transition.
Furthermore, to directly demonstrate APC/C-Cdh1 hyperac-
tivity in FADD-depleted cells, APC/C complexes were
extracted from G1 synchronized cells. APC/C-Cdh1 was
immunopurified from control and FADD siRNA treated cells
using CDC27 antibody and evaluated for in vitro E3-ligase
activity using recombinant cyclin B1 as a substrate. Both
samples were analyzed prior to immunoprecipitation of G1
synchronized cells (Fig. S7A, input), and after immunopre-
cipitation using a CDC27 antibody (Fig. S7A, CDC27 IP),
which revealed similar levels of APC/C components, but dif-
ferences in FADD levels as well as cyclin B1 levels in FADD
knockdown input samples. An in vitro cyclin B1 ubiquitination
assay of the immunopurified samples demonstrated enhanced
ubiquitination activity over time in FADD-depleted cells
compared to the control cells (Fig. S7A, rightmost panel,
quantification shown in Fig. S7B). This indicates that APC/C-
Cdh1 is hyperactive in the absence of FADD, consistent with
our earlier observation (Figs. 1, 2 and 3B) that levels of APC/C-
nd FADD KD NCI-H441 cells that underwent mitosis during 48 h of imaging.
t. 100% of CTRL cells underwent mitosis whereas only 10% of FADD KD cells
of three independent experiments ± SEM. n = 300 for CTRL and n = 200 for

n ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001. F, Western
G2/M using CDK1i, and samples were collected at indicated timepoints after
se markers cyclin B1, cyclinA2, Securin, pRB, Phospho Histone-3, Aurora A, as
mately 4 h (degradation of cyclin A2, cyclin B1, Aurora A and Securin) and a
accumulation of cyclin A2, cyclin B1 and Securin). In contrast, FADD KD cells

tification of cyclin B1 and cyclin A2 levels in CTRL and FADD knockdown NCI-
mulation of cyclin B1 (left panel) and cyclin A2 (right panel) upon transition
ed efficiency of accumulation of each S phase cyclin. Error bars show mean
were normalized to their respective mitotic levels. CTRL, Control; FADD, Fas-
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KD), Cdh1 siRNA (Cdh1 KD), and FADD+Cdh1 siRNA (FADD+Cdh1 KD) treated cells was used to acquire fluorescence emission traces over a >40 h time
period. Graphs shown are the mean of the median traces from the two independent experiments with variance shown in a lighter shade. CTRL cells
demonstrated a 8.5 h time in G1, while a majority of FADD KD cells were in G1 during the entire imaging period of 48 h. Cdh1 KD cells demonstrated a
reduced G1 time of 6.5 h compared to CTRL cells (8.5 h) whereas simultaneous knockdown of FADD and Cdh1 also resulted in reduced G1 times of 6.5 h. D,
quantification of average time spent in G1 phase by CTRL, FADD KD, Cdh1 KD, and FADD+Cdh1 KD NCI-H1975 cells. CTRL cells exhibited a 8.5 h time in G1
while FADD KD cells had a G1 time of 24 h. Cdh1 KD and FADD+Cdh1 KD cells had reduced mean time in G1 of 6.5 h. n = 50 cells for all conditions from two
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showing percentage of cells arrested in G1 in CTRL, FADD KD, Cdh1 KD, and FADD+Cdh1 KD NCI-H1975 cells. 70% of FADD KD cells demonstrated an arrest
in G1 compared to <2% in CTRL, Cdh1 KD, and FADD+Cdh1 KD cells. n = 50 from two independent experiments. Error bars represents mean ± SEM. *p <
0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001, n.s. = non-significant. F, Western blot analysis of CTRL, FADD KD, Cdh1 KD and FADD+Cdh1 KD NCI-
H1975 cells collected 48 h after siRNA treatment. Immunoblots were probed using Cdh1, FADD or α-actinin antibodies. G, functional domains within human
FADD showing the Death Effector Domain at the N-terminus and the Death Domain at the C-terminus, as well as putative D-box and KEN-box motifs (top
panel). Expression constructs used to investigate the interaction of FADD with Cdh1. GST-tagged FADDWT, FADDDbox (RESL to AAAA), and FADDKEN (KEN to
AAA) mutants of FADD as well as with myc-tagged human Cdh1 were constructed. H, lysates from HEK293FT cells expressing the indicated constructs were
immunoprecipitated using myc antibodies (myc-trap nanobodies) to immunoprecipitate myc-Cdh1. The precipitates were immunoblotted with myc
antibody to detect the immunoprecipitated myc-CDH1 as well as a GST antibody to detect GST-FADD coimmunoprecipitation. FADD, Fas-associated protein
with death domain.
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Cdh1 substrates including cyclin B1, cyclin A2, cyclin E,
Aurora A, and Securin fail to accumulate in FADD-depleted
NCI-H1975, NCI-H441, and HCC827 cells, resulting in a
defect in the G1 to S transition. To further confirm that the
enhanced E3-ligase activity observed in FADD-depleted cells
could be directly attributed to the APC/C-Cdh1, we co-
depleted Cdh1 simultaneously with FADD using NCI-
H1975 cells. CTRL cells required 8.5 h in G1 prior to a tran-
sition into S while a majority of FADD-depleted cells (FADD
KD, Fig. 3C) demonstrated a G1 arrest during the entire im-
aging period (quantified in Fig. 3, D and E). Depletion of Cdh1
alone in NCI-H1975 cells resulted in an accelerated G1 to S
transition (Fig. 3C), wherein the 8.5 h G1 residence time in
CTRL cells was shortened to 6.5 h in Cdh1 KD (quantified in
Fig. 3D). Most interestingly, cells having a simultaneous
depletion of FADD and Cdh1 also required 6.5 h to undergo a
G1 to S transition (Fig. 3C, quantified in Fig. 3D), wherein less
than 2% of the cells demonstrated a G1 arrest (Fig. 3E) despite
the absence of FADD expression (Fig. 3F). These findings
provide support for the notion that the G1 arrest (as a result of
APC/C-Cdh1 hyperactivity) observed in response to FADD
depletion requires Cdh1, the substrate binding coactivator
subunit of the APC/C-Cdh1 E3-ligase, and that the observed
delay in the G1 to S transition in FADD depleted cells is
dependent on the presence of Cdh1 and thus APC/C-Cdh1
specific.
A consensus KEN-box domain at the C-terminus of FADD is
required for interaction with Cdh1 and inactivation of APC/C-
Cdh1

The current understanding is that APC/C-Cdh1 is inacti-
vated upon phosphorylation by CDKs as well as through direct
binding and inhibition of its enzymatic activity by Emi1 through
a pseudosubstrate mechanism (3, 35). Since FADD, like Emi1,
also contains a consensus Cdh1/Cdc20 interacting D-Box motif
(RESLR), as well as a KEN-Box (KEN) at the C-terminus
(Fig. 3G), we hypothesized that it may function similar to Emi1.
To test this, we evaluated the ability of FADD to interact with
Cdh1 using HEK-293FT cells. Indeed, immunoprecipitation of
myc-tagged Cdh1 resulted in co-immunoprecipitation of
FADDWT (Fig. 3H) in cells co-expressing GST-tagged FADD
and myc-tagged Cdh1. An interaction of FADD (FADDWT)
with Cdh1 was further confirmed by immunoprecipitation of
GST-tagged FADD, which resulted in a co-
immunoprecipitation of Cdh1 (HA-Cdh1, Fig. S7C). Most
interestingly, mutation of the KEN-box (to AAA, FADDKEN),
abrogated the interaction of FADD with Cdh1, while mutation
of the D-Box (RESL to AAAA, FADDDbox) did not (Figs. 3H and
S7C), demonstrating that FADD utilizes its KEN-box domain to
interact with Cdh1. These studies further revealed that FADD
also interacts with Cdc20, the substrate-binding co-activator of
the APC/C during mitosis (Fig. S7D). However, in contrast to
the requirement of the KEN-box for FADD’s interaction with
Cdh1, our co-immunoprecipitation studies suggest that the
interaction of FADD with Cdc20 may require the presence of
the D-box (Fig. S7D), wherein the FADDDbox mutant of FADD
8 J. Biol. Chem. (2023) 299(6) 104786
co-immunoprecipitated with Cdc20 less efficiently compared to
FADDWT or FADDKEN.

Next, we asked if overexpression of wild-type or mutants of
FADD impacted G1 to S transition of the cell cycle (experi-
ment outlined in Fig. 4A). We engineered our PIP-FUCCI
expressing NCI-H441 cells, for expression of a FADD trans-
gene in a doxycycline-dependent manner. Live cell imaging of
conditional FADDWT or FADDDbox overexpressing cells
(Fig. 4B) did not show any obvious alteration in the G1 to S
transition, wherein APC/C-Cdh1 inactivation as quantified by
Geminin-mCherry accumulation occurred at approximately
18 h in each of the conditions, after releasing from CDK1i
when compared to empty vector control cells (NT CTRL,
Fig. 4B). In contrast, FADDKEN overexpression resulted in
delayed APC/C-Cdh1 inactivation (>24 h) as well as a sig-
nificant fraction (38%) of cells failing to enter the S phase
throughout the entire imaging period. A defect in APC/C-
Cdh1 inactivation in FADDKEN overexpressing cells was vali-
dated through the analysis of the level of its substrates after
release from a G2/M arrest. Control cells (NT CTRL, Fig. 4C),
as well as FADDWT or FADDDbox overexpressing cells,
demonstrated similar kinetics for APC/C-Cdh1 inactivation, as
evidenced by accumulation of cyclin B1, cyclin A2, and Securin
at 20 h post CDK1i release (entry into S) for each cell line
(Fig. 4C). This was in contrast to FADDKEN expressing cells,
wherein cyclin B1, cyclin A2, and Securin levels were observed
to be lower immediately upon release (suggesting arrest in G1)
and a failure to accumulate each of the APC/C-Cdh1 sub-
strates at the expected time post CDK1i release (FADDKEN,
Fig. 4C). Quantitative analysis of replicate western blots
confirmed that the accumulation of cyclin B1 observed at
approximately 16 h post-release in control cells (CTRL,
Fig. 4D) was not observed upon conditional overexpression of
the FADDKEN mutant. We also performed quantification of
mitotic events per 100 cells over 72 h and found that 100% of
control (NT CTRL, Fig. 4E), FADDWT, and FADDDbox cells
underwent at least one round of mitosis whereas only 30% of
FADDKEN cells underwent mitosis further demonstrating that
FADDKEN overexpression leads to a delayed G1 to S transition.

A defect in Geminin-mCherry accumulation (Fig. 4B) as well
as cyclin B1, cyclin A2 and Securin in FADDKEN (Fig. 4C), and
altered cell cycle kinetics (Fig. 4E), suggested to us a dominant
negative effect of the FADDKEN mutant such that although
unable to bind to Cdh1, it can prevent endogenous wild-type
FADD to function as an APC/C-Cdh1 inhibitor, thus allow-
ing APC/C-Cdh1 to be hyperactive when FADDKEN is over-
expressed. We directly tested the hypothesis that FADDKEN

may be bound to the APC/C complex by immunoprecipitating
the APC/C-Cdh1 complex from cells wherein expression of
FADDKEN can be conditionally activated using doxycycline.
Since FADDWT interacts with Cdh1, it was not unexpected that
it would co-immunoprecipitate with APC/C from cells in G1
(Fig. 4F). Surprisingly, FADDKEN, a mutant that failed to co-
immunoprecipitate with Cdh1 (Fig. 3H), remained bound to
the APC/C and was also able to co-immunoprecipitate with the
APC/C (Fig. 4F). To further support this finding, we performed
a similar experiment, except that Halo-tagged FADDWT was
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accumulation of Geminin-mCherry fluorescence (indicative of APC/C-Cdh1 inactivation) at the expected 16 to 18 h post G2/M release, whereas APC/C-Cdh1
inactivation was delayed (24–32 h) and observed in only 72% of FADDKEN cells. 38% of FADDKEN cells failed to inactivate APC/C-Cdh1 (shown in grey) during
the 48 h imaging time. n = 100 independent traces of each condition are shown, from at least three independent experiments. C, Western blot analysis of
NT CTRL as well as inducible FADDWT, FADDDbox, and FADDKEN overexpressing NCI-H441 cells were synchronized at G2/M using CDK1i, released and samples
were collected at various timepoints for analysis of S-phase and G2/M phase markers cyclin B1, cyclin A2, Securin, Phospho Histone-3, Aurora A, Halo (FADD
transgenes are Halo-tagged) and α-actinin. NT CTRL, FADDWT and FADDDbox cells demonstrate elevated levels of G2/M proteins (cyclin B1, cyclin A2, Aurora
A, Securin at 0 h) which are depleted upon mitotic exit (8 h), and reaccumulated upon entry into S as a result of APC/C-Cdh1 inactivation at 20 h post G2/M
release. In contrast to NT CTRL as well as FADDWT, FADDDbox overexpressing cells, FADDKEN overexpressing cells demonstrate decreased levels of each of
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immunoprecipitated to demonstrate that FADD was bound to
the APC/C-Cdh1 complex (Fig. S7E). In addition, FADDKEN

was demonstrated to co-immunoprecipitate with the APC/C
despite its inability to interact with Cdh1 (Fig. S7E). Taken
together, these findings suggest that like Emi1, FADD may
interact with additional components of the APC/C-Cdh1
complex, which provides a possible explanation for the
observed dominant-negative phenotype when FADDKEN is
overexpressed (depicted in Fig. 4F, lower panel).
FADDWT overexpression but not FADDKEN forces APC/C-Cdh1
inactivation in the absence of CDK4/6 activity

The current understanding of the G1 to S transition is that
Emi1 and cyclin E/Cdk2 are required for the inactivation of
APC/C-Cdh1. Emi1, through its pseudosubstrate inhibitor
function and cyclin E/Cdk2 by Cdh1-phosphorylation (Fig. 5A).
Our findings above suggest that FADD may also function as an
inhibitor of APC/C-Cdh1 by binding to Cdh1 through its KEN-
box domain. To evaluate the ability of FADD to inactivate
APC/C-Cdh1 independent of Emi1 and cyclin E/Cdk2, we
treated NCI-H441 cells with a selective cyclin D/CDK4/6 ki-
nase inhibitor (CDK4/6i, Palbociclib). In the absence of CDK4/
6 kinase activity, phosphorylation of Rb is inhibited, resulting in
a G1 arrest due to sustained E2F inhibition by Rb (Fig. 5A).
Indeed, cells synchronized in G2/M (using CDK1i) followed by
CDK4/6i treatment (experimental design detailed in Fig. 5B)
demonstrated a diminished capacity for Geminin-mCherry
accumulation, wherein only 9% of the cells demonstrated
mCherry fluorescence (red plots) at >32 h post CDK1i release
(CDK4/6i, Fig. 5C), in contrast to 100% at 18 h in untreated
cells (NT, Fig. 5C). In line with our previous observation (Fig. 2,
B–D), siRNA-mediated knockdown of FADD in CDK1i-treated
cells resulted in 71% of cells showing an extended G1,
demonstrated by the accumulation of Geminin-mCherry at
>24 h (FADD KD, Fig. 5C), while 29% of cells demonstrated a
failure to inactivate APC/C-Cdh1 during the entire imaging
period (grey plots). Interestingly, FADD depletion using siRNA
in combination with CDK4/6i treatment completely abolished
the ability of NCI-H441 cells to inactivate APC/C-Cdh1 as
evidenced by Geminin-mCherry accumulation in only 1% of
cells (CDK4/6i+FADD KD, Fig. 5C). Overexpression of
FADDWT in CDK4/6i-treated cells resulted in 32% of cells
demonstrating Geminin-mCherry accumulation (indicative of
APC/C-Cdh1 inactivation) at >24 h (CDK4/6i+FADDWT,
these proteins in G2/M (0 h) as well as a failure to efficiently accumulate cyclin
in NT CTRL, FADDWT,FADDDbox and FADDKEN NCI-H441 cells synchronized at G
accumulation of cyclin B1 upon transition from G1 to S while FADDKEN cells d
show mean values from two independent experiments with ± SEM. cyclin B
doxycycline-inducible FADDWT, FADDDbox, and FADDKEN overexpressing NCI-H
24 h after the knockdown). Each data point represents a total of at least 100 ce
experiments ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001, n
NCI-H441 cells expressing indicated doxycycline-inducible Halo-tagged FADD
Cdc27(APC3) specific antibodies to immunoprecipitate the entire APC/C com
immunocomplexes were immunoblotted with Cdc27 antibodies whereas 90% i
immunoprecipitated FADDWT or FADDKEN along with Cdc27 (upper panel). Reve
Fig. S7E. The adjacent cartoon presents our working model for FADD depend
with Cdh1. FADDWT inhibits APC/C-Cdh1 during the G1 to S transition. Based
subunit of the APC/C but not Cdh1 leads to APC/C-Cdh1 hyperactivity in a do
inhibit APC/C-Cdh1 activity. FADD, Fas-associated protein with death domain.
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Fig. 5D). Similar to FADDWT, overexpression of FADDDbox also
promoted APC/C-Cdh1 inactivation (28%) under conditions
when CDK4/6 activity was inhibited by CDK4/6i (CDK4/
6i+FADDDbox, Fig. 5D). However, FADDKEN overexpression in
the presence of CDK4/6i failed to promote APC/C-Cdh1
inactivation as determined by a failure to accumulate
Geminin-mCherry fluorescence (CDK4/6i+FADDKEN, Fig. 5D).
The observation that FADDKEN consistently appeared to act as
a dominant negative such that in contrast to 8% of control cells
(no FADD overexpression) exhibiting Geminin-mCherry
accumulation, FADDKEN expressing cells did not show any
Geminin-mCherry accumulation during the imaging period,
indicating sustained APC/C-Cdh1 hyperactivity, consistent
with a dominant negative phenotype observed above (Figs. 4B
and 5D). Population-level biochemical analysis of cells released
from a G2/M arrest (CDK1i treatment) into CDK4/6i, sup-
ported the finding that FADDWT and FADDDbox over-
expression promoted APC/C-Cdh1 inactivation as
demonstrated by the accumulation of cyclin B1, cyclin A2,
Aurora A, and Securin 36 h post CDK1i release (FADDWT and
FADDDbox, Fig. 5E) while in the absence of FADD over-
expression, these S phase proteins fail to accumulate in control
cells (CTRL, CDK4/6i treatment but absence of FADD over-
expression) (Fig. 5E, quantitative analysis of replicates shown in
Fig. 5F). Each of these APC/C-Cdh1 substrates failed to accu-
mulate in the presence of FADDKEN overexpression (FADDKEN,
Fig. 5, E and F). This population-level analysis confirmed the
single-cell analysis results (Fig. 5D) demonstrating that over-
expression of FADDWT results in the inactivation of APC/C-
Cdh1 (despite the absence of CDK4/6 activity) and promotes
the G1 to S transition. These studies also confirmed a dominant
negative effect of FADDKEN, since APC/C-Cdh1 substrates
were at lower levels in FADDKEN overexpressing cells
compared to the control cells (Fig. 5, E and F).
FADD overexpression inactivates APC/C-Cdh1 in the absence
of Rb phosphorylation

To investigate if FADD-mediated inactivation of APC/C-
Cdh1 precedes Rb phosphorylation, we utilized stable NCI-
H441 cells expressing doxycycline-inducible FADDWT,
FADDDbox, and FADDKEN. Rb-phosphorylation status was
evaluated using single-cell immunocytochemistry of cells that
were in late G1 (such that the ratio of mVenus to mCherry was
>4, Fig. 6A). In contrast to untreated cells (NT, Fig. 6, A and
A2, cyclin B1, and Securin at the expected time. D, quantification of cyclin B1
2/M using CDK1i. Control (NT CTRL), FADDWT, and FADDDbox cells show an
emonstrate a decreased efficiency of accumulation of cyclin B1. Error bars
1 was normalized to its 0 h timepoint level. E, percentage of NT CTRL, or
441 cells undergoing mitosis during 48 h of imaging (Imaging was initiated
lls from a single experiment. Error bars show the mean of three independent
.s., non-significant. F, lysates from G1 synchronized (as described in Fig. 5A)
WT or Halo-tagged FADDKEN (KEN to AAA) were immunoprecipitated using
plex. Lysates were immunoblotted using Cdc27 or FADD antibodies. 10%
mmunocomplexes were immunoblotted with FADD antibodies to detect co-
rse IP of the same samples to confirm APC/C-Cdh1 interaction are shown in
ent inactivation of APC/C-Cdh1 through its KEN-box dependent interaction
on the above results, we propose that FADDKEN interaction with a different
minant-negative fashion, wherein endogenous wild-type FADD is unable to
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Figure 5. FADD overexpression inactivates APC/C-Cdh1 independent of CDK4/6 activity. A, a schematic of mechanisms driving mitogen mediated
APC/C-Cdh1 inactivation and cell cycle entry. Mitogenic signals lead to Rb-phosphorylation and release of E2F from inhibition, allowing for transcription of
cyclin E and Emi1. Cyclin E/Cdk2-mediated Cdh1 phosphorylation as well as direct inhibition of the APC/C-Cdh1 by Emi1 as a pseudosubstrate is required for
transition from G1 to S and cell cycle entry. Our novel finding that like Emi1, FADD also binds and inactivates APC/C-Cdh1 which is required for efficient
transition from G1 to S. B, a schematic of the experimental approach to investigate the contribution of FADD in APC/C-Cdh1 inactivation in the absence of
CDK4/6 activity. Conditional expression of FADDWT, FADDDbox, and FADDKEN transgenes in NCI-H441 cells, after synchronization at G2/M using CDK1i was
followed by release in the presence of CDK4/6i (palbociclib). Live cell imaging over 48 h as well as Western blots analysis of parallel cultures was conducted
at specific time intervals. C, single cell traces of NT CTRL, FADDWT, FADDDbox, and FADDKEN NCI-H441 cells stably expressing Geminin-mCherry were
synchronized at G2/M using CDK1i. mCherry fluorescence of single cells were quantified and show accumulation of Geminin-mCherry beginning 16 h post-
release, indicative of APC/C-Cdh1 inactivation in NT CTRL cells. In contrast, only 71% of FADD siRNA-treated cells (FADD KD) demonstrated APC/C-Cdh1
inactivation which was delayed (20–32 h versus 16 h in CTRL). In all, 29% of FADD KD cells failed to show mCherry accumulation during the entire
experiment (grey traces) indicating a failure to inactivate APC/C-Cdh1 and arrest in G1. Inhibition of CDK4/6 activity by treatment with CDK4/6i resulted in
91% of cells failing to demonstrate Geminin-mCherry accumulation. When FADD knockdown and CDK4/6i treatment are combined (CDK4/6i + FADD KD),
only 1% of cell population demonstrate accumulation of red fluorescence. n = 100 independent traces of each condition are shown, from at least three
independent experiments. D, single cell traces of Geminin-mCherry accumulation (a surrogate for APC/C-Cdh1 inactivation) in CDK4/6 inhibited cells (CDK4/
6i), in the presence or absence of FADD overexpression (FADDWT, FADDDbox, and FADDKEN) using NCI-H441 cells. In CDK4/6-inhibited cells, 8% of cells
demonstrate Geminin-mCherry accumulation, which was delayed (>32 h) post CDK1i release. Overexpression of FADDWT or FADDDbox in the presence of
CDK4/6 inhibition promoted APC/C-Cdh1 inactivation as observed by 32% or 28% cells, respectively, showing Geminin-mCherry accumulation. In contrast,
FADDKEN overexpression in the presence of CDK4/6 inhibition resulted in a complete failure to inactivate APC/C-Cdh1 as observed by 0% of cells showing
Geminin-mCherry accumulation. The results represent at least 100 cells under each condition and representative of three independent experiments. E,
immunoblot analysis of CDK4/6i treated cells (CTRL) in the presence of conditional expression of FADDWT, FADDDbox or FADDKEN. Cells were synchronized
using CDK1i and samples were collected at various timepoints after release. After CDK1i release cells were treated with CDK4/6i. Cells treated with CDK4/6i
show peak cyclin B1, cyclin A2, Aurora A, and Securin levels at 0 h (G2/M) which are degraded past 12 h upon mitotic exit. A failure to accumulate S phase
proteins beyond 36 h post-release is indicative of APC/C-Cdh1 hyperactivity and a G1 arrest in the absence of CDK4/6 activity. In contrast, overexpression of
FADDWT or FADDDbox promoted APC/C-Cdh1 inactivation as evidenced by accumulation of S phase proteins at 36 h post-release. In contrast, FADDKEN
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Figure 6. FADD inactivates APC/C-Cdh1 independent of Rb phosphorylation. A, representative immunofluorescence images of no-treatment control
(NT), CDK4/6i treated control (CTRL), as well as in the presence of FADDWT, FADDDbox, and FADDKEN overexpression at 28 h (late G1). NCI-H441 cells
synchronized at G2/M using CDK1i and stained using pRB 807/811 or total Rb antibody. NT CTRL cells show robust pRB staining wherein a majority of cells
showed high levels of Cdt1-mVenus (Cdt1) fluorescence and an occasional cell having Geminin-mCherry fluorescence indicative of APC/C-Cdh1 inactivation
and S-phase transition. In contrast, while cells treated with CDK4/6i have minimal pRB staining. Scale bar is 30 μm. B, quantifications of pRB levels in cells
shown in panel E above at 12, 28, and 32 h post CDK1i release. Cells expressing three times or more Cdt1-mVenus than Geminin-mCherry were selected for
each timepoint. At least 100 cells from three different experiments were used for the quantification. Error bars indicate ± SEM. *p < 0.05; **p < 0.01;
***p < 0.001 and ****p < 0.0001, n.s., non-significant. C, schematic summarizing findings from Figures 5, and 6, A and B. In the presence of CDK4/6 activity,
Rb phosphorylation leads to APC/C inactivation by Emi1 and cyclin E/CDK2 (top). Inhibition of CDK4/6 activity leads to loss of Rb phosphorylation and a
failure to inactivate APC/C-Cdh1 leading to a G1 arrest (middle). However, exogenous FADD overexpression promotes APC/C-Cdh1 inactivation despite the
absence of Rb phosphorylation (bottom). FADD, Fas-associated protein with death domain; Rb, retinoblastoma protein.

FADD inactivates APC/C-Cdh1 and promotes G1 to S transition
B), which exhibited robust Rb-phosphorylation at each of the
sampling times (12–32 h), CDK4/6i-treated cells, as expected,
exhibited low Rb-phosphorylation at each of the time points
overexpressing cells demonstrate depleted levels of cyclin B and Aurora A in G
to 36 h post-release from G2/M. F, quantification of cyclin B1 in CDK4/6i tre
FADDDbox, or FADDKEN. FADDWT and FADDDbox cells show an accumulation of
decreased efficiency of accumulation of cyclin B1. Error bars show mean value
to 1 at its 24 h timepoint level. FADD, Fas-associated protein with death dom
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analyzed post CDK1i release (CTRL, Fig. 6, A and B). Hence,
the observed inactivation of APC/C-Cdh1 in FADDWT and
FADDDbox overexpressing cells (Fig. 5, D and E) could not be
2/M (0 h after release) as well as a failure to accumulate S phase proteins up
ated NCI-H441 cells in the presence of conditional expression of FADDWT,
cyclin B1 upon transition from G1 to S while FADDKEN cells demonstrate a
s from two independent experiments with ± SEM. Cyclin B1 was normalized
ain.
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directly attributed to Rb-E2F reactivation. When CDK4/6 are
active, phosphorylation of Rb releases E2F to transcribe Emi1
and cyclin E, which in conjunction with CDK2 activity leads to
inactivation of APC/C-Cdh1, enabling transition into S phase.
When CDK4/6 activity is inhibited by CDK4/6i, failure to
phosphorylate Rb maintains APC/C-Cdh1 in an active state
due to the absence of Emi1 and Cyclin E, leading to a G1 ar-
rest. Interestingly, under identical conditions, exogenously
overexpressed FADD leads to APC/C-Cdh1 inactivation
despite the absence of Emi1 and cyclin E (lack of Rb phos-
phorylation) (illustrated in Fig. 6C). Overall, these results
demonstrate that FADD functions as an APC/C-Cdh1 inhib-
itor independent of Rb phosphorylation (and therefore Emi1
and cyclin E/CDK2). Since CDK2 activity plays an important
role in G1 to S transition, we investigated CDK2 activity in
FADD siRNA-treated cells using a CDK2 reporter (3, 36). This
analysis revealed that in FADD-depleted cells, CDK2 activa-
tion was also delayed, in line with the observation that APC/C-
Cdh1 remains hyperactive leading to decreased cyclin E levels
under these conditions (Fig. S8, A–C) and hence the delay in
G1 to S transition.
Non-apoptotic function of FADD in the cell cycle requires its
phosphorylation at Ser-194

Our previous work (21–23) and of others (19, 20, 37, 38)
indicate that phosphorylation of FADD at Serine-194, and its
nuclear translocation is important in compartmentalizing the
distinct functions of FADD in cell division and apoptosis. To
investigate the role of Ser-194 phosphorylated FADD in
regulating the APC/C-Cdh1 during the G1 to S transition, we
conducted rescue experiments, wherein endogenous FADD
was depleted using a 30-UTR targeted siRNA (capable of
endogenous FADD KD only) followed by expression of a
conditional transgene of Halo-tagged version of FADDWT,
FADDS194A (non-phosphorylatable mutant) or FADDS194D

(phosphomimic). As expected, the depletion of FADD in NCI-
H441 cells resulted in a loss of proliferative capacity over 48 h
(CTRL compared to FADD KD, Fig. 7A). In cells where
expression of the Halo-FADDWT was induced simultaneous
with endogenous FADD depletion (FADD KD+FADDWT,
Fig. 7A), the loss of proliferative capacity was restored to a
large extent. In contrast, in identical experiments wherein
FADDS194A or FADDS194D were used to rescue the FADD-
depleted cells, proliferative capacity was not restored. Evalua-
tion of the G1 residence time using the PIP-FUCCI reporter
demonstrated that in contrast to control cells (CTRL, Fig. 7B),
FADD-depleted cells (Fig. 7C) demonstrated an extended time
in G1 (22 h versus 10 h in CTRL). However, expression of
FADDWT in FADD KD cells resulted in a shortening of the
time in G1 (from 22 h in FADD KD to 12 h in FADD KD+
FADDWT), while neither Ser194 mutants of FADD were able
to rescue the protracted G1 in FADD depleted cells. Fig. 7D
provides a fluorescence image of the same region of interest
under each of these conditions over a 24 h period. CTRL cells
demonstrated a doubling of cell density at 24 h, and the
distribution of cells in G1 (green), S (red) and G2/M (yellow)
was unaltered during this period. However, in FADD-depleted
cells (FADD KD, Fig. 7D), the density of cells remained
essentially unchanged between 0 h and 24 h, and a larger
fraction of cells were arrested in G1 (green) at either imaging
time. In contrast, in cells wherein FADDWT was used to rescue
the FADD KD phenotype, a doubling in cell density was
observed over the 24 h period, and most significantly, the
distribution of cells in G1, S, and G2/M was similar to control
cells. Neither the S194 A nor the S194D mutant of FADD was
able to rescue the phenotype of FADD-depleted cells (loss of
proliferative capacity with an accumulation in G1 (green)). We
also performed studies to identify the cellular localization of
the FADD in each of these experiments using a fluorescent
halo ligand (Janelia 647) that covalently binds to the Halo-tag
portion of each of the FADD transgenes (Fig. 7D). FADDWT

was observed to be localized in the cytosol (predominantly) as
well as the nucleus, while the FADDS194A mutant was excluded
from the nucleus and the FADDS194D was predominantly
located within the nucleus (Fig. 7E). This is in agreement with
previous studies (20, 21) demonstrating that Ser194 phos-
phorylation leads to nuclear translocation of FADD. Next, we
asked if FADD-phosphorylation was cell cycle-dependent.
NCI-H1975 and NCI-H441 cells expressing PIP-FUCCI were
stained using a Ser194-phosphorylation-specific FADD anti-
body. Results in Fig. S9, A and B demonstrate that the phos-
phorylated form of FADD is predominantly observed in S and
G2/M cells (red and yellow PIP-FUCCI signals respectively),
while levels of phosphorylated-FADD were much lower in G1
cells (green) in both NCI-H1975 and NCI-H441 cells. As ex-
pected, FADD depletion in either cell line resulted in a G1
arrest (predominantly green cells, FADD KD, Fig. S9, A and B),
and the levels of phosphorylated FADD were significantly
diminished. Steady state levels of phosphorylated FADD in
either cell line as well as HeLa cells were similar, although
levels of total FADD were much lower in HeLa cells and
highest in NCI-H1975 cells (Fig. S9C).
Discussion

APC/C-Cdh1 activation contributes to mitotic exit, and its
activity is required for the maintenance of cells in G1 through
proteasomal degradation of key S Phase cyclins and kinases.
APC/C-Cdh1 maintains the G1 state, and its inactivation
(Restriction Point) is a requisite for cells to commit to entering
the cell cycle. Since this commitment is irreversible, the G1 to
S transition needs to be robust and tightly regulated and is
often dysregulated in cancer (8, 9). Currently, two mechanisms
are thought to mediate APC/C-Cdh1 inactivation prior to S-
phase entry. Emi1, which is transcriptionally activated by E2F,
binds to APC/C-Cdh1 and inhibits its activity as a pseudo-
substrate and as a competitive binder with the E2 enzyme
Ube2S (12). Additionally, the disassociation of Cdh1 from
APC/C upon cyclin E/A-Cdk2 mediated phosphorylation of
Cdh1 also inactivates APC/C-Cdh1 enabling entry into
S-Phase (3, 4). The studies presented here provide novel
J. Biol. Chem. (2023) 299(6) 104786 13
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defect in proliferation of FADD KD was rescued by FADDWT (green) but not the FADDS194A (brown) or FADDS194D (pink) mutants of FADD. Error bars rep-
resents mean ± SEM of three independent experiments. Statistical analysis was performed using Two-Way ANOVA for mixed model using Geisser-
Greenhouse correction. B, quantification of average time spent in G1 phase by CTRL, FADD KD, FADD KD combined with rescue using FADDWT,
FADDS194A, and FADDS194D revealed that in contrast to a 8 to 10 h G1 in CTRL cells, FADD KD cells had a G1 time of >20 h. The extended G1 in FADD KD cells
was rescued by exogenously expressed FADDWT but not the FADDS194A or the FADDS194D. Single cell computational analysis (n = 30, 31, 32, 33 and 30 for
CTRL, FADD KD, FADD KD + FADDWT, FADD KD + FADDS194A and FADD KD + FADDS194D respectively) was used to derive the time in G1. Error bars represents
mean ± SEM. Statistical significance was measured using a 2-tailed unpaired student t test with Welch’s correction. ****p < 0.0001 and n.s. denotes not
significant. C, Western blots showing expression of endogenous FADD (CTRL) in NCI-H441 cells transfected with CTRL siRNA or using a 30 non-coding
siRNA(siRNA#2) alone (−). Simultaneous with knockdown of endogenous FADD, expression of a Halo-FADD transgene was initiated using doxycycline to
rescue the FADD-depleted phenotype using wild-type FADD (Halo-FADDWT), a S194A mutant (Halo-FADDS194A), or a S194D mutant (Halo-FADDS194D) at
24 h. D, fixed immunofluorescence images of CTRL (control siRNA), FADD KD (FADD siRNA#2), FADD KD+FADDWT, FADD KD + FADDS194A and FADD KD +
FADDS194D, of PIP-FUCCI expressing NCI-H441 cells that also carry a conditional Halo-FADD transgene at 0 h and 24 h were collected. Scale bar is 50 μm. E,
cells from the experiment in (D) were stained using Janelia Fluor Halo 646 ligand according to manufacturer’s guidelines (see Experimental procedures for
details). Images were captured at 10X and zoomed in the inset to show that FADDWT localizes within the nucleus and the cytoplasm whereas FADDS194A is
excluded from the nucleus and FADDS194D is mostly restricted to the nucleus. Quantification of Nuclear to Cytosolic fluorescence ratio shown at the bottom
of the images denote mean fluorescence calculated using atleast 50 cell from three independent experiments ± SEM. Statistical significance was measured
using a 2-tailed unpaired student t test with Welch’s correction. p values are reported in the graphs, ****p < 0.0001. Scale bar top panel is 50 μm. Scale bar
Zoom inset is 10 μm. FADD, Fas-associated protein with death domain.

FADD inactivates APC/C-Cdh1 and promotes G1 to S transition
insights into an additional mechanism that promotes the G1 to
S transition, by demonstrating that FADD functions as an
APC/C-Cdh1 inhibitor and is required for the G1 to S tran-
sition in response to mitogen. The significance of FADD’s role
in APC/C-Cdh1 inhibition and the G1 to S transition was
elaborated by our finding that in the absence of Emi1 and
cyclin E-Cdk transcription (as a result of Cdk4/Cdk6 inhibi-
tion), overexpression of FADD forced the inactivation of APC/
14 J. Biol. Chem. (2023) 299(6) 104786
C-Cdh1 despite the absence of Rb phosphorylation. Amplifi-
cation of the FADD locus at 11q13 and its enhanced expres-
sion is observed in head and neck, lung, and breast cancer,
which correlates with aggressive disease (21, 39–42), suggest-
ing that dysregulation of the G1 to S checkpoint by FADD may
contribute to oncogenesis. FADD is best understood for its
function as an adapter for the activation of the extrinsic cell
death pathway (17–19). However, findings presented here
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wherein FADD is shown to also regulate the cell cycle in
response to mitogen are intriguing, in that a single molecule
participates in apoptotic cell death and mitogen-mediated cell
proliferation. Nuclear translocation of cytosolic FADD upon
phosphorylation by CK1α at Serine-194 has been descried by
us (21, 22) and others (20, 43), which may represent a mo-
lecular event that distinguishes the two disparate activities of
FADD. In support, the nuclear Ser-194 phosphorylated form
of FADD is associated with cancer and its levels are predictive
of clinical outcomes (22, 23, 44). Additionally, results pre-
sented here as well as previous studies have shown that
expression of a non-phosphorylatable mutant as well as a
phosphomimic mutant in cells and mouse models leads to
defects in cell proliferation (19, 20, 22, 23, 45) likely due to
perturbation of the APC/C activity. Our finding that phos-
phorylation of FADD is highest in the S and G2/M phase of the
cell cycle and lowest in G1, suggests that Ser194-
phosphorylation and its nuclear translocation may be
required for the transition of cells from G1 to S. The molecular
basis for APC/C-Cdh1 inhibition by FADD in analogy to Emi1
and Acm1, two well studied APC/C-Cdh1 inhibitors in
mammals and yeast respectively (11, 46), may involve its
function as a pseudosubstrate inhibitor of APC/C-Cdh1
mediated by the presence of well-characterized Cdh1 binding
motifs, the D-box and the KEN-box at the C-terminus of
FADD. Two lines of evidence support this notion. First, the
finding that the enhanced E3-ligase activity phenotype (failure
to accumulate S-phase cyclins and thus a G1 arrest) observed
in FADD-depleted cells required the presence of Cdh1, since
cells depleted of Cdh1 and FADD simultaneously failed to
demonstrate a G1 arrest. In contrast, a shortened time in G1
was observed as a result of Cdh1 depletion, consistent with
previous studies (11, 47). Second, our finding that conditional
expression of a heterologous FADDWT transgene could
phenotypically rescue cells depleted of endogenous FADD,
while conditional expression of the FADDS194A mutant (unable
to undergo nuclear translocation) or the FADDKEN mutant
(fails to interact with Cdh1) did not restore the G1 arrest
observed in FADD depleted cells. This provides compelling
evidence that FADD’s role in the G1 to S transition requires its
nuclear translocation (to colocalize with APC/C-Cdh1) and
physical interaction with Cdh1. The finding that the FADDKEN

mutant, although unable to interact with Cdh1, remains bound
to APC/C-Cdh1 in late G1, and exerts a dominant negative
phenotype, suggests that analogous to Emi1, FADD may have
additional domains that coordinate its interaction with and
inhibition of the APC/C. Future studies will elucidate the
structure-function underpinnings of FADD’s activity as an
APC/C-Cdh1 inhibitor to develop small molecule antagonists
of FADD-Cdh1 interaction, which could potentially be used as
inhibitor of cell cycle entry in cancer.
Experimental procedures

Cell lines

HEK 293FT cells (Thermo Scientific) were used for all the
overexpression and pulldown experiments. NCI-H441 (HTB-
174) and HCC827 (CRL-2868) were purchased from ATCC.
NCI-H1975 cells were a kind gift from Dr. Dipankar Ray
(Radiation Oncology, University of Michigan). HEK 293FT
were grown in Dulbecco’s modified Eagle’s medium (GIBCO),
containing 10% fetal bovine serum (FBS) and antibiotics
(penicillin-streptomycin). NCI-H441, HCC827 and NCI-
H1975 cells were grown in RPMI (Roswell Park Memorial
Institute) 1640 Medium (GIBCO) containing 10% FBS and
antibiotics (penicillin-streptomycin). All cell lines were grown
at 37 �C and 5% CO2. All experiments were conducted with
early passage cells that were passaged no more than 15 times.
Mycoplasma was tested regularly by MycoAlert Mycoplasma
Detection Kit (Lonza LT07-118).

Antibodies

The following antibodies were used in this study: myc (9E10,
SC-131, Mouse monoclonal) 1:1000 WB; cyclin B1 (sc-245,
Mouse monoclonal) 1:1000 WB; were from Santa Cruz
Biotechnology; FADD (2782, rabbit polyclonal) 1:1000; GST
(26H1, mouse monoclonal) 1:1000 WB; cyclin A2 (4656,
mouse monoclonal) 1:1000 WB; cyclin E1 (4129, mouse
monoclonal) 1:1000 WB; cyclin E1 (13445, rabbit monoclonal)
1:1000 WB; Phospho-Histone H3 (3377, rabbit monoclonal)
1:1000 WB; Aurora A (14475, rabbit monoclonal) 1:1000 WB;
α-Actinin (6487, rabbit monoclonal) 1:1000 WB; Rb (9309,
mouse monoclonal) 1:100 IF; Phospho-Rb (8516, rabbit
monoclonal) 1:1000 WB, 1:350 IF; Phospho-FADD (Ser194)
Antibody (Human Specific) (2781 1:1000 WB, 1:100 IF) were
from Cell Signaling Technology; Cdh1 (FZR1) (MABT1323
mouse monoclonal) was from Millipore Sigma; Alexa Fluor
405 and Alexa Fluor 647 -conjugated anti-mouse-IgG and
anti-rabbit-IgG secondary antibodies (A48258, A32787) were
from Thermo Fisher Scientific; (HRP)-conjugated anti-mouse-
IgG and anti-rabbit-IgG secondary antibodies were from
Jackson Immunoresearch: horseradish peroxidase secondary
antibodies (715-035-151, 711-035-152).

Inhibitors

The inhibitors used in this study with their concentrations
were as follows: Palblociclib (100 nM, Med Chem Express,
HY-50767), CDK1i (10 μM, Sigma-aldrich, SML0569), pro-
TAME (15 mM, R&D systems, I44001 M), APCin (30 μM,
R&D systems, I44405 M). Nocodazole (0.1 μg/ml, Cell
Signaling Technology #2190).

Constructs

The following constructs were used for the interaction
studies: myc-Cdh1 was a gift from Pumin Zhang (Addgene
plasmid # 28127; http://n2t.net/addgene:28127; RRID:Addg-
ene_28127) (48), pGEX-4T1-FADDWT, pGEX-4T1-FADDDbox

and pGEX-4T1-FADDKEN were constructed by PCR cloning
human FADD into 50EcoRI and 30NotI restriction sites of the
vector pGEX-4T1 (Amersham). pLenti-PGK-Neo-PIP-FUCCI
was a gift from Jean Cook (Addgene plasmid # 118616;
http://n2t.net/addgene:118616; RRID:Addgene_118616) (28).
Tetracycline-inducible (“Tet-On”) pTRIPZ lentiviral vectors
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(Open Biosystems) were used to PCR clone the N-terminus
Halo tagged FADD fusion construct for Halo-tagged FADDWT,
FADDDbox, FADDKEN, FADDS194A, and FADDS194D constructs
to establish doxycycline-inducible stable cell lines.

siRNA transfection and rescue experiment

NCI-H441, NCI-H1975, and HCC827 cells were trans-
fected using Lipofectamine RNAiMAX reagent (Invitrogen,
13778500) following manufacturer’s guidelines. siRNAs were
purchased from the Dharmacon SiGenome project: FADD
siRNA #1 D-003800-01-0005 (targeting ORF of FADD) and
FADD siRNA#2 D-003800-19-0005 (targeting 30UTR of
FADD), control siRNA (non-targeting #1) at a final concen-
tration of 20 nM. Figures 1–3 utilize FADD siRNA#1 whereas
Figures. 5 and 7 utilize FADD siRNA#2 (since siRNA tar-
geting 30UTR does not target the Halo-FADD). Results in
each of the key experiments presented were confirmed by
both the siRNAs to confirm the accuracy and validity of the
knockdown (data not shown). Cdh1 siRNA was purchased
from Dharmacon (L-015377-00-0005 ON-TARGETplus
siRNA SMARTpool) and was used at a final concentration
of 15 nM.

For the rescue experiment (Fig. 6) siRNA#2 was transfected
using Lipofectamine RNAiMax 24 h after plating cells in the
imaging chamber slide. Endogenous FADD knockdown was
rescued by the addition of doxycycline to induce the expres-
sion of FADD transgene 8 h after the knockdown. Imaging was
initiated 24 h after the knockdown.

Lentiviral constructs and transduction

Stable cells expressing PIP-FUCCI, FADDWT, FADDDbox,
and FADDKEN were produced by Lentivirus transduction.
Lentiviruses were prepared by transfecting HEK 293FT cells
with pLenti constructs (6 μg), pMD2.G (0.8 μg), and pSPAX2
(4 μg) constructs (pMD2.G and pSPAX2 were a gift from
Didier Trono, Addgene plasmids #12259 and #12260). Cell
culture medium was changed 24 h post-transfection and
Lentivirus were harvested 48 h post-transfection. NCI-H441,
NCI-H1975, MCF-7, and HCC827 cells were infected with
1 ml lentivirus particles mixed with 1 ml culture medium in 6-
well dish overnight. The following day, the infection medium
was removed and replaced with a complete medium contain-
ing 500 ug/ml Neomycin (G418) (PIP-FUCCI stable expres-
sion) or puromycin 10 ug/ml to select FADDWT, FADDDbox,
FADDKEN, FADDS194A, and FADDS194D transduced cells. Total
cell lysates were subjected to Western blot analysis to confirm
the protein expression as described above. Single-cell clones
were obtained by serial dilution in 96-well plates followed by
outgrowth into larger dishes.

Transfections and immunoprecipitation

Transfection of HEK 293FT cells was achieved using the
standard Calcium phosphate transfection method (Calcium
Phosphate Transfection Kit, Invitrogen K2780-01) using the
manufacturer guidelines. The culture medium was changed
24 h after transfection and cells were harvested 48 h post-
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transfection. The cells cultured on 100 mm tissue culture
dishes were rinsed with PBS and then scraped into a lysis
buffer containing 50 mM HEPES pH 7.4, 10 mM EDTA,
150 mM NaCl, 1% NP-40, DOC 0.5%, SDS 0.1% with freshly
added protease and phosphatase inhibitor cocktail (Roche).
The supernatant was collected after centrifugation at 16,800g
for 10 min at 4 �C. For immunoblotting, lysates were boiled in
2X Laemmli buffer, and proteins were resolved by SDS-PAGE
using 4 to 20% Mini-PROTEAN TGX Precast Gels (Bio-rad
#4561093EDU). The proteins were transferred onto PVDF
using Bio-rad Trans-Blot Turbo Transfer System
(1704150EDU) and immunoblotted with the indicated anti-
bodies. Immunocomplexes were visualized using the Bio-rad
Clarity Western ECL Substrate Chemiluminescent HRP sub-
strate (Bio-rad 1705061). For immunoprecipitation (myc IP),
protein concentration was measured using DC protein assay
reagent (BioRad), and an equal amount of protein was added
to respective beads (ChromoTek myc-Trap beads). Beads were
incubated with lysates for 1 h at 4 �C on a rotator, washed
three times with lysis buffer, followed by resuspension in 2X
Laemmli buffer and loaded on SDS polyacrylamide gels for
Western blot analysis. Immune complexes were split into two
aliquots (90% and 10%) which were run separately on SDS-
PAGE gels and transferred to PVDF membranes. The mem-
branes with 90% of immune complexes were blotted for GST
FADD whereas those with 10% of immune complexes were
blotted for myc-Cdh1. For Cdc27 IP (Fig. 4F) and Halo IP
(Fig. S7E), protein concentration was measured using a DC
protein assay reagent (BioRad). An equal amount of protein
(0.5ug) was incubated with either Cdc27 Antibodies (CDC27
IP, Fig. 4F) or Halo nanobodies conjugated Sepharose beads
(reverse IP, Fig. S7F) at 4 �C on a rotator for 3 h followed by
addition of Pierce Protein G magnetic beads (Thermo Fisher
Catalog #88847) to the CDC27 IP. Beads were incubated with
lysates for 1 h at 4 �C on a rotator, washed three times with
lysis buffer, followed by resuspension in 2X Laemmli buffer
and loaded on SDS polyacrylamide gels for Western blot
analysis.
Immunocytochemistry

Immunocytochemistry assays were performed using fixed
cells on round cover glass, #1.5 thickness, 10 mm (Thomas
Scientific, 1217N78). NCI-H441 cells were grown on the
coverslips and fixed for 10 min with 3.7% paraformaldehyde
and quenched with 10 mM ammonium chloride. Cells were
then permeabilized with 0.1% Triton X-100 in PBS for 10 min.
The coverslips were then washed with PBS and blocked in
1XPBS, 2.5% goat serum (Sigma), 0.2% Tween 20 for 10 min
followed by 10 min blocking in PBS, 0.4% fish skin gelatin
(Sigma), and 0.2% Tween 20. Cells were incubated with pri-
mary antibodies for 1 h at room temperature. The coverslips
were then washed with PBS, 0.2% Tween 20, and incubated
with Alexa Fluor 594 or 647 secondary antibodies for 45 min,
washed as described above, and mounted on glass slides in
ProLong Diamond Antifade Mountant (Thermo Fisher
Scientific-P36965). IF imaging involving fixed cell imaging was
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treated with Janelia Fluor 646 HaloTag Ligand (Promega
catalogue # GA1120) according to manufacturer’s guidelines.

Live cell imaging

NCI-H441, NCI-H1975, and HCC827 cells were plated 16 h
before the siRNA transfection, in either CELLVIS 12 well #1.5
glass bottom dishes (CELLVIS, P121.5HN) or 8-well multi-
chamber #1.5 glass bottom slides (LABTKII, 155409). Cells
were plated at a confluence such that the density would remain
sub-confluent until the end of the imaging period. Live cell
imaging was performed 24 h post knockdown in phenol red–
free RPMI supplemented with 10% FBS and antibiotics
(penicillin-streptomycin). Cells were imaged in a humidified
chamber that maintains 5% CO2 and 37 �C temperature.
Images were taken in GFP and mCherry channels every 10 min
on a Zeiss LSM800 Axio Observer.Z1/7 confocal microscope
using plan-Apochromat 10X/0.45 M27 objective. The total
time exposure was kept under 400 ms for each timepoint to
avoid photobleaching and phototoxicity. Images were pro-
cessed using custom ImageJ macro and custom MATLAB
scripts as described below.

Image processing

The images acquired during live cell imaging were pre-
processed to remove the background using a Gaussian filter in
image J. Where the nuclear channel is absent, a maxima of
mVenus and mCherry is used to track cells using trackmate
(49). Tracks information and intensities of each channel are
then provided to custom MATLAB scripts to produce intensity
versus time graphs. Representative data from at least three
different experiments each with a minimum of 100 cells is
shown. ImageJ macro and MATLAB scripts with instructions
are uploaded to Github and are available upon request.

In vitro APC/C-Cdh1 E3-ligase assay

APC-Cdh1 activity assays (as described in (11)) were used
to evaluate the difference in E3 ligase activity of immuno-
purified APC/C-Cdh1 derived from control siRNA trans-
fected cells and FADD siRNA transfected cells. Briefly, anti-
CDC27 antibody coupled protein A/G magnetic Dynabeads
were incubated with equal concentrations of extracts from
late G1 phase cells (3 h post-nocodazole release). Beads were
washed with buffer (25 mM HEPES, pH7.5, 1.5 mM MgCl2,
5 mM KCl) and used as a source of APC/C-Cdh1. For
ubiquitination assays, 4 μl bead slurry was used in 10 μl re-
actions containing purified E1, E2 (UBE2C and UBE2S),
ubiquitin, energy mix (10 mM phosphocreatine, 0.5 mM ATP
and 50ug/ul creatine phosphokinase) and substrate (His-myc-
Cyclin B1–102) for 0 to 30 min. Samples were western blotted
for cyclin B1.

Statistical analysis

Graphpad PRISM 8 was used to perform statistical analysis.
Statistical significance was measured using a 2-tailed unpaired
student t test with Welch’s correction. p values are reported in
the graphs and explained in the figure legends. *p < 0.05; **p <
0.01; and ***p < 0.001. n.s. denotes not significant.

Data availability

Source Data and Supplementary Data for the figures will be
made available from the corresponding authors upon request.

Code availability

The pre-processing codes before running Trackmate in
ImageJ analysis and the MATLAB codes for the analysis of Fiji
generated data are deposited at Github (https://github.com/
sahezeel/PIP-FUCCI-Analysis-codes). Additional modified
scripts are available from the corresponding authors upon
reasonable request.

Supporting information—This article contains supporting
information.
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