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            Abstract
Mammalian cells integrate mitogen and stress signalling before the end of G1 phase to determine whether or not they enter the cell cycle1,2,3,4. Before cells can replicate their DNA in S phase, they have to activate cyclin-dependent kinases (CDKs), induce an E2F transcription program and inactivate the anaphase-promoting complex (APC/CCDH1, also known as the cyclosome), which is an E3 ubiquitin ligase that contains the co-activator CDH1 (also known as FZR, encoded by FZR1). It was recently shown that stress can return cells to quiescence after CDK2 activation and E2F induction but not after inactivation of APC/CCDH1, which suggests that APC/CCDH1 inactivation is the point of no return for cell-cycle entry3. Rapid inactivation of APC/CCDH1 requires early mitotic inhibitor 1 (EMI1)3,5, but the molecular mechanism that controls this cell-cycle commitment step is unknown. Here we show using human cell models that cell-cycle commitment is mediated by an EMI1â€“APC/CCDH1 dual-negative feedback switch, in which EMI1 is both a substrate and an inhibitor of APC/CCDH1. The inactivation switch triggers a transition between a state with low EMI1 levels and high APC/CCDH1 activity during G1 and a state with high EMI1 levels and low APC/CCDH1 activity during S and G2. Cell-based analysis, in vitro reconstitution and modelling data show that the underlying dual-negative feedback is bistable and represents a robust irreversible switch. Our study suggests that mammalian cells commit to the cell cycle by increasing CDK2 activity and EMI1 mRNA expression to trigger a one-way APC/CCDH1 inactivation switch that is mediated by EMI1 transitioning from acting as a substrate of APC/CCDH1 to being an inhibitor of APC/CCDH1.
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                    Fig. 1: EMI1 conveys hysteresis to APC/CCDH1 inactivation.[image: ]


Fig. 2: The APC/CCDH1 inhibitor EMI1 is also an APC/CCDH1 substrate that is degraded during G1 and builds up at the G1â€“S transition.[image: ]


Fig. 3: APC/CCDH1 inactivation is a bistable switch driven by dual-negative feedback.[image: ]


Fig. 4: Cyclin Eâ€“CDK2 activity and EMI1 mRNA synthesis synergistically trigger the EMI1â€“APC/CCDH1 inactivation switch and cell-cycle commitment.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Single-cell APC/CCDH1 data used to determine hysteresis curves.
a, Experimental setup for Fig.Â 1b, d. and Extended Data Fig.Â 1b. Asynchronous MCF10A cells were tracked and imaged for approximately 18Â h and then treated with either DMSO or the CDK1/2 inhibitor (at concentrations indicated in bâ€“d). Two subpopulations were analysed: cells in G1 phase (drug added while APC/CCDH1 on) or cells in S/G2 phase (drug added while APC/CCDH1 off). b, Single-cell traces of APC/C activity in MCF10A cells treated with DMSO or 30Â Î¼M CDK1/2 either in G1 phase (top and middle) or S phase (bottom). Traces were coloured red if APC/CCDH1 ended up inactive and traces were coloured black if APC/CCDH1 ended up active, at 5Â h after the addition of the drug. (nÂ =Â 200, 135 and 197 cells in top, middle and bottom panel, respectively). Histograms to the right of each panel give APC/C activity at the last frame of the movie for each cell. Pie chart insets give the percentage of cells with APC/C still active at the end of the movie. c, Scatter plot of CDK2 activity at the time of drug spike, plotted against the CDK2 activity from the same cell 1Â h later. Cells at all phases of the cell cycle were included. d, Top, representative APC/C activity traces for MCF10A cells in G1 phase at time of the indicated treatment. Bottom, representative APC/C activity traces for MCF10A cells in S/G2 phase at time of the indicated treatment. Traces were coloured red if APC/CCDH1 was inactive and traces were coloured black if APC/CCDH1 was still active, at 5Â h after addition of the drug. Pie charts show the percentage of cells with APC/CCDH1 still active, used to make the doseâ€“response curve in Fig.Â 1b. e, Table of the EC50 for the doseâ€“response curves in Fig.Â 1b, d Â±â€‰s.e.m. nÂ =Â 3 independent experiments. Doses above 30Â Î¼M CDK1/2 inhibitor killed the cells, making it impossible to calculate an EC50 above 30Â Î¼M. f, MCF10A cells were treated with 10Â Î¼M CDK1/2 inhibitor and binned by their APC/CCDH1 activity at the time of drug addition. The percentage of cells in each bin with APC/CCDH1 activity on at 2.5Â h after drug addition was calculated. Data were analysed by nonlinear regression (sigmoidal doseâ€“response, variable slope). Error bars are s.d. from two independent experiments. g, Scatter plot of APC/C activity at the time of drug spike, plotted against the APC/C activity from the same cell 2.5Â h later. Vertical dashed line represents the 70% inactive threshold. Horizontal line indicates the point at which APC/C activity is below 0.1, and is considered to be off.

                          Source data
                        


Extended Data Fig. 2 siRNA validation experiments.
aâ€“e, HeLa (a, b, e) or U2OS (c, d) cells were treated with the indicated siRNA for 24Â h before fixation and immunostaining. Scale bars, 20Â Î¼m. Single-cell quantification of immunofluorescence data was used to generate the histograms. In a, nÂ =Â 7,152 cells for siControl and nÂ =Â 4,051 cells for siCCNA2. In b, nÂ =Â 7,772 cells for siControl and nÂ =Â 3,916 cells for siSKP2. In c, nÂ =Â 7,003 cells for siControl and nÂ =Â 8,589 cells for siCCNF. In d, nÂ =Â 9,393 cells for siControl and nÂ =Â 7,871 cells for siEMI1. e, nÂ =Â 64,574 cells for siControl and nÂ =Â 53,338 cells for siCCNE1 and siCCNE2.

                          Source data
                        


Extended Data Fig. 3 EMI1 is responsible for rapid APC/CCDH1 inactivation in multiple cell lines.
a, b, Single-cell traces of APC/C activity computationally aligned to the point at which APC/CCDH1 first starts to inactivate, in cells treated with the indicated siRNA 6Â h before the start of imaging. Black line, median APC/C activity trace. Panels on the far right show median APC/C activity traceÂ Â±Â s.d. HeLa cells, nÂ =Â 129 (representative traces plotted)/602 (all traces used to calculate median), 126/384, 124/399, 120/228, 138/400 cells with siControl, siCCNA2, siSKP2, siCCNF and siEMI1, respectively (a); MCF10A cells, nÂ =Â 139/400, 130/400, 134/400 cells with siControl, siCCNF and siEMI1, respectively (b). c, Single-cell traces of APC/C activity computationally aligned to mitosis in U2OS cells treated with the indicated siRNA 6Â h before the start of imaging. Black line, median APC/C activity trace. Traces in U2OS cells had to be aligned by mitosis because APC/CCDH1 did not inactivate when cells were treated with siRNA targeting EMI1. nÂ =Â 200 representative cells per condition out of a total of 2,068, 1,531 or 875 cells for siControl, siCCNF and siEMI1, respectively. d, Single-cell traces of APC/C activity in MCF10A cells treated EMI1 siRNA. At the indicated time in S phase, 1Â Î¼M CDK1/2 inhibitor was spiked in. Traces were coloured red if APC/CCDH1 stayed inactive and traces were coloured black if APC/CCDH1 turned back on, 5Â h after addition of the drug. nÂ =Â 80. Inset: pie chart of the percentage of cells that turned APC/C back on at the end of the movie. e, Schematic of proposed bistable switch involving cyclin E1â€“ and cyclin E2â€“CDK2, APC/C and EMI1.

                          Source data
                        


Extended Data Fig. 4 Measuring protein and mRNA dynamics from fixed cells.
a, HeLa cells were synchronized with thymidine followed by nocodazole and mitotic shake-off (see Fig.Â 2a). After shake-off, cells were immediately plated in a 96-well plate for live-cell imaging. Top, single-cell traces of APC/C-degron levels. Black line, median APC/C-degron level. Bottom, single-cell APC/C activity traces. Dashed line indicates the time at which APC/CCDH1 first starts to inactivate. nÂ =Â 200 representative cells out of a total of 3,190 cells used to calculate the median. b, Asynchronous HeLa cells were exposed to 10Â Î¼M EdU for 15 min, fixed and then stained for both EMI1 and EdU incorporation. Top, density scatter plot of DNA content versus EdU levels, used to gate cells into specific cell-cycle phases. (for example, G1 cells have 2n DNA and low EdU, S phase cells have greater than 2n DNA and high EdU and so on). Cells were designated as early S phase if they had 2n DNA and sub-maximal EdU, which indicates they were in S phase for less than 15 min at the time of fixation. Bottom, density scatter plot of DNA content versus EMI1 levels. Because we measured EdU and EMI1 in the exact same cells, cell-cycle phase gates were applied to the EMI1 scatter plot. Each cell was coloured based on the cell-cycle phase that cell was in. Large dots with a black border mark the median values for each gated population. The single-component histograms for EMI1 levels in each cell-cycle phase are shown on the right. c, HeLa Cells were treated as in Fig.Â 2a, but 2Â h after release, cells were treated with either DMSO or 10Â Î¼M MG132. Lysates were collected 2Â h later (a total of 4Â h after release). Image is representative of nÂ =Â 3 independent experiments. d, Schematic of the regulation of three key G1 and S phase genes, GMNN, EMI1 and CCNE1, by both transcription and ubiquitination-mediated degradation. e, HeLa cells were imaged and tracked for 20Â h, and the time each cell went through anaphase relative to the end of the movie was recorded. Cells were then fixed and stained with single molecule mRNA FISH probes for the indicated genes (top), or with antibodies against the indicated proteins (bottom). Data are a scatter plot of the single-cell mRNA or protein levels as a function as the time relative to mitosis. Solid line represents the median levels from 1-h bins. nÂ =Â 2 independent experiments. f, Cells treated as in e, but before fixation cells were incubated with 100Â Î¼M EdU for 5Â min. Dashed line indicates the first bin in which EdU incorporation goes above background, which indicates that cells have entered the S phase. Data are from one representative experiment. For the panel on the right, single-cell data were binned in 1-h intervals and the median Â± s.e.m. was plotted. nÂ =Â 6 replicates.

                          Source data
                        


Extended Data Fig. 5 EMI1 accumulates coincident with APC/CCDH1 inactivation.
aâ€“c, Normalized mRNA and protein levels for the indicated genes. Data from mRNA and protein are plotted on the same x axis to enable comparison of the kinetics. The start of S phase was determined by EdU incorporation (see Extended Data Fig.Â 4e). Data are median value for each bin. nÂ =Â 2 independent experiments. d, Density scatter plot of EMI1 protein levels and geminin protein levels measured in the same single cells. Single-component histograms are shown as insets. e, Density scatter plot of cyclin E1 protein levels and geminin protein levels measured in the same single cells. Single-component histograms are shown as insets. f, HeLa cells were treated with either control siRNA (black line) or CDH1 siRNA (coloured line) and then imaged and tracked for 20Â h. The time at which each cell went through anaphase relative to the end of the movie was recorded. Cells were then fixed and immunofluorescence was performed with antibodies to the indicated proteins. The time required to reach half-maximal protein abundance is indicated with a dashed line (labelled t1/2). Data are median values Â± s.e.m. and the line of best fit was calculated using nonlinear regression. Data were normalized to maximum value. nÂ =Â 8 independent experiments. g, Bar graph of the difference in t1/2 times in cells treated with control siRNA and CDH1 siRNA from j. Individual data points are shown as dots. Error bars are s.e.m. P values from one-way ANOVA with Tukey multiple comparisons test. nÂ =Â 8 independent experiments. h, i, In vitro ubiquitination time course using immuno-purified APC/C and either recombinant EMI1 (h) or geminin (i). Bottom, lighter exposure showing the un-modified substrate. nÂ =Â 1 experiment. j, In vitro ubiquitination assay using immuno-purified APC/CCDH1, recombinant EMI1 and the indicated ubiquitin mutant. E2C/S, E2 enzymes UBE2C and UBE2S. nÂ =Â 1 experiment.

                          Source data
                        


Extended Data Fig. 6 EMI1 and geminin protein levels are tightly correlated during the cell cycle.
a, Model of APC/CCDH1 architecture. For simplicity, the substrate-binding region comprising primarily CDH1 and APC10 is designated as site 1, and the E2 ubiquitin-conjugating enzymes UBCH10 and UBE2S are designated as site 2. Sub, substrate; Ub, ubiquitin. b, Regulation of APC/C by wild-type EMI1. EMI1 is thought to bind both to site 1 and to site 2 to inhibit APC/C. c, d, Regulation of APC/C by two EMI1 mutants. Substrates are recruited to APC/C through a substrate-binding region (site 1). Ubiquitin is transferred to the substrate by UBCH10 and UBE2S (site 2). e, Signalling diagram of the G1 cell-cycle program, showing how inhibiting CDK4/6 activity with a small molecule inhibitor will prevent APC/CCDH1 inactivation. f, MCF10A cells expressing either empty vector or various EMI1 variants were treated with DMSO. Single-cell APC/C activity traces were computationally aligned to the time of mitosis. DMSO treatment was administered before mitosis, as indicated by the arrow. nÂ =Â 120 cells for each condition. g, Median levels of APC/C degron (red) or wild-type EMI1 (EMI1WT; green) stably expressed in the same MCF10A cells. nÂ =Â 330 cells. mit, mitosis. h, Median expression levels of ectopically expressed EMI1 mutants tagged with mCitrine. Measurments for each single-cell were the maximum fluorescence detected during each cell cycle. Single-cell data were then averaged for each replicate. Individual data points are shown as dots. Data are median values Â± s.d. nÂ =Â 3 independent experiments. i, Left, median APC/C-degron levels measured over 24Â h in MCF10A cells. Arrows indicate mitosis. nÂ =Â 88,125 cells. Right, median levels of APC/C degron (red) or EMI1(C401S) (green) stably expressed in the same cells. nÂ =Â 3,618 cells. Inset diagram shows that EMI1(C401S) is a substrate of APC/CCDH1 and not an inhibitor. j, Single-cell traces of APC/C degron (red) or EMI1(C401S) (green) levels in MCF10A cells. Six representative cells from i are shown. k, Density scatter plot of APC/C-degron levels versus EMI1(C401S) levels measured in the same cells. l, Percentage of cells from Fig.Â 3bâ€“e that inactivated their APC/CCDH1 at least 5Â h after mitosis. nÂ =Â 3 biological repeats. Individual data points are shown as dots. Error bars are s.d.

                          Source data
                        


Extended Data Fig. 7 Mathematical model for an EMI1â€“APC/C dual-negative feedback loop.
a, Differential equation for the regulation of EMI1 protein concentration. Constant synthesis (S) is assumed for the steady-state model. The model includes reversible low-affinity binding of EMI1 to the substrate-binding site (Î³+ or Î³âˆ’) and inhibitory binding that blocks ubiquitin chain elongation, but not mono-ubiquitination. EMI1 ubiquitination is assumed to be distributive, requiring five ubiquitin elongations to become fully ubiquitinated for effective degradation. APC/CCDH1 activity is inhibited by CDK2 activity or by EMI1 binding to the inhibitory site, allowing EMI1 to be subsequently de-ubiquitinated and stabilized. b, A single-cell APC/C activity and CDK2 activity trace. Each steady state from Fig.Â 3g is marked. At the indicated time, 3Â Î¼M of CDK1/2 inhibitor was added but APC/C activity remains off, as predicted in Fig.Â 3g.


Extended Data Fig. 8 EMI1 is an APC/C substrate at low concentrations but an inhibitor of ubiquitin chain elongation at high concentrations.
a, In vitro ubiquitination reaction of recombinant geminin using immuno-purified APC/C and a range of concentrations of recombinant EMI1. Non-specific bands are marked with *. nÂ =Â 1 experiment. b, In vitro ubiquitination time course using immuno-purified APC/C and 2,944Â nM recombinant EMI1. Only mono-ubiquitinated EMI1 was observed after 30Â min. nÂ =Â 1 experiment. c, In vitro ubiquitination assay using immuno-purified APC/CCDC20 from cells arrested in mitosis and either 23Â nM or 2,944Â nM recombinant EMI1. After the in vitro reaction, equal amounts of EMI1 were loaded onto the gel for western blotting. nÂ =Â 1 experiment. d, Quantification of fully ubiquitinated EMI1 from Fig.Â 4b using densitometry. Data are plotted as the percentage of total EMI1. The line of best fit was determined using the Hill equation. Dashed lines indicate an EC50 of about 175Â nM. e, Steady-state analysis of EMI1 levels as a function of the degradation and synthesis rate. Assuming constant EMI1 synthesis (dashed lines), there are two stable steady states (red and blue dots). The system can transition to a mono-stable state with APC/C off and high levels of EMI1 by increasing the EMI1 synthesis rate above a threshold level (red arrow). Conversely, the system can transition to a different mono-stable state with APC/C on and low levels of EMI1 by decreasing the EMI1 synthesis rate (blue arrow). This system also exhibits hysteresis, as the occupied steady state depends on the previously occupied state (red dots versus blue dots).

                          Source data
                        


Extended Data Fig. 9 Cyclin E is dispensable for APC/CCDH1 inactivation in cells with constitutively active E2F.
a, b, Single-cell traces of APC/C activity computationally aligned to mitosis in either HeLa (nÂ =Â 200 cells per condition out of a total of 1,284, 434 and 462 cells for siControl, siCCNE1 and siCCNE2, and siEMI1, respectively, used to calculate the median and s.d.) (a) or U2OS (nÂ =Â 200 cells per condition out of a total of 551, 300 and 271 cells for siControl, siCCNE1 and siCCNE2, and siEMI1, respectively, used to calculate the median and s.d.) (b) cells treated with the indicated siRNA 6Â h before the start of imaging. Black line, median APC/C activity trace. Bottom graph in each panel shows median APC/C activity traceÂ Â±Â s.d. c, U2OS cells were treated with either control, CCNE1 and CCNE2, or EMI1 siRNA for 4Â h before the start of time-lapse imaging. APC/C and CDK2 activity were measured in the same cells, and traces were aligned to mitosis. Data are median activity trace Â± s.e.m. nÂ =Â 200 cells. d, The time between anaphase and at which relative APC/C activity reaches below 0.2 was calculated for each cell from Fig.Â 4f. Times from all cells were averaged for each replicate. Individual data points are shown as dots. Data are median times Â± s.e.m. P values from one-way ANOVA with Tukey multiple comparisons test. nÂ =Â 3 independent experiments. e, Single-cell APC/CCDH1 inactivation slope at the G1â€“S transition for each cell from Fig.Â 4f. Slopes from all cells were averaged for each replicate. Data are median APC/CCDH1 inactivation slopes Â± s.e.m. P values from one-way ANOVA with Tukey multiple comparisons test. Individual data points are shown as dots. nÂ =Â 3 independent experiments. f, Histogram of the time between CDK2 activation and APC/CCDH1 inactivation in HeLa cells treated with the indicated siRNA. Values above zero indicate CDK2 turns on before APC/CCDH1 turns off, and values below zero indicate APC/CCDH1 turns off before CDK2 turns on.

                          Source data
                        


Extended Data Fig. 10 APC/CCDH1 inactivates before CDK2 activation in cells with cyclin E1 and cyclin E2 knocked down.
a, b, Single-cell traces of APC/C (red) and CDK2 (green) activity in HeLa cells treated with either control siRNA (a) or CCNE1 and CCNE2 siRNA (b). Ten representative cells are shown for each condition. Black arrow, time of mitosis; green dashed line, time at which CDK2 activity first starts to rise; red dashed line, time at which active APC/C first starts to inactivate. c, Phase-plane diagram of median CDK2 and APC/C activity measured simultaneously in the same U2OS cells over time, starting in mitosis or G0 phase and progressing to S phase. nÂ =Â 270 cells per condition. d, Scheme of the regulation of APC/CCDH1 inactivation in the presence (wild type) or absence of cyclin E. Cells can bypass the requirement for cyclin E1â€“ and cyclin E2â€“CDK2 in G1 phase by upregulating EMI1 mRNA. HeLa and USO2 cells bypass cyclin E1â€“ and cyclin E2â€“CDK2 by having constitutively active E2F1â€“3.
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