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Summary

The Mad1-Mad2 heterodimer is the catalytic hub of the spindle assembly checkpoint (SAC), 

which controls M phase progression through a multi-subunit anaphase inhibitor, the mitotic 

checkpoint complex (MCC) [1, 2]. During interphase, Mad1-Mad2 generates MCC at nuclear 

pores [3]. After nuclear envelope breakdown (NEBD), kinetochore-associated Mad1-Mad2 

catalyzes MCC assembly until all chromosomes achieve bipolar attachment [1, 2]. Mad1-Mad2 

and other factors are also incorporated into the fibrous corona, a phospho-dependent expansion of 

the outer kinetochore that precedes microtubule attachment [4–6]. The factor(s) involved in 

targeting Mad1-Mad2 to kinetochores in higher eukaryotes remain controversial [7–12], and the 

specific phosphorylation event(s) that trigger corona formation remain elusive [5, 13]. We used 

genome editing to eliminate Bub1, KNL1, and the Rod-Zw10-Zwilch (RZZ) complex in human 

cells. We show that RZZ’s sole role in SAC activation is to tether Mad1-Mad2 to kinetochores. 

Separately, Mps1 kinase triggers fibrous corona formation by phosphorylating two N-terminal 

sites on Rod. In contrast Bub1 and KNL1 activate kinetochore-bound Mad1-Mad2 to produce a 

“wait anaphase” signal, but are not required for corona formation. We also show that clonal lines 

isolated after BUB1 disruption recover Bub1 expression and SAC function through nonsense-
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associated alternative splicing (NAS). Our study reveals a fundamental division of labor in the 

mammalian SAC and highlights a transcriptional response to nonsense mutations that can reduce 

or eliminate penetrance in genome editing experiments.

eTOC

Rodriguez-Rodriguez et al. identify distinct roles for Bub1, KNL1, and RZZ in SAC signaling and 

fibrous corona formation. They also show that BUB1-disrupted clones re-express Bub1 and regain 

SAC function via nonsense-associated alternative splicing, a often-overlooked transcriptional 

response that can limit penetrance in genome editing experiments

Results

The RZZ complex is required to maintain SAC arrest but not to initiate it

To analyze RZZ’s roles in fibrous corona assembly and SAC signaling, we used AAV and 

CRISPR/Cas9 to modify both alleles of KNTC1 (Rod) in HCT116 cells, a diploid human 

colorectal cell line (Figure S1A-C). KNTC1HF/- (hypomorph-flox) cells expressed Rod at 

~20% of the wildtype level (Figure S1D) and exited mitosis prematurely when microtubule 

polymerization (nocodazole, 99±6 min s.e.m.) or spindle bipolarity (S-trityl-L-cysteine 

(STLC), 193±9 min) were inhibited. In contrast wildtype cells never exited mitosis during 

the 16-hour timelapse (Figure 1A). We obtained viable KNTC1–/– clones after expressing 

Cre recombinase, which were as SAC-defective as KNTC1HF/- cells (Figure 1A and Figure 

S1E). Early escape from spindle poison-induced mitotic arrest was also observed in 

KNTC1–/– human retinal pigment epithelial (RPE) cells and KNTC1, ZW10, and ZWILCH 
KO HeLa cells (Figure 1B-C and Figure S1F-I). On the other hand, untreated RZZ-null cells 

had longer and more heterogenous mitotic timing, suggesting frequent but transient SAC 

activation (Figure 1D). Consistently, inhibiting the SAC kinase Mps1 caused KNTC1–/– 

cells to exit mitosis with wildtype kinetics (Figure 1D). These observations suggest that RZZ 

maintains (but does not initiate) SAC signaling at unattached or improperly attached 

kinetochores in multiple human cell types.

RZZ mediates a temporal switch in how Mad1-Mad2 is targeted to kinetochores

To understand RZZ’s impact on mitotic chromosome and SAC signaling dynamics, we 

expressed and imaged H2B-mCherry and FLAP (FLAG-GFP-TEV-S peptide)-Mad1 using 

spinning disk confocal microscopy. Mad1 first localized at kinetochores at nuclear envelope 

breakdown (NEBD), then dissociated as chromosomes congressed at the metaphase plate 

(Figure 1E and Video S1; n=10 cells). Congression was less efficient in KNTC1–/– cells, 

consistent with the lack of Spindly and dynein at kinetochores ([14] and Figure S1F-I), but 

Mad1 was still targeted to misaligned chromosomes as effectively as in wildtype cells 

(Figure 1F-G and Video S2; n=14 cells). We conclude that early mitotic cells can recruit 

Mad1-Mad2 to kinetochores and inhibit anaphase onset in the absence of the RZZ complex.

Next we analyzed Mad1 dynamics in cells undergoing nocodazole-induced SAC arrest. 

Mad1 initially localized to kinetochores at NEBD in both wildtype and KNTC1–/– cells, but 

this localization was not persistently maintained in the absence of RZZ (Figure 1H). To 
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confirm this result for endogenous Mad1, wildtype and KNTC1–/– RPE cells were treated 

with nocodazole and MG132 (to block mitotic exit) for 30 min or 4 hours, then fixed and 

analyzed by immunofluorescence microscopy (IFM). In wildtype cells Mad1 formed large 

crescents that were stable over time, whereas it formed compact foci in KNTC1–/– cells that 

were eventually lost from kinetochores (Figure 1I-J). Suppressing early mitotic Mad1-Mad2 

recruitment by treatment with Aurora B inhibitors [15, 16] eliminated the residual SAC 

response in KNTC1–/– cells (Tmitosis=39±10 min; Figure 1K). These results reveal a 

temporal switch from RZZ-independent to RZZ-dependent recruitment of Mad1-Mad2 

during chronic SAC signaling.

Mps1 promotes kinetochore expansion by phosphorylating the N-terminus of Rod

Mad1-Mad2 and RZZ localize to the fibrous corona, a phosphodependent expansion of the 

outermost kinetochore layer that persists until end-on microtubule attachments are formed 

[5, 6, 17]. Kinetochore expansion is thought to accelerate mitotic ‘search and capture’ by 

promoting lateral microtubule attachment [4] and to enhance SAC signaling [5]. RZZ is 

closely related to endomembrane coatomers that form oligomeric lattices [18, 19] and is 

likely a “building block” of the corona itself [13, 14, 20, 21]. Consistent with these 

proposals, two other corona-associated proteins (CENP-E [22] and CENP-F [23]) did not 

form crescents in KNTC1–/– cells (Figure 2A-B and S2A). To ensure that these results 

reflected loss of kinetochore expansion and not protein mislocalization, we performed 

correlative light-electron microscopy in cells expressing CENP-A-GFP as a centromere 

marker. Serial sectioning revealed circumferential expansion of trilaminar plates and fibrous 

material in wildtype cells (n=14 kinetochores), whereas the kinetochores of KNTC1–/– cells 

appeared as compact discs (n=15; Figure S2B and [13]). We conclude that the RZZ complex 

is required for fibrous corona formation.

In parallel we looked for mitotic kinases that might activate RZZ for kinetochore expansion. 

We found that CENP-E kinetochore crescents become compact after treating cells with an 

Mps1 inhibitor, but not after treatment with an Aurora B inhibitor (Figure 2C-D and [13]). 

Through global phosphoproteomic screening, we identified two Mps1-modified sites at the 

N-terminus of Rod (T13 and S15), upstream of its β-propeller domain [24]. To test the 

function of these sites, wildtype (WT) and nonphosphorylatable (2A) versions of Rod were 

expressed in T-Rex FLP-in HeLa cells as LAP (EGFP-TEV-S-peptide) fusions (Figure S2C). 

Both LAP-RodWT and LAP-Rod2A were incorporated into the full RZZ complex based on 

co-immunoprecipitation assays (Figure S2D). We then disrupted the KNTC1 locus in these 

cells using CRISPR/Cas9 and isolated transgene-complemented clones. Although LAP-

RodWT and LAP-Rod2A both localized to unattached kinetochores in the absence of 

endogenous Rod, only LAP-RodWT formed crescents (Figure 2E-F). Thus far the only post-

translational modification known to be required for crescent formation is C-terminal 

farnesylation of Spindly, which enables its kinetochore recruitment via interaction with 

Rod’s β-propeller domain [14, 20, 25, 26]. However Rod2A recruited Spindly and other 

corona-associated proteins in proportion to its own reduced abundance (Figure 2F). Despite 

having lower levels of Mad1-Mad2, the compact kinetochores in Rod2A cells sustained 

mitotic arrest in nocodazole as effectively as those in RodWT cells (Figure 2G). We conclude 
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that Rod’s N-terminal phosphorylation is required for fibrous corona formation but not SAC 

signaling.

Mad1-Mad2 requires a non-receptor activity of Bub1 to inhibit anaphase

Bub1 is required for kinetochore expansion in Xenopus egg extracts [5] but its role in 

fibrous corona formation in human cells has not been examined. Bub1’s role in the SAC also 

remains controversial, with inconsistent results across studies [7–12]. To test Bub1’s 

contribution to these aspects of kinetochore structure and function, we deleted BUB1 in RPE 

cells via doxycycline-inducible CRISPR/Cas9 [27]. BUB1–/– cells treated with nocodazole 

formed kinetochore crescents containing Rod, CENP-E, and Mad1, but not CENP-F [12] 

(Figure 3A and Figure S3A). To ensure complete depletion and avoid postmitotic arrest [27], 

we deleted BUB1 or its kinetochore scaffold KNL1 [1, 2] in p53-deficient RPE cells. 

KNL1–/– cells formed crescents with normal levels of RZZ but slightly less Mad1 (22% 

reduction; Figure 3B and Figure S3B). However deleting BUB1 or KNL1 decreased the 

period of nocodazole-induced mitotic arrest by 76% and 93% (median Tmitosis=130 min for 

KNL1–/– cells and 460 min for BUB1–/– cells, versus 1935 min for control cells), indicating 

that that SAC signaling was functionally compromised.

Although kinetochores in BUB1–/– and KNL1–/– cells have high levels of Mad1-Mad2, we 

could not exclude the possibility that a small but functionally important pool was missing. 

Therefore we tested the consequences of deleting BUB1 or KNTC1 and simultaneously 

expressing a constitutively kinetochore-bound form of Mad1 (Mis12-Mad1) that is 

refractory to SAC silencing at metaphase [28] (Figure 3D-J). Mis12-Mad1 expression 

triggered a mitotic arrest in KNTC1–/– cells that was even longer (median Tmitosis=1170 

min) than that observed in wildtype cells expressing Mis12-Mad1 (median Tmitosis=780 min; 

Figure 3I). This hyperactive response likely reflects RZZ’s role in stripping Mad1 and other 

SAC mediators from metaphase kinetochores via dynein-dependent transport [29–31]. In 

contrast BUB1–/– cells had a much weaker response to Mis12-Mad1 kinetochore tethering 

(median Tmitosis=130 min; Figure 3J). We next combined Mis12-Mad1 expression with 

nocodazole treatment to eliminate dynein-dependent stripping and engage upstream SAC 

signaling. This regimen further extended the mitotic arrest in KNTC1–/– cells (median 

Tmitosis=1355 min, versus 1560 min for wildtype cells) but accelerated mitotic exit in 

BUB1–/– cells (median Tmitosis=240 min) relative to nocodazole treatment alone (median 

Tmitosis=460 min; Figure 3I-J). We conclude that Mad1-Mad2 tethering can bypass RZZ, but 

not Bub1, with respect to SAC signaling. Our findings suggest that RZZ’s crucial and likely 

sole function in SAC activation is to maintain Mad1-Mad2 at kinetochores, whereas RZZ-

dependent corona formation is not required. In contrast Bub1 is not required for RZZ to 

localize at kinetochores, form the fibrous corona, or recruit Mad1-Mad2. However Mad1-

Mad2 still requires a non-receptor activity of Bub1 to generate a “wait anaphase” signal.

BUB1-disrupted clones re-express Bub1 and regain SAC function via nonsense-associated 
alternative splicing

The SAC defect we observed after acute BUB1 disruption is consistent with studies in Bub1 
conditional-knockout MEFs [9, 32] but not with recent studies in BUB1-disrupted human 

cell clones [33–35] (Figure 4A). To understand the basis of this discrepancy, we isolated 13 
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clones after acute disruption of BUB1 in p53-deficient RPE cells. All clones exhibited a 

partial (3–30%) recovery of Bub1 expression, kinetochore localization, and H2A kinase 

activity as judged by IFM with antibodies that recognize Bub1’s N-terminus and T120-

phosphorylated H2A (Figure 4B-E). We performed RT-PCR and sequencing on five clones 

(Figure 4F and Data S1). Full-length BUB1 transcripts harbored exon 4 indels that induce 

frameshift and early termination (Figure S4A). We also observed shorter transcripts that 

skipped part or all of exon 4 and/or utilized cryptic splice sites (Figure S4B-F). A number of 

alternatively spliced transcripts encoded BUB1 ORFs with short N-terminal deletions or 

insertions, thus explaining Bub1 re-expression (Figure S4C-F). Eleven of 13 clones 

exhibited partial or complete recovery of SAC function relative to acute deletion of BUB1 
(Figure 4G). Among the five clones analyzed by RT-PCR and sequencing, clone 12 was 

fully SAC-proficient and had the highest rate of in-frame transcripts (6 of 36), whereas clone 

21 had intermediate SAC function and a lesser rate (3 of 31). No in-frame transcripts were 

identified in clone 8 (0 of 18) and clone 24 (0 of 21), which were the most SAC-defective 

(Figure 4G). Taken together, these results suggest that nonsense-associated alternative 

splicing (NAS) [36] attenuates and in some cases suppresses the effects of null mutations in 

BUB1. Our findings demonstrate how genome editing can trigger both acute loss of function 

and compensatory changes in mRNA structure that result in phenocopying of unedited cells.

Discussion

In cells treated with spindle poisons, Mad1-Mad2 remains bound to kinetochores and 

catalyzes MCC production for 1000 min or more, thus extending mitosis at least 30-fold. 

How (and why) this sustained response occurs is not well understood. In yeast, Bub1 is the 

sole receptor for Mad1-Mad2 and required for the SAC [37], but models for Mad1-Mad2 

regulation in mammalian cells differ considerably [7–12]. In our studies, acute BUB1 or 

KNL1 deletion led to SAC failure despite high levels of Mad1-Mad2 at kinetochores. 

Furthermore BUB1–/– cells were largely unresponsive to Mis12-Mad1, which is 

constitutively tethered to kinetochores and cannot be silenced at metaphase. Similar results 

were obtained independently using a Ndc80-Mad1 fusion [35]. These data strongly suggest a 

non-receptor function of Bub1-KNL1 that is required for kinetochore-bound Mad1-Mad2 to 

inhibit anaphase. One possibility is that Bub1 functions as a co-catalyst in MCC assembly 

by recruiting Cdc20 to kinetochores [7, 38]. Asking if this occurs in vivo will require SAC-

independent methods for synchronizing BUB1–/– and KNL1–/– cells in mitosis in sufficient 

quantity and purity for biochemical studies of MCC assembly [39] or tools SAC-dependent 

synchronization.

Our studies also shed light on RZZ’s role in the SAC. By tracking Mad1 dynamics with high 

temporal resolution, we demonstrate that kinetochores in early mitotic cells can recruit 

Mad1-Mad2 without RZZ and can delay anaphase onset by 100–300 min, thus mitigating 

the impact of less efficient chromosome congression in RZZ-null cells. However 

kinetochores with attachment defects that persist beyond this timeframe require RZZ to 

recruit Mad1-Mad2 and maintain SAC arrest. Expressing Mis12-Mad1 reinstated long-term 

arrest in KNTC1–/– cells, suggesting that RZZ’s crucial and perhaps only role in the SAC is 

to tether Mad1-Mad2 to kinetochores. It has been proposed that RZZ mediates SAC 

signaling at unattached but not tensionless kinetochores [10]. However KNTC1–/– cells 
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challenged with spindle poisons that block attachment (nocodazole) or permit attachment 

without tension (STLC and taxol) escaped SAC arrest with similar kinetics (Figure 1B).

RZZ is also implicated in formation of the fibrous corona, a structural expansion of the outer 

kinetochore that precedes microtubule attachment [4, 6, 17]. Kinetochore expansion depends 

on mitotic kinases [5, 13], but relevant phosphorylation events are not known. We identified 

two Mps1-regulated phosphosites just upstream of Rod’s β-propeller domain [24] that are 

required for kinetochore expansion but not SAC arrest. Rod and Spindly not only interact via 

this domain [14, 20] but also inhibit their own assembly into polymers [13, 40]. Together, 

these findings suggest that phosphorylation alleviates a structural barrier to Spindly-RZZ 

polymerization.

In this study and others [3, 27, 39, 41, 42], we used genome editing to delete or disrupt 

exons of genes involved in cell division. Normally this results in a “knockout” because of 

nonsense-mediated decay (NMD), a pathway that degrades mRNAs with premature 

termination codons (PTCs) [43, 44]. However PTCs can also trigger NAS, a less well-

understood pathway in which splicing rules are relaxed to bypass the PTC and restore 

expression of near-full length ORFs [36, 45, 46]. NAS could also explain why BUB1 exon 

2-disrupted HeLa cells manifest a clear SAC defect after BUB1 exon 8-specific RNAi [35]. 

In conclusion, NMD and NAS have opposite effects on the expressivity and penetrance of 

nonsense mutations, and should not be overlooked in the design, analysis, and interpretation 

of genome editing experiments.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Prasad Jallepalli (jallepap@mskcc.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and chemicals—Cell lines used in this study are described in the Key 

Resource Table. HeLa (human cervical adenocarcinoma, female) and HEK293 (human 

embryonic kidney, female) derivatives were grown at 37°C in Dulbecco’s modifi ed eagle 

medium (DMEM) with 10% tetracycline free fetal bovine serum, 100 U/ml penicillin, and 

100 U/ml streptomycin. hTERT-RPE (human retinal pigment epithelium, female) derivatives 

were grown at 37°C in a 1:1 mixture of DMEM and Ham’s F- 12 medium with 10% fetal 

bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin, and 2.5 mM L-glutamine. 

HCT116 (human colorectal adenocarcinoma, male) were grown at 37°C in McCoy’s 5A 

medium with 10% fetal bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin. 

Unless stated otherwise, nocodazole (660 nM), taxol (1 µM), S-trityl-L-cysteine (10 µM), 

MG132 (10 µM), hesperadin (100 nM), ZM447439 (2 µM), reversine (500 nM), and 

FTI-288 (10 µM) were used at the indicated concentrations.
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METHOD DETAILS

Transgene expression—LAP-Rod (WT or 2A) was cloned into pcDNA5/FRT/TO. 

Constructs were cotransfected with pOG44 into HeLa T-Rex Flp-In cells using FuGene 6 

(Roche). Integrants were selected using hygromycin (0.2 mg/ml), picked as single colonies, 

and induced with doxycycline (0.8 µg/ml). mCherry-Mis12-Mad1 [28] was cloned into a 

piggyBac vector containing a doxycycline-inducible promoter (tetON) and constitutively 

expressing reverse tetracycline transactivator (rtTA) and neomycin phosphotransferase 

(neoR) linked by the self-cleaving T2A peptide. HeLa cells were cotransfected with this 

construct and pSuperPiggyBac transposase (System Biosciences), selected in G418 (0.5 mg/

ml), and induced as above. For stable expression of FLAP-Mad1, EGFP-CENP-A, and H2B-

mCherry, retroviral transfer plasmids were cotransfected with pVSV-G into Phoenix 293 

cells. For stable expression of mRuby-CENP-A or gene-specific sgRNAs, lentiviral transfer 

plasmids were cotransfected with psPAX2 and pMD2.G into Lenti-X 293T cells (Clontech). 

24 to 48 hr later, supernatants were filtered, mixed 1:1 with fresh medium containing 

polybrene (20 µg/ml), and applied to target cells for 24 hr. Transductants were selected in 

G418, blasticidin (5 µg/ml), or puromycin (5 to 20 µg/ml).

AAV-mediated gene targeting—5’ and 3’ homology arms encompassing KNTC1 exons 

2 and 3 were amplified from human BAC clone RP11–18E11 using Pfusion DNA 

polymerase. A new loxP site was added upstream of exon 2 via XbaI digest and linker 

ligation. The entire targeting construct was transferred to pAAV as a NotI fragment. All 

manipulated regions were checked by sequencing to ensure their integrity. Procedures for 

preparing infectious AAV particles, transducing HCT116 cells, and isolating correctly 

targeted clones were performed as described [48]. The FRT-neoR-FRT cassette was excised 

through transient expression of FLP recombinase (pCAGGS-FLPe) and limiting dilution. To 

delete KNTC1HF, cells were infected with AdCre (Vector Development Laboratory, Baylor 

College of Medicine).

CRISPR/Cas9-mediated genome editing—Zifit (http://zifit.partners.org/ZiFiT/

ChoiceMenu.aspx) and sgRNA Designer (http://www.broadinstitute.org/rnai/public/analysis-

tools/sgrna-design) were used to identify and rank candidate CRISPR/Cas9 targets for 

predicted on- and off-target activities. For transient expression, sequences were ordered as 

overlapping 60-nt oligonucleotides, annealed and extended into a 100-bp duplex using 

Pfusion DNA polymerase, and cloned into an AflII-digested guide RNA expression vector 

(Addgene 41824) by Gibson assembly. Equal amounts of human codon-optimized Cas9 

(Addgene 41815) and sgRNA vectors were transfected into HCT116 cells using FuGene 6 

and into RPE cells using a Nucleofector 2b device (Lonza). For stable expression, target 

sequences were ordered as 24-nt oligonucleotides with asymmetric 5’ overhangs, 

phosphorylated with T4 polynucleotide kinase, then annealed and cloned into BsmBI-

digested lentiGuide-puro (Addgene 52963) or pLenti-sgRNA (Addgene 71409) using T4 

DNA ligase. Lentiviral transduction was performed as described above. Gene deletion was 

initiated by inducing a doxycycline-regulated Cas9 transgene present in the host cell line 

[27] or by infection with AdCas9 (ViraQuest).
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Immunofluorescence microscopy and live-cell imaging—Antibodies used in this 

study are listed in the Key Resource Table. Cells were fixed and permeabilized in PEMFT 

(20 mM PIPES, pH 6.8, 10 mM EGTA, 1 mM MgCl2, 4% paraformaldehyde, and 0.2% 

Triton X-100) for 13 min, blocked in 4% BSA, and stained with primary antibodies 

overnight. Species-specific secondary antibodies conjugated to Alexa Fluor 488, 564, or 647 

were applied for 1 hr. Coverslips were mounted in ProLong Gold, imaged with a 100x oil 

objective on a DeltaVision Elite microscope (GE Life Sciences), and deconvolved in 

SoftWoRx using measured point spread functions. For timelapse experiments cells were 

grown in multiwell plates or 35 mm glass-bottom dishes (MatTek) and imaged on a Nikon 

Eclipse Ti microscope equipped with a stage-top incubator and CO2 delivery system, 20x 

and 40x air objectives and 60x (1.4 NA) and 100x (1.45 NA) oil objectives, a Yokogawa 

CSU-X1 unit, and sCMOS (Andor Xyla 5.5) and EMCCD (Photometrics Evolve 512) 

cameras. Acquisition was performed with NIS Elements (v5.41). Epifluorescence and/or 

DIC images were acquired at 10-min intervals to measure mitotic arrest in response to 

spindle poisons, or at 2-min intervals to measure unperturbed mitotic timing. Confocal 

imaging of FLAP-Mad1 and H2B-mCherry was performed at 2- to 5-min intervals. 

Fluorescence intensities were quantified in ImageJ (v1.51) and analyzed in Prism 7.0 

(GraphPad).

Correlative light-electron microscopy—Cells were fixed with 2.5% glutaraldehyde 

(Sigma) in PBS, pH 7.4–7.6 for 30 min, rinsed with PBS (3 × 5 min), and mounted in Rose 

chambers. Multimode (DIC and 3-color fluorescence) datasets were obtained on a Nikon 

TE2000 microscope equipped with a PlanApo 100× 1.45 NA objective lens at 53-nm XY 

pixels and 200-nm Z-steps. All LM images were deconvolved in SoftWoRx (v5.0) with lens-

specific PSFs. Post-fixation, embedding, and sectioning were done as previously described 

[47]. Thin sections (70–80 nm) were imaged on a JEOL 1400 microscope operated at 80 kV 

using a side-mounted 4.0 megapixel XR401 sCMOS AMT camera (Advanced Microscopy 

Techniques Corp). Full series of images recorded at 10K magnification were used to 

reconstruct the volume of the cell, match orientation and superimpose this volume on the 

corresponding LM dataset. Higher-magnification images (40K) were then collected for 

individual kinetochores.

Cell lysis, immunoprecipitation, and Western blotting—Cell extracts were prepared 

by resuspending pellets in ice-cold buffer B (140 mM NaCl, 30 mM HEPES, pH 7.8, 5% 

glycerol, 10 mM sodium pyrophosphate, 5 mM sodium azide, 10 mM NaF, 10 mM PMSF, 

0.3 mM sodium orthovanadate, 20 mM b-glycerophosphate, 1 mM DTT, 0.2 mM 

microcystin, and 1x protease inhibitor cocktail (Sigma)) prior to nitrogen cavitation (1250 

psi, 45 min; Parr Instruments) and centrifugation at 20,000 x g for 30 min. LAP-Rod was 

immunoprecipitated with GFP antibodies coupled to protein G-Dynabeads using 

bis(sulfosuccinimidyl)suberate (BS3). Zw10 was immunoprecipitated without BS3 

crosslinking. Extracts and immunoprecipitates were separated by SDS-PAGE and transferred 

to PVDF or nitrocellulose membranes. Membranes were blocked and probed with primary 

antibodies and secondary antibody-HRP conjugates in 5% nonfat dry milk in TBST (Tris-

buffered saline + 0.05% Tween-20) before detecting signals via enhanced 

chemiluminescence (Western Lightning Plus, PerkinElmer).
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RT-PCR and sequencing—Total RNA was purified (RNeasy Mini kit, Qiagen) and 

reverse-transcribed with random hexamers (SuperScript IV First-Strand Synthesis System, 

ThermoFisher). RT reactions were diluted 100-fold and amplified with BUB1-specific 

primers spanning exons 2–6 or exons 3–8. PCR products were cloned into pCR4 (TOPO-TA 

Cloning Kit, ThermoFisher) and sequenced with M13 reverse primer. Reads were trimmed 

and aligned in SeqMan Pro and annotated in SeqBuilder (DNASTAR LaserGene v14).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data was compiled in Excel and analyzed using Prism 7.0. Details of each 

statistical analysis (number of cells (n), number of experiments (N), and measures of central 

tendency (mean or median)) are specified in the figure legends and Results. Unless stated 

otherwise, error bars indicate SEM. P ≤ 0.05 (with adjustment for multiple-hypothesis 

testing where applicable) was used as the significance threshold.

Supplementary Material

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

• RZZ mediates a temporal switch in how Mad1-Mad2 is recruited to 

kinetochores

• Mps1 phosphorylates Rod’s N-terminus to trigger fibrous corona formation

• Mad1-Mad2 requires a non-receptor activity of Bub1 to inhibit anaphase

• Nonsense-associated alternative splicing can circumvent BUB1 disruption
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Figure 1. A temporal switch in the requirements for Mad1-Mad2 targeting to kinetochores 
during SAC signaling.
(A) AAV- and CRISPR-mediated genome editing was used to modify the KNTC1 locus in 

HCT116 cells (Figure S1A-E). Cells expressing H2B-mCherry were treated with nocodazole 

or STLC and followed by epifluorescence and DIC timelapse microscopy. Images were 

acquired at 10-min intervals. Mitotic duration (from NEBD to chromatin decondensation) 

was quantified in at least 25 cells per condition per experiment (N=2). P-values were 

computed using Kruskal-Wallis and Dunn’s multiple comparisons tests. Error bars 

throughout the paper indicate s.e.m. unless stated otherwise. (B) Wildtype and KNTC1–/– 
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RPE1 cells (Figure S1F-I) were treated with nocodazole, STLC, or taxol and followed using 

DIC optics. Cell rounding (mitotic entry) and cortical blebbing and flattening (mitotic exit) 

were used as landmarks. (C) Clonal HeLa KNTC1, ZW10, and ZWILCH knockouts [27] 

were treated with nocodazole and followed as in (B). (D) Mitotic timing in unperturbed 

wildtype and RZZ-deficient HeLa, RPE, and HCT116 cells. Where indicated Mps1 kinase 

was inhibited with reversine. (E and F) Wildtype and KNTC1–/– HCT116 cells expressing 

H2B-mCherry and FLAP-Mad1 were filmed during unperturbed mitosis using spinning disk 

confocal microscopy. Insets show enlarged views of FLAP-Mad1 recruitment to and 

dissociation from kinetochores. Scale bars throughout the paper are 10 μm unless stated 

otherwise. See also Videos S1 and S2. (G) Quantification of FLAP-Mad1 at misaligned 

chromosomes in (E) and (F). (H) Cells in (E) and (F) were filmed in the presence of 

nocodazole (n=6 for wildtype and n=14 for KNTC1–/–). (I and J) Wildtype and KNTC1-null 

RPE cells were treated with nocodazole and MG132 for 30 min or 4 hours before fixation 

for IFM. Mad1/CREST fluorescence intensity ratios were determined for at least 100 

kinetochores in 5 cells per condition (N=3). (K) Wildtype and KNTC1-null RPE cells were 

treated with nocodazole in the presence or absence of hesperadin (hesp) to inhibit Aurora B 

kinase. Mitotic duration was determined from 30 cells per condition. See also Figure S1.
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Figure 2. Mps1 phosphorylation at the N-terminus of Rod triggers RZZ-dependent kinetochore 
expansion.
(A and B) Wildtype and KNTC1–/– RPE cells were treated with nocodazole and MG132 for 

2.5 hours before IFM with antibodies to CENP-E (A) or CENP-F (Figure S2A). Crescent 

size and intensity were determined in 5 to 10 cells (N=3). (C and D) RPE cells were treated 

with nocodazole and MG132 for 2 hr, after which reversine (rev) or Aurora B inhibitor 

ZM447439 (ZM) was added or omitted for 1 hr (n=10 cells, N=3). CREST-normalized 

kinetochore intensities of Mad1 and CENP-E were determined by IFM. (E and F) KNTC1-

null HeLa cells reconstituted with LAP-RodWT or LAP-Rod2A were treated with nocodazole 
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for 2.5 hr. IFM was used to visualize crescents and quantify kinetochore-associated LAP-

Rod, Mad1, CENP-E, CENP-F, Spindly, and CREST (n=100 kinetochores in 5 cells each, 

N=2). Where indicated, cells were treated with the farnesyltransferase inhibitor FTI-288 

(FTI) as a positive control for blockade of Spindly targeting to kinetochores [25, 26]. Note 

that kinetochores in LAP-Rod2A cells remained compact during long-term SAC arrest (16 hr 

nocodazole treatment). (G) The duration of mitotic arrest in nocodazole-treated LAP-RodWT 

and LAP-Rod2A cells was determined by DIC timelapse (n≥50 cells, N=2) and compared 

using the Mann-Whitney U test. See also Figure S2.
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Figure 3. RZZ and Bub1-KNL1 have distinct roles in recruiting and activating Mad1-Mad2 at 
kinetochores during SAC signaling.
(A) RPE iCas9 cells expressing sgBUB1 were treated with or without doxycycline and 

analyzed by IFM after 5 days (for images see Figure S3A). (B) TP53−/− RPE cells with or 

without sgKNL1 were treated with AdCas9 and analyzed by IFM after three days (for 

images see Figure S3B). (C) AdCas9-treated cells were filmed in the presence of nocodazole 

for 48 hours. Cumulative frequency of mitotic exit is plotted. (D and E) HeLa cells 

expressing BUB1- or KNTC1-specific sgRNA were treated with AdCas9. After three days, 

mCherry-Mis12-Mad1 was induced with doxycycline for 17 hr. Protein depletion or 
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expression was confirmed by Western blotting. (F-H) Cells in (D and E) were analyzed by 

IFM, either with or without a further 3-hr treatment with nocodazole. Mad1/CREST ratios 

were determined for ≥100 kinetochores in 5 cells (N=2). (I and J) Cells in (D and E) were 

treated with doxycycline and/or nocodazole and followed by DIC timelapse (n≥50 cells, 

N=2). See also Figure S3.
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Figure 4. BUB1-disrupted clones regain Bub1 expression and SAC function through nonsense-
associated alternative splicing.
(A) Structure of the BUB1 locus. Locations of guide RNAs used in this and previous studies 

[33–35] are shown. Regions encoding N-terminal Bub1 antibody epitope and C-terminal 

kinase domain are indicated. (B-E). Parental TP53–/– RPE cells (–AdCas9), acute BUB1 
knockout cells (+AdCas9), and BUB1-disrupted clones (c12, c08) were treated with 

nocodazole and MG132 for 2 hr. Centromeric H2A phosphorylation (B and D) and 

kinetochore-associated Bub1 (C and E) were quantified by IFM (n=100 kinetochores in 5 

cells, N=2). Where indicated, individual z-slices or maximum intensity projections of 
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adjacent z-slices are displayed. For all other images, maximum intensity projections of full 

z-series are shown. (F) RNA samples were reverse-transcribed and amplified with PCR 

primers spanning exons 2–6. (G) BUB1-disrupted clones were treated with nocodazole and 

followed by DIC timelapse. Parental TP53–/– RPE cells (–AdCas9) and acute BUB1 
knockout cells (+AdCas9) were used as controls. See also Figure S4 and Data S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CREST (human) Immunovision HCT-0100; RRID: AB_2744669

Rod (mouse) Santa Cruz sc-81853; RRID: AB_2133542

Zw10 (rabbit) Abcam ab21582; RRID: AB_779030

Zwilch (mouse) A. Musacchio N/A

Mad1 (mouse) A. Musacchio clone BB3–8

Mad2 (rabbit) Bethyl A300–301A; RRID: AB_2281536

Bub1 (rabbit) Genetex GTX107497; RRID: AB_1949770

Bub1 (mouse) Abcam ab54893; RRID: AB_940664

BubR1 (mouse) BD Biosciences BD612503; RRID: AB_2066085

KNL1 (rabbit) Bethyl A300–804A; RRID: AB_577218

Spindly (rabbit) Bethyl A301–354A; RRID: AB_937753

CENP-E (mouse) Abcam ab5093; RRID: AB_304747

CENP-F (rabbit) Novus NB500–101; RRID: AB_2229328

p150glued (mouse) BD Biosciences BD612708; RRID: AB_399947

phospho-T210 H2A (rabbit) Active Motif 39391; RRID: AB_2744670

phospho-T13/S15 Rod (rabbit) Jallepalli Lab [24] N/A

EGFP (mouse) Santa Cruz sc-9996; RRID: AB_627695

EGFP (mouse) ThermoFisher A-11120 (clone 3E6); RRID: AB_221568

EGFP (rabbit) Jallepalli Lab [24] N/A

α-tubulin (mouse) Santa Cruz sc-5286; RRID: AB_628411

α-tubulin (rat) Chemicon MAB1864 (clone YL½); RRID: AB_2210391

mCherry (rabbit) ThermoFisher PA5–34974; RRID: AB_2552323

mCherry (mouse) Abcam ab125096; RRID: AB_11133266

Bacterial and Virus Strains

AdCas9 ViraQuest N/A

Ad5 CMV Cre Vector Development Lab, Baylor 
College of Medicine

Lot#032415

   

Biological Samples   

   

   

   

   

   

Chemicals, Peptides, and Recombinant Proteins

Nocodazole Sigma Cat#M1404; CAS:31430–18-9

Taxol (Paclitaxel) Sigma Cat#T7402; CAS:254753–54-3
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REAGENT or RESOURCE SOURCE IDENTIFIER

S-Trityl-L-cysteine (STLC) ThermoFisher Cat#2191; CAS:2799–07-7

MG132 Selleckchem Cat#S2619; CAS:133407–82-6

Hesperidin Selleckchem Cat#S2309; CAS:520–26-3

ZM447439 Tocris Cat#2458; CAS:331771–20-1

Reversine Cayman Chemical Cat#10004412; CAS:656820–32-5

FTI-277 Sigma Cat#F9803; CAS:170006–73-2

G418 Corning Cat#61234-RF; CAS:108321–42-2

Blasticidin ThermoFisher Cat#A1113903; CAS:2079–00-7

Puromycine ThermoFisher Cat#A1113803; CAS: 58–58-2

Hygromycin Calbiochem Cat#400051; CAS: 31282–04-9

FuGene 6 Promega Cat#E2691

SuperScript IV First-Strand Synthesis System ThermoFisher Cat#18091050

TOPO-TA Cloning Kit ThermoFisher Cat#450071

   

Critical Commercial Assays

   

   

   

   

   

Deposited Data

   

   

   

   

   

Experimental Models: Cell Lines

HEK293 ATCC CCL-1573

Lenti-X 293T Clontech 632180

Phoenix-GP293 ATCC CCL-3215

HCT116 ATCC CCL-247

HCT116 KNTC1 (HF/+) this study N/A

HCT116 KNTC1 (HF/-) this study N/A

HCT116 KNTC1 (−/−) this study N/A

HeLa ATCC CCL-2

HeLa + sgKNTC1 this study N/A

HeLa TetON-mCherry-Mis12-Mad1 this study N/A

HeLa TetON-mCherry-Mis12-Mad1 + sgKNTC1 this study N/A

HeLa TetON-mCherry-Mis12-Mad1 + sgBub1 this study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

HeLa iCas9 Cheeseman Lab [27] N/A

HeLa iCas9 KNTC1 KO Cheeseman Lab [27] Subcloned after sgKNTC1 + dox

HeLa iCas9 ZW10 KO Cheeseman Lab [27] Subcloned after sgZW10 + dox

HeLa iCas9 ZWILCH KO Cheeseman Lab [27] Subcloned after sgZWILCH + dox

HeLa Flp-In T-Rex S. Taylor N/A

HeLa Flp-In T-Rex LAP-Rod WT (KNTC1 KO) this study Subcloned after sgKNTC1 + AdCas9

HeLa Flp-In T-Rex LAP-Rod 2A (KNTC1 KO) this study Subcloned after sgKNTC1 + AdCas9

RPE1 Clontech now ATCC CRL-4000

RPE1 KNTC1(−/−) this study Subcloned after cotransfection with KNTC1 gRNA 
vectors (tru1 + tru5) and Cas9

RPE1 iCas9 Cheeseman Lab [27] N/A

RPE1 iCas9 + sgBUB1 Cheeseman Lab [27] N/A

RPE1 TP53(−/−) this study Subcloned after cotransfection with TP53 gRNA 
vector and Cas9

RPE1 TP53(−/−) + sgBUB1 this study N/A

RPE1 TP53(−/−) + sgKNL1 this study N/A

   

Experimental Models: Organisms/Strains

   

   

   

   

   

   

Oligonucleotides

   

   

   

   

   

Recombinant DNA

pcDNA5/FRT/TO ThermoFisher V6520–20

pcDNA5/FRT/TO-LAP-Rod (WT) this study N/A

pcDNA5/FRT/TO-LAP-Rod (2A) this study N/A

pOG44 ThermoFisher V6005–20

PB-tetON-mCherry-Mis12-Mad1 this study N/A

pSuperPiggyBac transposase System Biosciences PB210PA-1

pAAV-lacZ Agilent AAV Helper-Free System (240071)

pRC Agilent AAV Helper-Free System (240071)

pHelper Agilent AAV Helper-Free System (240071)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pAAV-KNTC1-HF this study N/A

pCAGGS-FLPe GeneBridges A201

pVSV-G Clontech PT3343–5

pQCXIN-FLAP-Mad1 Jallepalli Lab [3] N/A

pQCXIB-H2B-mCherry Jallepalli Lab [3] N/A

pQCXIB-GFP-CENP-A this study N/A

empty gRNA vector G. Church Addgene 41824

TP53 gRNA vector; target 
GGCAGCTACGGTTTCCGTC

M.-F. Tsou N/A

KNTC1.tru1 gRNA vector; target 
GTGGCCACTAAACACTTC

this study N/A

KNTC1.tru5 gRNA vector; target 
GTGGACGTTATTCCTAA

this study N/A

human codon-optimized Cas9 G. Church Addgene 41815

psPAX2 D. Trono Addgene 12260

pMD2.G D. Trono Addgene 12259

lenti-sgRNA D. Sabatini Addgene 71409

lentiguide-puro F. Zhang Addgene 52963

lentiguide-puro-sgKNL1; target TAATTTAAAGCTTCACACCGthis study N/A

lenti-sgKNTC1; target CCCGCCCAGGCAATGTACAGCheeseman Lab [27] N/A

lenti-sgBUB1; target CTTTTCTTGAACCGACACTCCheeseman Lab [27] N/A

lenti-sgZWILCH; target CTTTGCTGATCAACTGCACTCheeseman Lab [27] N/A

lenti-sgZW10; target CAAAACTTCTGTCACGAACGCheeseman Lab [27] N/A

Software and Algorithms

Zifit Zinc Finger Consortium http://zifit.partners.org

sgRNA Designer Broad Institute http://www.broadinstitute.org

SoftWoRx GE Healthcare https://www.gelifesciences.com

NIS Elements v5.41 Nikon https://www.nikoninstruments.com RRID:SCR_014329

ImageJ v1.51 NIH https://imagej.nih.gov RRID:SCR_003070

Prism 7.0 GraphPad https://www.graphpad.com RRID:SCR_002798

Lasergene v14 DNASTAR https://www.dnastar.com

Other
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