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Abstract: CEP55 is a central regulator of late cytokinesis overexpressed in numerous cancers. Its 15 

post-translationally controlled recruitment to the midbody is crucial to the structural coordination 16 

of the abscission sequence. Our recent evidence that CEP55 contains two Ubiquitin-Binding Do-17 

mains was the first structural and functional link between Ubiquitin signaling and ESCRT-mediated 18 

severing of the intercellular bridge. So far high-content screens focusing on cytokinesis used multi-19 

nucleation as endpoint readout. Here, we report an automated image-based detection method of 20 

intercellular bridges, which we applied to further our understanding of late cytokinetic signaling 21 

by performing an RNAi screen of Ubiquitin ligases and deubiquitinases. A secondary validation 22 

confirmed four candidate genes, i.e. LNX2, NEURL, UCHL1 and RNF157, whose downregulation 23 

variably affects interconnected phenotypes related to CEP55 and its UBDs: decreased recruitment 24 

of CEP55 to the midbody, increased number of midbody remnants per cell, increased frequency of 25 

intercellular bridges or multinucleation events. It brings into question the Notch-dependent or in-26 

dependent contributions of LNX2 and NEURL to late cytokinesis. Similarly, the role of UCHL1 in 27 

autophagy could link its function with the fate of midbody remnants. Beyond the biological interest, 28 

this high-content screening approach could also be used to isolate anticancer drugs that act by im-29 

pairing cytokinesis and CEP55 functions. 30 

Keywords: cytokinesis; CEP55; Ubiquitin signaling; RNAi; image analysis tool; high-content screen-31 

ing  32 

 33 

1. Introduction 34 

The achievement of complete cell division requires both the separation of the nuclear 35 

and the cytoplasmic content [1]. However, the comprehension of mitosis is far more ad-36 

vanced than the knowledge about cytokinesis [2,3]. For long, it has been technically easier 37 

to study the separation of chromosomes than it was to follow the different steps of cyto-38 

kinesis. Besides, cancer investigations have mainly focused on the consequences of patho-39 

logical modifications of any form in nucleic acid sequences than on changes in functional-40 

structural or cellular phenotypes [4]. The relative dependence between mitosis and cyto-41 

kinesis varies between cell types, but canonically cytokinesis begins with the Spindle As-42 

sembly Checkpoint, at the end of which the Anaphase-promoting complex/cyclosome 43 

complex (APC/C) degrades Cyclin B, thereby inactivating the Cyclin-dependent kinase 1 44 

(CDK1) [5,6]. The kinases Aurora B and Polo-Like Kinase 1 (PLK1) kinases also contribute 45 
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to the initiation of the central spindle assembly [5]. Early cytokinesis corresponds to the 46 

contraction of the actomyosin ring perpendicularly to the central spindle microtubules. 47 

Then, the stabilisation of the nascent intercellular bridge and the maturation of its central 48 

midbody part during late cytokinesis lead to the cytokinetic abscission [6]. 49 

Centrosomal Protein 55 (CEP55) is a central regulator during this late stage in human 50 

cells, where it participates in midbody structuration and ESCRT machinery recruitment, 51 

hence contributing to both the abscission checkpoint and the final disruption of the inter-52 

cellular bridge [7,8]. Interestingly, CEP55 persists after abscission in midbody remnants, 53 

which are degraded either by autophagy or after engulfment reminiscent of phagocytosis, 54 

and possibly mediate differential cell fate by asymmetric inheritance [9-12]. CEP55 is sta-55 

bilised during mitosis by a series of post-translational modifications. It has been shown 56 

that CDK1 and Extracellular signal-regulated kinase 2 (ERK2) phosphorylate the S425 and 57 

S428 serines, which favours the cis-trans isomerisation of the neighbouring prolines by 58 

Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (PIN1) [13,14]. These modifica-59 

tions are taking place in a proline-rich linker between two CEP55 Ubiquitin-Binding do-60 

mains (UBDs) [15]. We have recently reported that the C-terminal Ubiquitin-Binding Zinc-61 

finger (UBZ) is necessary and sufficient to recruit CEP55 to the midbody, whilst the 62 

NEMO-Optineurin-ABIN domain (NOA) contributes to post-recruitment abscission [15]. 63 

The phosphorylation by PLK1 of serine 436 delays the recruitment of CEP55 until the in-64 

hibitor of Apoptosis Stimulating Protein of p53 / Protein Phosphatase 1 complex (iASPP-65 

PP1) dephosphorylates the same serine [16,17].   66 

The role of several phosphorylations is well characterised in cytokinesis, whereas the 67 

contribution of the Ubiquitin signaling is not well understood [5,18-21]. Ubiquitin is 68 

grafted as a monomer or a chain on substrate proteins to modify their cellular compart-69 

ment and their assembly, or conversely to promote their proteasomal degradation [22]. 70 

Even if other Ubiquitin linkages exist, one roughly distinguishes degradative K48 from 71 

non-degradative polyubiquitin M1 and K63 chains [23]. We showed recently that the latter 72 

are specifically recognised by CEP55’s UBDs, thereby connecting the structural and func-73 

tional importance of these domains with the cell biology of cytokinesis [15]. Nevertheless, 74 

we do not know the ubiquitinated substrate(s) recognised by CEP55, although it is gener-75 

ally accepted that its recruitment depends on Mitotic kinesin-like protein 1 (MKLP1) [13]. 76 

Ubiquitination is performed by the consecutive action of E1 Ubiquitin-activating enzymes, 77 

E2 Ubiquitin-conjugating enzymes and E3 Ubiquitin ligases, respectively catalysing the 78 

activation, conjugation and the ligation of a Ubiquitin monomer usually on a lysin or the 79 

initial methionine of a substrate [24,25]. The reverse reaction is catalysed by deubiquiti-80 

nases (DUB) [26]. Few Ubiquitin ligases and DUBs have been observed at the intercellular 81 

bridge or at the midbody, without much, if any, functional description of their structural 82 

roles [20,21,27-33]. But a clear description of the Ubiquitin signaling during late cytokine-83 

sis has not emerged yet. The quantification of the phenotypes induced by the depletion of 84 

CEP55 or the invalidation of its UBDs has given us the opportunity to understand more 85 

about this signaling. These interconnected phenotypes include an increased frequency of 86 

intercellular bridges and of multinucleation events, a decreased recruitment of CEP55 to 87 

the midbody as well as an increased number of midbody remnants per cell. In this report, 88 

we screened for Ubiquitin-related enzymes involved in late cytokinesis by RNA interfer-89 

ence. 90 

Over time, forward and reverse genetics have given insightful information about cy-91 

tokinesis in different organisms and cell systems [34-37]. Besides, the emergence of RNA 92 

interference has really brought a more detailed understanding of different essential genes 93 

involved in cytokinesis [38-43]. This may be more challenging with CRISPR-Cas9-medi-94 

ated knockout methods where complete disruption of essential genes can affect cell via-95 

bility [44]. Nevertheless, most if not all the screens focusing on cytokinesis used multinu-96 

cleation as endpoint readout, thereby only detecting the genes whose downregulation re-97 

sults in the absence of bridge formation or in the collapse of it [38-43]. Indeed, live cell 98 

imaging has confirmed that the knockdown of some involved genes does not always lead 99 
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to multinucleation, but to an increased duration or length of the intercellular bridge [38,45-100 

48]. Since no method to detect cytokinetic bridges in high-content screening and fixed 101 

conditions was available, we decided to code such an image-based tool. After validation, 102 

we used it to screen for Ubiquitin-related enzymes by automatically measuring the fre-103 

quency of cytokinetic bridges. 104 

2. Materials and Methods 105 

Cell lines and cell culture. Human HeLa cells (American Type Culture Collection, 106 

CCL2) were cultivated in DMEM supplemented with 10 % heat inactivated FBS and Pen-107 

icillin/Streptomycin, 100 units/ml and 100 mg/ml respectively. 108 

siRNAs and screening bank. To optimise and test the automated detection of inter-109 

cellular bridges, we downregulated CEP55 by separately using several different siRNAs: 110 

siGENOME siRNAs D-006893-05-0005 (GGAGAAGAAUGCUUAUCAA), D-006893-06-111 

0005 (UAACACAGUUGGAAUCCUU), D-006893-07-0005 (GAAGAGAAUGA 112 

UAUUGCUA), D-006893-08-0005 (GCGAUCUGCUUGUCCAUGU) from Dharmacon 113 

and the SI02653021 (CAGGUUAUUGCUAAUGGGUUA) from Qiagen. During this de-114 

velopment, scrambled control siRNAs from Dharmacon were employed: siGENOME 115 

non-targeting siRNAs D-001210-02-05 (UAAGGCUAUGAAGAGAUAC), D-001210-03-05 116 

(AUGUAUUGGCCUGUAUUAG), D-001210-04-05 (AUGAACGUGAAUUGCUCAA), 117 

D-001210-05-05 (UGGUUUACAUGUCGACUAA); siGENOME non-targeting siRNA 118 

pool D-001206-13-20 (UAGCGACUAAACACAUCAA, UAAGGCUAUGAAGAGAUAC, 119 

AUGUAUUGGCCUGUAUUAG, AUGAACGUGAAUUGCUCAA); ON-TARGETplus 120 

non-targeting siRNA pool D-001810-10-20 (UGGUUUACAUGUCGACUAA, 121 

UGGUUUACAUGUUGUGUGA, UGGUUUACAUGUUUUCUGA, UGGUUUACAUG 122 

UUUUCCUA). Some experimental control conditions were mock-transfected. The human 123 

siRNA siGENOME library targeting genes coding for Ubiquitin ligases and deubiquiti-124 

nases was obtained from Dharmacon (GU-006205-E2-01). The bank was resuspended in 125 

siRNA buffer (B-002000-UB-100, Dharmacon) according to instructions given by the man-126 

ufacturer. During the screening, the negative scrambled control siRNA pool (D-001206-127 

13-20) and the positive controls against CEP55 (D-006893-05-0005, D-006893-06-0005, D-128 

006893-07-0005, D-006893-08-0005) were randomised on each plate. Validation of the can-129 

didate genes was performed with the same individual siGENOME siRNAs targeting re-130 

spective screening hits: LNX2 (D-007164-01-0005, CCAAGUGGCUCUUCAUAAA), 131 

UCHL1 (D-004309-01-0005, UAGAUGACAAGGUGA AUUU), MYSM1 (D-005905-01-132 

0005, GAAGAGAACUGUACAAAGG), HECW2 (D-007192-01-0005, GCAGAGAUCU-133 

AACUCCAUA), RNF7 (D-006907-02-0005, UCUUAGA UGUCAAGCUGAA), RNF157 134 

(D-022965-01-0005, UGAGAAGCCUGGUCAAUAU), WDR59 (D-022683-01-0005, 135 

GAGCUGAAGUGUUGAAGUU), TRIM25 (D-006585-01-0005, GACCGCAGCUG-136 

CACAAGAA), RNF13 (D-006944-01-0005, GAAACUUCCUGUA CAUAAA), VPS8 (D-137 

023668-01-0005, GCAAUAAGCUCCUUGUAUA), NEURL (D-016715-01-0005, 138 

CCACAAGGCUGUCAAGAGG), all ordered from Dharmacon. The controls during vali-139 

dation of the candidates were the negative scrambled siRNA pool (D-001206-13-20) and a 140 

siRNA against CEP55 (D-006893-05-0005). 141 

Screening and transfection. The bank of siRNAs targeting the genes encoding Ubiq-142 

uitin ligases and deubiquitinases was randomly distributed in 96 well plates as well as the 143 

negative and positive controls per plate. The plate borders were not used to avoid edge 144 

effects. Three thousand HeLa cells in 50 µl medium were reverse transfected with 25 nM 145 

final siRNA concentration and 0.1 µl DharmaFECT 1 transfection reagent (T-2001-02, 146 

Dharmacon). 48 hours post-transfection the cells were fixed with 4 % PFA. During opti-147 

misation of the automated detection and during validation of the candidates, the reverse 148 

transfection was performed in 24-wp on glass coverslips and the volumes adapted pro-149 

portionally to reach the same concentrations. To validate the siRNAs and verify the down-150 

regulation of candidate genes the reverse transfection was performed in 6-wp and the 151 

volumes adapted proportionally to reach the same concentrations. 152 



 4 of 20 
 

 

Immunofluorescence and imaging. The transfected and fixed cells were treated with 153 

50 mM NH4Cl to reduce autofluorescence before permeabilisation with 0.2 % Triton X100. 154 

Once blocked with PBS 1x - 1 % BSA, primary staining was performed one hour at room 155 

temperature with the following antibodies: 1:2000 mouse monoclonal anti--tubulin 156 

(clone TUB 2.1), Sigma-Aldrich (T4026); 1:300 mouse monoclonal anti-CEP55 (clone B8), 157 

Santa Cruz Biotechnology (sc-374051); 1:1000 rabbit polyclonal anti-MKLP1 (N-19), Santa 158 

Cruz Biotechnology (sc-867). Following washes in PBS 1x, incubation was performed un-159 

der the same conditions with the secondary antibodies: 1:1000 goat polyclonal anti-mouse 160 

IgG1 coupled with AF488 (ThermoFisher Scientific A-21121); 1:1000 goat polyclonal anti-161 

mouse IgG2a coupled with AF546 (ThermoFisher Scientific A-21133); 1:1000 goat polyclo-162 

nal anti-rabbit coupled with AF647 (ThermoFisher Scientific A-21245). After counterstain-163 

ing with DAPI, the plates were imaged on the Opera Phenix High-Content Screening sys-164 

tem (PerkinElmer), 12 images per well at 20x magnification. Alternatively, coverslips were 165 

mounted on slides using Mowiol and images acquired with an Axio Imager Z1 (Carl 166 

Zeiss) at the same magnification. 167 

RT-qPCR. Total RNA from transfected HeLa cells was extracted using Nucleospin 168 

RNA kit (Macherey Nagel 740955.50) according to the manufacturer's protocol. SYBR 169 

Green-based real-time PCR assay (Luna Universal One-Step RT-qPCR Kit, New England 170 

Biolabs E3005S) were performed in a final volume of 5 l per reaction in white ultraAmp 171 

384-well PCR plates using QuantStudio 6 Flex real-time PC system (Applied Biosystems 172 

4485689). Briefly, 2 l of RNA were added to 2.5 l of 2X Luna Universal One-Step Reac-173 

tion Mix and primers (Eurofins Genomics) at a final concentration of 0.4 M (sequences 174 

available on request). The PCR program included a reverse transcription step at 55°C for 175 

10 min, followed by 40 cycles of denaturation at 95°C for 10 s and extension at 60°C for 1 176 

min. SYBR Green fluorescent emission was measured at the end of the elongation step. 177 

Subsequently, a melting curve program was applied with a continuous fluorescent meas-178 

urement starting at 60°C and ending at 95°C (ramping rate of 0.05°C.s–1). Crossing point 179 

values (Cp) were determined by the second derivative maximum method in the 180 

QuantStudio software. For result normalisation, control genes were tested with the 181 

Normfinder program [49]: Actin B (Beta Actin), B2M (Beta-2 Microglobulin), GAPDH 182 

(Glyceraldehyde-3-Phosphate Dehydrogenase), PPIA (Peptidylprolyl Isomerase A), 183 

HPRT (Hypoxanthine-Guanine Phosphoribosyltransferase). PPIA was selected as the 184 

most stable reference gene for the Hela cells. The relative RNA quantities were calculated 185 

as follows: (Etarget)ΔCp(target) / (Eppia)ΔCp(PPIA), with E the PCR efficiency of each primer pair and 186 

ΔCp the Cp difference between control and sample for each gene [50]. 187 

Software development. Our tool to automatically detect intercellular bridges was 188 

written in Java as a plugin within the Icy image analysis software [51]. The source code is 189 

available in GitLab and Zenodo. The plugin can be downloaded from the Icy website as 190 

described in the data availability section. Identification of the midbody, the nucleus and 191 

the cytoplasm by detection of the respective signal is required to classify a midbody as 192 

part of an intercellular bridge or as remnant. The logic behind this plugin is explained in 193 

the results and the discussion. 194 

Image analysis and quantification. All the analyses were executed with the Icy im-195 

age analysis software with which DAPI-stained nuclei and MKLP1 spots can be automat-196 

ically detected by the HK-means method. During the development of the image analysis 197 

plugin, intercellular bridges were first detected by eye, then the results were compared to 198 

those obtained with different versions of the program. An average of a thousand cells was 199 

analysed per condition during this initial step. The optimal plugin, whose code is availa-200 

ble, was applied for screening, where an average of two hundred and fifty cells were an-201 

alysed per condition. During the screen, the frequency F of intercellular bridges was esti-202 

mated by F = I / (N – I) * 100, where the number of cells is calculated by subtracting the 203 

number of cytokinetic bridges I to the number of nuclei N in the condition. The validation 204 

of the candidates was performed by manually and blindly counting the frequency of cy-205 

tokinetic bridges in an average of two hundred and fifty cells per replicate. The number 206 
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of multinucleated cells counted manually was also subtracted to the number of nuclei 207 

during the validation of the candidates, since the multinucleation phenotype was meas-208 

ured concomitantly. The frequency F’ of intercellular bridges became then F’ = I / (N – I – 209 

M) * 100, where M is the number of multinucleated cells. Similarly, the frequency F’’ of 210 

multinucleated cells was estimated by F’’ = M / (N – I – M) * 100.  The recruitment of 211 

CEP55 to the midbody was evaluated by measuring within each MKLP1 spot the average 212 

intensity ratio of the CEP55 to the MKLP1 signal. The number of midbody remnants was 213 

estimated by subtracting the number of intercellular bridges to the number of MKLP1 214 

spots. Then the number of midbody remnants per cell was calculated and expressed as a 215 

percentage. 216 

Representation and statistical analysis. Data were represented and statistics were 217 

calculated with R. The Spearman’s rank correlation coefficient was estimated to evaluate 218 

the performance of the automated detection of intercellular bridges. To get an idea of the 219 

statistical strength of an effect during the screen, the z-score was calculated for each tested 220 

siRNA by z = (x – µ) / , where µ and  are respectively the average frequency and the 221 

standard deviation of intercellular bridges in all the tested wells from the plate where this 222 

siRNA was transfected, and where x is the frequency of cytokinetic bridges in this specific 223 

well. Hits were selected based on the z-score and the frequency of intercellular bridges. 224 

The validation of candidate genes with different CEP55-related phenotypes was verified 225 

by adjusted Wilcoxon-Mann-Whitney tests comparing the distribution of the replicates 226 

for each hit with those obtained with the non-targeting scrambled siRNA pool. Images 227 

and graphical representations were assembled with the Inkscape software. 228 

3. Results 229 

3.1. Development of an automated detection of cytokinetic bridges 230 

Taking benefits from the environment of the Icy image analysis software, we devel-231 

oped a plugin written in Java to automatically detect intercellular bridges. To this aim, we 232 

first had to detect the different types of biological object before interrogating their rela-233 

tionships. The preliminary step was to determine optimal and robust immunofluores-234 

cence staining conditions for each relevant type of object. DAPI and -tubulin are fre-235 

quently used to stain nuclei and cytoplasms respectively. As part of the Centralspindlin 236 

complex, MKLP1 is one of the earliest elements of the midbody and mediates the recruit-237 

ment of CEP55, which highlights its relevance as a marker for the midbody. Staining and 238 

imaging conditions were easily calibrated and are summarised in the methods (Figure 1). 239 

To detect nuclei and midbodies, we applied HK-Means combining hierarchical clus-240 

tering with K-Means methods [52]. This segmentation method executes an N-class thresh-241 

olding based on a K-Means classification of pixels from the histogram of their intensities 242 

in the image, before extracting regions of interest (ROI) in a bottom-up manner following 243 

parameters defined by the user, i.e. minimum and maximum size of the clustered object 244 

as well as its minimum intensity. This allowed us to easily count the number of nuclei and 245 

the number of midbodies per field of view (FOV) and per condition. The boundaries of 246 

the detected nuclei were refined by progressively fitting the contour of each nuclear ROI 247 

to the nuclear shape, following an active contouring method based on intensity gradient 248 

and edge detection [53]. Each midbody spot was expanded by a constant user-defined 249 

number of pixels in order to draw a larger spot, from which the initial one was subtracted, 250 

hence generating a midbody ring. Given that the cytoplasms of future daughter cells re-251 

main connected until abscission, we decided to avoid their segmentation. We simply gen-252 

erated a single region of interest per image encompassing all detected cytoplasms. This 253 

cytoplasmic ROI was drawn by automated thresholding using K-Means, where the num-254 

ber of intensity classes to determine the minimum positivity threshold is user-defined 255 

(Figure 1a and 1b).  256 
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 257 

Figure 1. Development of the automated detection of intercellular bridges. (a) Unlike the observa-258 

tion of multinucleation, the detection of intercellular bridges is a more appropriate phenotype to 259 

study late cytokinesis. A midbody present at the intercellular bridge is connected to each future 260 

daughter cell, whereas a midbody remnant is observed within one cytoplasm or outside cells. To 261 

classify each midbody, we detected the number of overlapping sections between each drawn sur-262 

rounding midbody ring and the cytoplasmic ROI. (b) All three necessary elements to classify mid-263 

bodies were delineated by automated detection of respective signals in HeLa cells: DAPI for nuclei 264 

(blue), -tubulin for cytoplasms (green) and MKLP1 for midbodies (red). The image on the right is 265 

the overlay of the merged signals and the detected regions of interest, i.e. left and middle image 266 

respectively. The colour code is maintained between the detected signals and the represented ROIs. 267 
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On the overlay, examples of detected midbodies classified as cytokinetic bridges (rectangles) or 268 

midbodies (ovals) are highlighted. (c) Performance of the bioimage analysis tool in HeLa cells. Left, 269 

the frequencies of cytokinetic bridges from a blind manual detection of intercellular bridges were 270 

plotted against those obtained automatically by the program. The dots represent 68 experimental 271 

conditions from four different experiments. In each condition, cells were transfected either with an 272 

siRNA targeting CEP55, a non-targeting scrambled siRNA or mock-transfected. The correlation be-273 

tween the results of the two methods was appreciated by a Spearman correlation test. The vertical 274 

dashed line corresponds to a threshold which separated the mock-transfected and the conditions 275 

transfected with a scrambled siRNA from the conditions transfected with an siRNA targeting 276 

CEP55: blindly and manually measured, their cytokinesis frequency was always found exclusively 277 

below or above 10 % respectively. The same threshold was applied for the automated detection of 278 

cytokinetic bridges and represented by a horizontal dashed line. Right, the efficacy of the classifica-279 

tion was estimated based on these thresholds, while considering manual counting as the gold stand-280 

ard. The number of true (TP) or false (FP) positive and of true (TN) or false (FN) negative results of 281 

the classification allowed the calculation of performance parameters such as accuracy, precision and 282 

recall. 283 

Once delineated, we interrogated the relations between nuclear, midbody and cyto-284 

plasmic ROIs to estimate the number of cytokinetic bridges. Midbodies were either clas-285 

sified as remnants or as intercellular cytokinetic bridges. The ring surrounding each mid-286 

body spot was examined to establish how many times it was crossing the -tubulin signal 287 

and if it was intersecting with any DAPI-positive ROI. Midbody rings with a single inter-288 

section or without any interaction with the cytoplasmic ROI were classified as midbody 289 

remnants. When at least two intersections were counted, the midbody was considered as 290 

part of a cytokinetic bridge. If the ring was intersecting with or inscribed in a nucleus, the 291 

midbody was classified as remnant (Figure 1a). In terms of output, the plugin overlays all 292 

the detected ROIs on each respective image of a sequence (Figure 1b). Per field of view 293 

and per condition, the number of nuclei, the number of midbodies and the number of 294 

cytokinetic bridges as well as the criteria for the classification of each midbody are ex-295 

ported. The plugin and the code are accessible as described in the data availability section. 296 

To evaluate the accuracy of the automated detection, we compared its results with 297 

those of a preliminary blind manual detection in a set of 68 conditions from four different 298 

experiments, with an average of 1000 analysed cells for each condition (Figure 1c). In each 299 

one, HeLa cells were mock-treated or transfected with one of several anti-CEP55 or scram-300 

bled non-targeting siRNAs at 25 nM. The number of detected cytokinetic bridges was sub-301 

tracted to the number of nuclei to estimate the number of cells. The frequency of cytoki-302 

netic bridges was then calculated per condition and expressed as a percentage. Manually, 303 

the frequency of cytokinetic bridges in mock-transfected conditions and in those treated 304 

with a scrambled siRNA was measured below 10 %. Upon downregulation of CEP55 with 305 

an siRNA, the cytokinesis frequency was consistently measured above 10 %. This is the 306 

reason why we chose 10 % as the threshold to evaluate the accuracy of the classification 307 

by the automated image analysis tool. Each software version was similarly tested until we 308 

were satisfied with the accuracy of the detection. The current and herein described version 309 

of the software showed the best performance with a Spearman correlation coefficient of 310 

0.87. The linear correlation was attested by a visually rather linear distribution of the data 311 

and a significant result of the correlation test with p < 10-15. With R2 = 0.75, three quarter 312 

of the observed variation can be explained by the correlation. The parameters of the affine 313 

function summarising the correlation curve were the slope a = 0.88 and the translation b = 314 

0.21. By applying the threshold of 10 % to the results of the automated detection, we were 315 

able to evaluate the performance of the classification. In brief, the accuracy of the software 316 

was equal to 0.93. The precision and recall values were 1 and 0.78 respectively. Taken 317 

together, the accuracy of the automated detection of intercellular cytokinetic bridges al-318 

lowed us to screen for Ubiquitin-related enzymes in late cytokinesis. 319 

In the supplementary Figure S1, we show the performance of the detection of 320 

cytokinetic bridges by the software in WT and CEP55 KO U2OS cell lines. We have already 321 
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published with these cell lines. The software could easily classify the cell type based on 322 

the frequency of cytokinetic bridges. However, the detection was not optimal, as the slope 323 

of the regression was close to 0.5. Firstly, this was due to the fact that the cytokinetic 324 

bridges in these cells are not as long as in HeLa cells. Secondly, the environment of each 325 

individual cell is rather crowded since U2OS cells grow in small colonies. Thus, we 326 

decided to work with HeLa cells in which the effect of gene downregulation was more 327 

efficiently detected. Nevertheles, these results have increased our confidence in the 328 

robustness of our tool. 329 

3.2. Screening of Ubiquitin ligases and deubiquitinases involved in late cytokinesis 330 

To address a relevant biological question with our image analysis tool, we screened 331 

a library of siRNAs targeting Ubiquitin ligases or DUBs to detect their involvement in late 332 

cytokinetic steps (Figure 2). We applied the same experimental conditions as during opti-333 

misation of the automated detection, i.e. a 48 hour-long incubation after transfection of 334 

25 nM siRNA. The position of the tested siRNAs was randomised on 96-well plates, each 335 

of them including controls. Positive controls were treated with four different siRNAs 336 

against CEP55. Negative controls were either mock-treated or transfected with scrambled 337 

non-targeting siRNAs (Figure 3a). Since we inconsistently reached a positive z’-factor be-338 

tween positive and negative controls during the screening setup, we only used these con-339 

ditions as experimental controls for each plate and to evaluate the consistency between 340 

plates. As planned, wells at the edge of each plate were avoided to prevent border effects. 341 

The staining and analysis conditions were concordant with those used during optimisa-342 

tion. 343 

 344 

Figure 2. Descriptive diagram of the raised biological questions. CEP55 is a key actuator of late 345 

cytokinesis. The Zinc-finger (ZF) domain in CEP55 cargoes the protein to the midbody, whereas 346 

NOA contributes to the cytokinetic abscission. The presence of these two functional Ubiquitin-Bind-347 

ing Domains in CEP55 structurally links the Ubiquitin signaling with late cytokinesis. Ubiquitina-348 

tion requires three successive reactions named activation, conjugation and ligation, catalysed re-349 

spectively by E1, E2 and E3 Ubiquitin enzymes. Ubiquitin architectures are edited or withdrawn 350 

from substrates by deubiquitinases. Such molecular actors are not known regarding the recruitment 351 

of CEP55 to the midbody and its late cytokinetic function, i.e. abscission and recycling of the mid-352 

body remnants. 353 

671 genes encoding either a Ubiquitin ligase or a deubiquitinase were targeted across 354 

all thirteen plates, with at least six positive or negative controls per plate. An average of 355 

250 cells were analysed per condition. The frequency of intercellular cytokinetic bridges 356 

was the endpoint readout to estimate the occurrence of late cytokinetic events. Across 357 

plates the downregulation of CEP55 by the different positive control siRNAs led to an 358 
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increase in the frequency of intercellular bridges to 17.48 +/- 4.01 % (mean +/- SD). In con-359 

trast, the average frequency of cytokinetic bridges was 6.04 +/- 1.90 % in the wells treated 360 

with scrambled non-targeting siRNAs and 6.29 +/- 1.73 % in the mock-treated conditions. 361 

We did not observe any plate effect. An 11 % positivity threshold of cytokinesis frequency 362 

was set, above which hits were selected (Figure 3b). We calculated a z-score per tested 363 

siRNA based on the mean and the standard deviation of all the tested siRNAs on the same 364 

plate (supplementary Figure S2). This score and the available literature have guided us to 365 

narrow the selection down to eleven hits, whose downregulation increased the frequency 366 

of cytokinetic bridges. These hits are listed by the name of the targeted gene, associated 367 

with the respective observed frequency of intercellular bridges: UCHL1, 16.51 %; NEURL, 368 

16.29 %; TRIM25, 15.60%; WDR59, 13.85%; RNF7, 13.81; HECW2, 12.64 %; LNX2, 12.20 %; 369 

MYSM1, 11.45 %, RNF157, 11.40 %; RNF13, 11.31%; VPS8, 11.11 %. In total 1.64 % of the 370 

targeted genes were considered positive after this initial screen. The results obtained with 371 

all the tested siRNAs from the library are available in the supplementary Table S1. 372 

 373 

Figure 3. Overview of the screening execution. (a) Representation of the screening pipeline from the 374 

plate map until imaging. (b) The distribution of the screening results indexed according to their 375 

chronological order of acquisition does not show any plate effect. The dashed line represents the 376 

positivity threshold above which samples were considered as hits. 377 

3.3. Validation of the screening based on CEP55-related phenotypes 378 

As described in our recent publication, the downregulation of CEP55 leads to four 379 

different phenotypes (Figure 4). The increase in the frequency of intercellular bridges and 380 

in multinucleation results from the inhibition of late cytokinesis, due to the lack of CEP55 381 

at the midbody [7,13]. This absence also results in the increase in the number of midbody 382 



 10 of 20 
 

 

remnants per cell, possibly due to the lack of midbody recycling, either through autoph-383 

agy or lysosomal degradation after engulfment [9-11]. These interconnected phenotypes 384 

appear when CEP55’s Ubiquitin-Binding Domains are debilitated. Therefore, we expected 385 

phenocopies when downregulating some Ubiquitin-related enzymes. As part of the vali-386 

dation of the primary screen, we blindly evaluated the presence of these same phenotypes 387 

under downregulation of the different hit genes with respective siRNAs (Figure 5). For 388 

each hit, six biological replicates were performed in HeLa cells under the same conditions 389 

of downregulation as during the screen, i.e. 48 hours post-transfection with 25 nM siRNA. 390 

An average of 250 cells were analysed per replicate. Downregulation of CEP55 was estab-391 

lished as the positive control, while the negative scrambled control was the reference for 392 

the statistical tests. 393 

 394 

Figure 4. Phenotypes induced by the downregulation of CEP55. Immunofluorescence images of 395 

HeLa cells 48 hours post-transfection either with 25 nM non-targeting scrambled or anti-CEP55 396 

siRNA. The identification of nuclei, cytoplasms and midbodies was enabled by staining with DAPI, 397 

anti--tubulin and anti-MKLP1 antibodies. The staining of CEP55 allows the evaluation of its ex-398 

pression and its recruitment to the midbody. Insets correspond to a 4-fold magnified view of a re-399 

gion in the respective image. 400 

Targeting the Ligand of Numb-protein X 2 (LNX2) or the Neuralised E3 Ubiquitin 401 

protein ligase 1 (NEURL) resulted in a reproducible significant increase in the frequency 402 

of cytokinetic bridges (Figure 5a). More multinucleated cells were observed when knock-403 

ing down the Ring Finger protein 157 (RNF157) or NEURL (Figure 5b). The downregula-404 

tion of the Ring Finger protein 13 (RNF13), RNF157, LNX2 or the Ubiquitin C-terminal 405 

Hydrolase 1 (UCHL1) variably reduced the intensity of the CEP55 signal at the midbody 406 

(Figure 5c). When RNF157 or LNX2 was knocked down the number of midbody remnants 407 

decreased relative to the number of cells, whereas the number of remnants per cell in-408 

creased after downregulation of UCHL1 (Figure 5d). 409 
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 410 

Figure 5. Validation of candidate genes by measurement of CEP55-related phenotypes. HeLa cells 411 

were transfected 48 hours with 25 nM of siRNA against each selected and color-coded hit. (a) Fre-412 

quency of cytokinetic bridges. (b) Frequency of multinucleated cells. (c) Average intensity ratio of 413 

CEP55 to MKLP1 signals per midbody. (d) Number of midbody remnants per 100 cells. Per condi-414 

tion, mean and standard error are represented as well as individual replicates. For each condition, 415 

six biological replicates were performed. The total number of cells and the total number of midbod-416 

ies analysed in all replicates are respectively shown in (a) and (c). Wilcoxon-Mann-Whitney tests 417 

compare the distributions of the replicates, where the scrambled siRNA condition is the reference. 418 

* p < 0.05; ** p < 0.01; *** p < 0.001. 419 

 420 

While extending the frame of the primary screen through the consideration of new 421 

readouts, we decided to preserve reasonable stringency and to select only candidates 422 

whose downregulation alters at least two of the CEP55-related phenotypes. Thus, these 423 

data allowed the validation of LNX2, NEURL, UCHL1 and RNF157. Complementary re-424 

sults shown in the supplementary Figure S3 validate the efficient and specific 425 

downregulation these candidates as well as CEP55 by siRNA. Despite our careful 426 

demonstration, caution should be taken until cross-validation using an alternative 427 

method to RNA interference during the exploration of each remaining candidate gene, as 428 

we used only one siRNA per gene. To illustrate the direct effect of their downregulation 429 

on the recruitment of CEP55 to the midbody, representative images are shown in Figure 430 

6. Altogether, our results help the detection of late cytokinetic events and contribute to the 431 

understanding of the Ubiquitin signaling linked to CEP55 and cytokinetic abscission. 432 

 433 

d)

a)

c)

b)

* * *

* * * *

* ** *

* *

* * * * * * * * * ** ** *
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 434 

Figure 6. Representative phenotypes observed in validated candidates. Immunofluorescence im-435 

ages of HeLa cells 48 hours post-transfection either with 25 nM non-targeting or anti-candidate 436 

siRNA. The identification of nuclei, cytoplasms and midbodies was enabled by staining with DAPI, 437 

anti--tubulin and anti-MKLP1 antibodies respectively. The staining of CEP55 allows the evaluation 438 

of its expression and its recruitment to the midbody. Insets correspond to a 4-fold magnified view 439 

of a region in the respective image. 440 

4. Discussion 441 

Since previous cytokinetic screens relied on the detection of multinucleated cells, our 442 

first technical aim was to enable the endpoint detection of intercellular cytokinetic bridges. 443 

The constant improvement of mathematical functions to detect standard biological objects 444 

in microscopic images has allowed us to write a plugin within the environment of the Icy 445 

image analysis software. This plugin first recognises the stained nuclei, cytoplasms and 446 

midbodies, before classifying the latter as remnants or as part of cytokinetic bridges. The 447 

performance of the automated detection in HeLa and U2OS cells gives us confidence in 448 

our ability to detect and classify the same structures in other fixed cell lines or even in 449 

primary cells. This tool will become very useful to identify active compounds or any bio-450 

chemical modifier that blocks the late cytokinetic events leading to abscission. However, 451 

this method may underestimate the impact of some perturbations in cytokinesis. Indeed, 452 

inhibiting cytokinesis frequently leads to the absence of cytokinetic bridge or its collapse, 453 

both leading to multinucleation and likely to cell death through incompletely character-454 

ised molecular mechanisms [45,54,55]. Nevertheless, the reliable detection of intercellular 455 

bridges might be useful to perform High-Content Screening of late cytokinetic events. This 456 

would balance the low throughput of live imaging, which is usually employed to study 457 

the duration of cytokinesis especially the last steps leading to abscission [38,48]. Here, we 458 

LNX2 siRNA
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RNF157 siRNA

UCHL1 siRNA
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used this approach to screen for Ubiquitin ligases and DUBs involved at this stage of the 459 

cell cycle. 460 

The screen was carried out despite the statistically limited difference between posi-461 

tive and negative controls, but the setup, execution and analysis were eased by our tech-462 

nical development. The threshold of positivity for hits as well as the z-scores gave us rea-463 

sonable confidence in our screen. Based on the knowledge accumulated in our previous 464 

publication about CEP55’s UBDs, we decided to validate the hits whose downregulation 465 

alters at least two CEP55-related phenotypes [15]. While the downregulation of CEP55 466 

reached nearly 100%, the downregulation of the gene candidates was slightly less efficient 467 

with a minimum of 80% (supplementary Figure S3). 468 

However, NEURL and LNX2 were increasing the frequency of intercellular bridges 469 

upon knockdown. In D. melanogaster, NEUR ubiquitinates the ligand Delta and Jagged to 470 

promote its endocytosis, hence inducing the Notch signal in trans [56,57]. In mammalians, 471 

the contribution of its homolog NEURL to this function in the Notch pathway appears to 472 

be complemented by MIB1, whose downregulation did not alter the frequency of cytoki-473 

netic bridges in our screen [56,57]. It should be noted that the lack of phenotypic effect 474 

observed with MIB1 could be due to the presence of several functional and redundant 475 

genes in mammalian cells. LNX2 is also known to target Numb for proteasomal degrada-476 

tion, hence influencing the Notch signaling in cis [58,59]. However, the role of Notch in 477 

cytokinesis has never been highlighted, despite clearly modulating the fate of daughter 478 

cells during asymmetric division [60]. While a putative link could be established between 479 

late cytokinesis and Notch signaling, other hypotheses need to be drawn, mainly because 480 

targeting MIB1 did not show any effect in our screen [61]. NEURL may have other func-481 

tions for which the ligands are unknown [62]. The downregulation of NEURL increased 482 

both the frequency of cytokinetic bridges and multinucleated cells, which is clearly in fa-483 

vour of a role in cytokinesis. In the case of LNX2, the number of specific protein substrates 484 

for ubiquitination is steadily growing. Both LNX2 and its paralog LNX1 trigger degrada-485 

tive Ubiquitin signal, which does not explain how the depletion of LNX2 could directly 486 

decrease the recruitment of CEP55 to the midbody [63,64]. It is rather possible that CEP55 487 

is not recruited to the midbody because of its disorganisation, likely concomitant with the 488 

degradation of its protein components. LNX1 and LNX2 are structurally similar and dis-489 

play common protein substrates for ubiquitination [59,63,65]. Recently, proteomic studies 490 

have evidenced their potential substrates such as MID1 and MID2 as well as KIF14 [66]. 491 

The first two are involved in early cytokinesis, whereas the latter participates in the stabi-492 

lisation of the central spindle, hence in the structuration of the intercellular cytokinetic 493 

bridge [31,67].  494 

The results about UCHL1 are noteworthy, though not directly linked to cytokinetic 495 

bridges. Indeed, CEP55 could be associated with the ubiquitinated target leading to the 496 

recycling of the midbody. The downregulation of UCHL1 led to a reduced intensity of 497 

CEP55 on midbodies and to an increased number of midbody remnants per cell. Both 498 

effects may be in favor of a lack of Ubiquitin chain edited by UCHL1 on a substrate of the 499 

midbody. The recycling of midbodies may also be altered by directly disturbing autoph-500 

agy [68]. Indeed, it has been reported that CEP55 interferes with the formation of LC3-501 

positive autophagosomes [69]. As for RNF157, the two observed effects, i.e. the reduced 502 

intensity of CEP55 at the midbody and the increased frequency of multinucleated cells 503 

may be more difficult to explain. It is known that the downregulation of RNF157 induces 504 

apoptosis in neuronal cells through a mechanism implicating Fe65, and that it participates 505 

to the editing of dendrites [70]. RNF157 was also described as a downstream effector of 506 

the PI3K and MAPK pathways [71]. In our hands, the total number of cells was signifi-507 

cantly decreased during downregulation of RNF157, possibly by apoptosis. Interestingly, 508 

the downregulation of CEP55 in zebrafish leads to massive apoptosis of neural structures 509 

concomitantly with a reduced AKT activation [72]. Besides, CEP55 is phosphorylated by 510 

the ERK2 kinase [13]. Nevertheless, these theoretical analogies linking CEP55 with 511 

RNF157 require further experimentations, especially since the hydranencephaly of the 512 
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MARCH syndrome is associated with a defect in the recruitment of CEP55 to the midbody 513 

[73]. 514 

To conclude, we repeat that we should use our tool for screening. Nowadays, cyto-515 

kinesis remains less understood than mitosis, although cytoplasmic division contributes 516 

equally to genome integrity. Specifically, the regulated rupture of the intercellular bridge 517 

needs to be understood so that we can imagine blocking it in various types of cancer. As 518 

reported in the discussion section of our previous article, we are still looking for elements 519 

which condensate the midbody to a state of liquid-liquid phase transition, and we have 520 

previously observed Ubiquitin at the midbody. Therefore, we have used our bioimage 521 

analysis tool to look for elements of the Ubiquitin signaling system whose downregulation 522 

affects cytokinesis. Each candidate gene should be further investigated using an alterna-523 

tive method to siRNA knockdown such as CRISPR interference or some knockout 524 

method. Even if we did not deeply characterise the functional role of each candidate gene 525 

that results from our siRNA screening, we strongly believe that the replication of cytoki-526 

netic defects and the co-occurrence of other CEP55-related phenotypes upon the down-527 

regulation of candidate genes in multiple validation experiments strengthen our ap-528 

proach. Indeed, our discovery of functional Ubiquitin-Binding Domains in CEP55 was the 529 

main reason why we decided to perform a late cytokinesis screen to search for Ubiquitin-530 

related enzymes which could be associated with the function of CEP55 during and after 531 

cytokinesis. In the future, it may also be primordial to investigate the role of these cytoki-532 

netic elements in healthy primary cells. 533 
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