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Figure 6.  RCC2 participates in cytokinesis as the downstream target of NudCL2. (A) HEK-293 cells transfected with control or 
RCC2 siRNAs were subjected to Western blot analysis from the entire cells. (B and C) Time-lapse DIC images of the live cell imaging 
experiment of cells transfected with RCC2 siRNAs. Percentage of siCtrl (n = 186), siRCC2-1 (n = 101) or siRCC2-2 (n = 75) cells showing 
cytokinesis failure was calculated. (D) The transfected cells with the siRNAs as shown were fixed and stained to detect DNA and 
α-tubulin. The percentages of the multinucleation in siCtrl (n = 1,069), siRCC2-1 (n = 1,117) and siRCC2-2 (n = 1,135) cells were 
calculated. (E–I) HEK-293 cells transfected with the indicated siRNAs were fixed and subjected to immunofluorescence analyses 
with anti-α-tubulin and anti-Aurora B (E), anti-MKLP1, and anti-PLK1 (G) antibodies. The frequencies of siCtrl, siRCC2-1 or siRCC2-2 
cells with Aurora B (n = 161, 162, or 161), MKLP1 (n = 160, 161, or 159) or PLK1 (n = 157, 158, or 157) mislocalization were calculated. 
(J) Schematic illustration of the rapid downregulation strategy of RCC2 using the AID system. (K) The RCC2 KO cells expressing 
OsTIR1-T2A-RCC2-mAID were synchronized into anaphase by thymidine-nocodazole blocking and releasing for 30 min. Then cells 
were treated with or without auxin and harvested immediately at different time points, and subjected to Western blot with anti-
mAID antibodies from the entire cells. (L and M) Time-lapse DIC images of the live cell imaging experiment of the RCC2 KO cells 
expressing OsTIR1-T2A-RCC2-mAID. Cells were synchronized into anaphase by thymidine-nocodazole blocking and  releasing  for 
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All siRNAs were synthesized by GenePharma 
(Shanghai, China). A control siRNA (Qiagen, USA) that 
shows no homology to any known mammalian genes 
was used as a negative control. The sequences of the 
sense strands of the siRNA duplexes were as follows: 
5ʹ-AAGAGATGAAAGTGAGACTGA-3ʹ (siRCC2-1), and 
5ʹ-AAGGGGCAGCTGGGACATGGT-3ʹ (siRCC2-2).

Cell culture, transfection, and drug treatment
HEK-293, HEK-293T, and HeLa cells were purchased 
from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China) and cultured in Dulbecco’s mod-
ified Eagle’s Medium (Corning, USA) supplemented 
with 10% fetal bovine serum (FBS, ExCell Bio, China) at 
37°C in 5% CO2. Plasmids were transfected with PolyJet 
(SignaGen Laboratories, Rockville, MD, USA), and the 
siRNA duplexes were transfected with Lipofectamine 
RNAiMAX (Invitrogen, Carlsbad, CA, USA). The trans-
fection processes were performed according to the 
manufacturer’s instructions. For CHX chase analy-
sis, 100 µg/mL CHX (Sigma-Aldrich, USA) was used as 
described in the text. HEK-293 cells were treated with  
1 µmol/L MG132 (Millipore, Billerica, MA, USA) for 12 h to 
block the proteasome-dependent degradation pathway. 
Geldanamycin (GA, Tocris, UK) and radicicol (RA, Tocris, 
UK) were stored at −20°C as a stock solution of 5 mmol/L 
in DMSO and ethanol respectively. Cells were treated 
with geldanamycin for the indicated concentrations and 
times as described in the text.

Generation of NudCL2 KO cell lines by CRISPR/
Cas9-mediated genome editing
The two sgRNAs, 5ʹ-GAAGTTCAGGTGCCGCCAGG-3ʹ and 
5ʹ-TGGGATTCCGCGCGTGCGCTCGG-3ʹ, targeting the first 
exon of the NudCL2 gene were designed and synthesized 
by YSY Biotech Ltd (Nanjing, China). Then, the CRISPR/
Cas9 plasmid was constructed by cloning the sgRNA into 
its backbone. HEK-293 and HeLa cells were transfected 
with this plasmid for 48 h followed by treatment with 
1 μg/mL puromycin (Sigma-Aldrich, St. Louis, MO, USA) 
for 48 h. After selection, cells were counted and diluted 
to a density of 1 cell per 200 µL of medium and seeded 
into 96-well (Bio-Rad, Laboratories, Hercules, CA, USA) 

plates to obtain single colonies. NudCL2 KO colonies were 
identified by Western blot and genomic DNA sequencing 
analyses. Two pairs of primers used to amplify the target 
regions are as follows:

NudCL2 sgRNA-F1: 5ʹ-AGGCGTAGCCTAAGCGTGGGAT 
TC-3ʹ;

NudCL2 sgRNA-R1: 5ʹ-ACCCAACAGTCGTTCAGGGAAA 
CG-3ʹ;

NudCL2 sgRNA-F2: 5ʹ-ACTTAGGGGACGGTGTAGTGA-3ʹ;
NudCL2 sgRNA-R2: 5ʹ-GGCGGCACCTGAACTTCAAT-3ʹ.

Cell synchronization
Cell synchronization was performed as previously 
described (Capalbo et al., 2019; Compe et al., 2022). 
Briefly, HEK-293 cells were incubated with 2 mmol/L thy-
midine (Selleck, USA) for 18 h. After washing twice with 
phosphate-buffered saline (PBS), cells were released in 
fresh culture medium for 6 h. After release, cells were 
incubated with 2 mmol/L thymidine for another 18 h. 
Cells were released in fresh culture medium, harvested 
at the indicated time points by centrifugation at 1000 ×g 
for 3 min, frozen immediately in dry ice, and stored at 
−80°C. To synchronize cells in telophase, cells were syn-
chronized with a double-thymidine block and released. 
Next, cells were cultured for an additional 13 h in fresh 
complete medium containing 20 ng/mL nocodazole 
(Sigma-Aldrich, USA) and then harvested by mitotic 
shake-off. Mitotic cells were washed three times with 
PBS, and released in fresh medium for 90 min to be col-
lected in telophase.

Antibodies
The following antibodies for Western blot (WB) and 
immunofluorescence (IF) were used in this study: two 
types of anti-NudCL2 antibodies were prepared, includ-
ing a rabbit polyclonal anti-NudCL2 antibody that gen-
erated as described previously (Yang et al., 2010) and a 
mouse monoclonal antibody against NudCL2 peptide 
(GAEISGNYTKGGPDFSNLEK, 138–157 aa) as antigens. A rab-
bit polyclonal anti-RCC2 antibody was prepared (HuaBio, 
China) against the mixed peptides (RAGPRKRGGPAGRKRE, 
22–37 aa and RVAIFIEKTKDGQILP, 311–326 aa) as antigens 
that were described in the previous study (Mollinari et al., 

30 min, then treated with auxin and Hoechst 33342, after 15 min, subjected to the live cell imaging experiment. The first frame of 
images was taken at 15 min after auxin addition and the time point was marked as 00:15 (hours:min). Percentage of mock (n = 142) 
or auxin-treated (n = 134) cells showing cytokinesis failure was calculated. (N and O) Control and NudCL2 KO cells were transfected 
with Myc or Myc-RCC2 vector and subjected to Western blot from the entire cells and immunofluorescence analyses using the 
indicated antibodies. The percentages of the multinucleated cells (from left to right: n = 770, 923, 708, and 566) were calculated.  
(P and Q) Control or RCC2 siRNA cells transfected with Myc or Myc-NudCL2 vector were subjected to Western blot from the entire 
cells and immunofluorescence analyses using the indicated antibodies. The percentages of the multinucleated cells (from left to 
right: n = 2,007, 3,011, 1,505, and 2,403) were calculated. (R) Working model for the role of NudCL2 in cytokinesis. NudCL2, Hsp90, 
the mRNA, and the protein of RCC2 all localize at the midbody arm. NudCL2 collaborates with Hsp90 to stabilize RCC2 protein 
and ensure successful abscission, while loss of NudCL2 decreases RCC2 at the midbody to result in cleavage furrow regression and 
multinucleation. β-Actin, a loading control. Scale bars, 5 μm. Quantitative data are expressed as the mean ± SD (from three biological 
replicates). The P values were calculated using Student’s t-test. **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, no significance.
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2003). The following antibodies and dilutions were com-
mercially acquired for WB and IF analyses: mouse mon-
oclonal anti-α-tubulin (Sigma-Aldrich, T6199 dilutions for 
WB 1:5,000, for IF 1:400), mouse monoclonal anti-β-actin 
(Sigma-Aldrich, T1978 dilution for WB 1: 5,000), mouse 
monoclonal anti-Myc (Cell Signaling Technology, 9B11 
dilutions for WB 1:2,000, for IF 1:200), rabbit polyclonal 
anti-mAID (Novus Biologicals, NBP2-89163 dilutions for 
WB 1:1000), mouse monoclonal anti-His (Proteintech, 
66005-1-Ig dilution for WB 1:1000), mouse monoclonal 
anti-GST (Santa Cruz Biotechnology, sc-138 dilution for 
WB 1:1000), rabbit polyclonal anti-Aurora B (Diagbio, 
db2045 dilutions for WB 1:2,000, for IF 1:200), rabbit pol-
yclonal anti-MKLP1 (Diagbio, db5469 dilutions for WB 
1:1000, for IF 1:100), rabbit polyclonal anti-PLK1 (Sigma-
Aldrich, SAB4502211 dilutions for WB 1:2,000, for IF 1:200), 
rabbit polyclonal anti-MKLP2 (Proteintech, 15911-1-AP 
dilution for WB 1:1000), mouse monoclonal anti-ANXA2 
(Proteintech, 60051-1-Ig dilution for WB 1:5,000), mouse 
monoclonal anti-GAPDH (ABclonal, AC002 dilution for 
WB 1:5,000), rabbit polyclonal anti-Hsp90 (Diagbio, db621 
dilutions for WB 1:1000, for IF 1:100), and mouse mono-
clonal anti-Puromycin (Sigma-Aldrich, MABE343 dilu-
tions for WB 1:10,000). The secondary antibodies used for 
immunofluorescence analysis were Alexa Fluor 488-and 
568-conjugated anti-rabbit or anti-mouse IgG (Invitrogen). 
Goat anti-mouse or anti-rabbit secondary antibody 
(LI-COR, Lincoln, NE, USA) conjugated to either Alexa 
Fluor 680 or IRDye 800 was used for Western blot analysis.

GST pull-down assay
GST pull-down assays were performed as described 
previously (Lu et al., 2017). In brief, GST, GST-NudCL2, 
His-RCC2, different types of His-tagged RCC2 truncates, 
including pET-28a-Flag-RCC2-∆R1, -∆R2, -∆R3, -∆R4, 
-∆R5, -∆R6, -∆R7 and-∆C- His, and His-Hsp90 proteins 
were purified from Escherichia coli BL21. The purified 
proteins were incubated in PBS at 4°C for 4 h, and then 
glutathione-agarose beads were added and incubated 
for 2 h. The beads were washed and then subjected to 
Western blot with the respective antibodies as indicated 
in the text.

Immunoprecipitation and Western blot
Immunoprecipitation was performed as previously 
described (Yang et al., 2010). Briefly, cells were lysed in 
TBSN buffer [20 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 
0.5% Nonidet P-40, 5 mmol/L EGTA, 1.5 mmol/L EDTA, 
0.5 mmol/L Na3VO4, 20 mmol/L p-nitrophenyl phosphate] 
containing a cocktail of protease inhibitors (Roche, Basel, 
Switzerland) and then subjected to immunoprecipitation 
with the indicated antibodies. The proteins were separated 
in a sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis gel and transferred to a polyvinylidene fluoride 
membrane (Millipore, Billerica, MA, USA). The membranes 

were blocked with 5% BSA at room temperature for 1 h, 
incubated with the indicated primary antibodies fol-
lowed by the secondary antibodies and then detected by 
ChemiDoc Touch Imaging System (Bio-Rad, USA) or LI-COR 
Odyssey imaging systems (LI-COR, USA).

Immunofluorescence staining
Cells grown on microscope glass coverslips were fixed 
with 3.7% (v/v) paraformaldehyde at room temperature 
for 20 min or ice-cold methanol for 15 min at −20°C. After 
washing three times with PBST (0.1% Triton X-100 in PBS) 
for 15 min, cells were incubated in blocking buffer [3% 
(w/v) BSA in PBS] for 30 min at room temperature. The 
coverslips were incubated with the primary antibodies 
[diluted in PBS and 3% (w/v) BSA] indicated in the text 
for 2 h at room temperature. After washing with PBST for 
15 min, cells were incubated with secondary antibodies 
(Alexa Fluor 488 or 568-conjugated anti-rabbit or mouse 
IgG, Invitrogen, USA) for 1 h at room temperature. DNA 
was stained with 4ʹ,6-diamidino-2-phenylindole (DAPI) 
(Beyotime Technology, Shanghai, China). The immuno-
fluorescence pictures in Fig. S3 were captured by the 
highly intelligent and sensitive structured illumination 
microscopy (HIS-SIM, China) in 3D and reconstructed 
using Imaris software, while the other immunofluo-
rescence pictures were captured in 2D by confocal flu-
orescence microscopy (Zeiss, LSM 800, Germany) and 
processed using ImageJ software.

Time-lapse imaging
For time-lapse experiments, cells were plated on the 
μ-slides (4 well, Ibidi) and analyzed with differential 
interference contrast (DIC) images. DNA in live-cell 
experiment was stained for 15 min at 37°C with Hoechst 
33342 NucBlue Live ReadyProbes Reagent (Invitrogen, 
Carlsbad, CA, USA). Imaging was performed on the 
OLYMPUS Spin10 (CSU-W1) inverted digital microscope. 
Images were collected with the UPLXAPO 40 × 1.40 NA 
OIL DIC 130 μm objective at 37°C in 5% CO2. We used 
the OLYMPUS cellSens Dimension 3.1 software for mul-
tidimensional image acquisition. Specimens were main-
tained at 37°C and 5% CO2 via a chamber, and z-series 
of sections were captured at 5 min intervals. All images 
were processed using ImageJ software to create the final 
movies.

Proteomic analysis (iTRAQ) and quantification
Isobaric tags for the relative and absolute quantitation 
(iTRAQ) based proteomic analysis were performed as 
described previously (Lambert et al., 2013; Ross et al., 
2004; Wisniewski et al., 2009). Briefly, samples including 
three independent repetitions of whole-cell lysates from 
WT, NudCL2 KO-1, and NudCL2 KO-2 cells were lysed in 
an SDT buffer [4% (w/v) SDS, 100 mmol/L Tris/HCI pH7.6, 
0.1 mol/L DTT]. After centrifugation, the protein concen-
tration of the supernatant was determined using BCA 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae025#supplementary-data
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assay (Thermo Fisher Scientific, USA). An appropriate 
amount of protein from each sample was subjected to 
trypsin hydrolysis using the filter-aided protein prepa-
ration (FASP) method and then used C18 solid-phase 
extraction to desalt the peptides. Finally, the desalted 
peptide samples were dried in a vacuum concentrator 
for peptide iTRAQ labeling. The proteomic analysis of the 
samples was performed as iTRAQ 4-plex experiments 
according to the manufacturer’s instructions (AB-SCIEX, 
USA). The labeled peptides of each group were mixed 
and graded by Akta purifier 100. Then each graded sam-
ple was separated by HPLC liquid phase system. After 
chromatographic separation, the samples were analyzed 
by Q Exactive mass spectrometer (Thermo Scientific, 
USA). The original mass spectrometry file (raw) gener-
ated by Q Exactive mass spectrometer was analyzed with 
MASCOT2.2 (Matrix Science, London, UK; version 2.2) and 
Proteome Discoverer 1.4 (Thermo Fisher Scientific, USA) 
software for identification and quantitation analysis.

RNA extraction and quantitative real-time PCR 
(qRT-PCR)
Total RNA was extracted with TRIzol (Invitrogen, USA) 
and reverse transcribed to obtain complementary DNA 
(cDNA) with HiScript II Q RT SuperMix (Vazyme, China). 
The LightCycler 480 II system (Roche) or CFX-96 (Bio-
Rad) system was used to perform qRT-PCR using ChamQ 
Universal SYBR qPCR Master Mix (Vazyme, China). All 
of the reactions were performed in triplicate. Primers 
used to amplify the target region of RCC2 mRNA are 
as follows: Forward: 5ʹ-GTGGGAAGAGCAGCATCATT-3ʹ; 
Reverse: 5ʹ-GAAGACTTGGGCTTGTGGTC-3ʹ.

Midbody purification
Midbodies were purified according to the method previ-
ously reported (Capalbo et al., 2019). HEK-293 cells (at 
least 3 × 107) were synchronized using the thymidine- 
nocodazole block and release procedure previously 
described. 5 μg/mL taxol (Selleck, USA) was added to 
the medium for 2–3 min to stabilize microtubules in 
vivo before collection. Then cells were collected by cen-
trifugation at 250 ×g for 3 min. After washing once with 
pre-warmed H2O, cells were gently resuspended in 25 mL 
of swelling solution (1 mmol/L PIPES pH 7.0, 1 mmol/L 
MgCl2, 5 μg/mL taxol and Roche Complete Protease 
Inhibitors) and immediately centrifuged at 250 ×g for 
3 min. The cell pellet was then resuspended in 40 mL 
of lysis buffer [1 mmol/L PIPES pH 7, 1% (v/v) NP-40,  
1 mmol/L EGTA, 3 U/mL DNAse I, 10 μg/mL RNAse A,  
1 U/mL micrococcal nuclease, 5 μg/mL taxol, and Roche 
Complete Protease Inhibitors] and vortexed vigorously 
for 1 min. After the addition of 0.3 volumes of cold 50 
mmol/L 2-(N-morpholino) methanesulfonic acid (MES) 
pH 6.3, the sample was incubated on ice for 20 min and 
then centrifuged at 200 ×g for 10 min at 4°C, and the 

supernatant was transferred to a new tube and cen-
trifuged at 650 ×g for 20 min at 4°C to pellet midbod-
ies. The midbody pellet was then resuspended in 4 mL 
of 50 mmol/L MES pH 6.3 and centrifuged through a 
25 mL glycerol cushion [40% (w/v) glycerol diluted in 50 
mmol/L MES pH 6.3] at 2,800 ×g for 45 min at 4°C. After 
removal of the glycerol cushion, the midbody pellet was 
washed with 2 mL of 50 mmol/L MES pH 6.3, transferred 
to a 15 mL conical tube, and centrifuged at 2,800 ×g 
for 20 min at 4°C. The sample was then centrifuged at 
3,500 ×g for 10 min at 4°C, the supernatant was carefully 
discarded and the pellet was left to dry for 5–10 min at 
room temperature. Precipitated proteins were stored at 
−80°C until further processing.

Single-molecule fluorescent in situ hybridization 
(smFISH)
Single-molecule RNA FISH combined with immunofluo-
rescence was performed as described previously (Querido 
et al., 2020; Raj et al., 2008; Tsanov et al., 2016). Briefly, 
mixed DNA probes for the detection of the transcripts 
of RCC2 were designed and their sequences are listed in 
Appendix Table S1. Cells grown on coverslips were fixed 
with 4% PFA in PBS for 20 min and washed in PBS for 
three times (5 min each) and permeabilized in 75% etha-
nol overnight at 4°C. After rinsing once with PBS, the cells 
were washed with 10% formamide in 2× SSC for 10 min, 
followed by pre-hybridization in pre-hybridization buffer 
(10% formamide, 10% dextran sulfate in 2× SSC) at 37°C 
for 1 h. Subsequently, the cells were incubated with 
488-labeled smFISH probes in hybridization buffer (10% 
dextran sulfate, 50% formamide, 1 mg/mL yeast tRNA, 
5 mmol/L Ribonucleoside Vanadyl Complex in 1× SSC) 
for 18 h at 37°C (100 nmol/L probes). After three washes 
with 10% formamide in 2× SSC (5 min each) at 37°C, 
the follow-up immunofluorescence was carried out as 
described in the immunofluorescence staining section.

Puromycin labeling assay
Puromycin labeling assay for the detection of nascent 
peptides was performed as described previously (Cook 
et al., 2014; Deliu et al., 2017). Briefly, cells were treated 
with 10 μg/mL puromycin (Sigma-Aldrich, P8833) for 
30 min and fixed in 4% PFA in PBS for 20 min, then sub-
jected to smFISH experiment to detect RCC2 mRNA, 
followed by immunofluorescence with mouse anti-
puromycin and rabbit anti-RCC2 antibodies. After three 
times washes with 0.1% Triton X-100 in PBS (5 min each), 
the cells were incubated with donkey anti-rabbit IgG 
conjugated with Alexa Fluor 555 and donkey anti-mouse 
IgG conjugated with Alexa Fluor 647 for 1 h.

For puromycin labeling of purified midbodies, cells 
were synchronized with a thymidine-nocodazole block/
release, then treated with or without 10 μg/mL CHX for 
30 min, and then incubated with 10 μg/mL puromycin for 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae025#supplementary-data
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30 min. Then the midbodies were purified as described 
in the midbody purification section and subjected to 
immunoprecipitation analysis using anti-RCC2 antibody.

Auxin-inducible degron (AID) system
Auxin-inducible degron system was employed as 
described previously (Natsume et al., 2016; Nishimura et 
al., 2009). Briefly, lentiviruses were packaged with pLVX-
OsTIR1-T2A-NudCL2-mAID or pLVX-OsTIR1-T2A-RCC2-
mAID plasmids in HEK-293T cells, respectively, and the 
culture medium was harvested at 48 h. The NudCL2 or 
RCC2 KO HEK-293 cells were infected with the related 
lentiviruses-containing medium for 48 h, respectively, 
and followed by puromycin selection for another 48 h. 
Then, cells were synchronized in prometaphase using 
thymidine-nocodazole block and released for 30 min, 
then treated with phytohormone auxin indole3acetic 
acid to promote OsTIR1 binding to mAID and thereby 
induce mAID-NudCL2/RCC2 fusion protein rapid protea-
somal degradation.

Statistical analysis
All data presented are based on at least three biological 
replicates. Data are presented as the mean ±  SEM or SD. 
Two-tailed Student’s t-test was performed to determine 
statistically significant differences between the two 
groups, and comparisons between multiple groups were 
performed by one-way ANOVA. The statistical analyses 
of CHX chase experiments were performed using two-
way ANOVA. Statistical analysis was performed using 
GraphPad Prism 8.4.0.

Conclusion
We unveil the localization of NudCL2, Hsp90, and 
RCC2 at the midbody during cytokinesis, as well as 
the collaboration between NudCL2 and Hsp90 to sta-
bilize RCC2 protein and ensure successful cytokinesis, 
which enhances our comprehension of the biological 
functions of the NudCL2 protein and provides fresh 
insights into the molecular mechanisms underlying 
cytokinesis.

Supplementary data
The online version contains supplementary material 
available at https://doi.org/10.1093/procel/pwae025.
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