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Localization of the actin-, lipid- and mRNA-binding protein Annexin A2 (AnxA2) in 
dividing cells revealed its presence in large spherical structures which are 
confined to the cell periphery and frequently co-align with astral 
microtubules. These structures appear during prometaphase and disappear at 
telophase, coinciding with the mitotic breakdown and subsequent reformation of 
the nuclear lamina and envelope. Their size increases as cells progress to 
anaphase, while their number decreases, suggesting that they are capable of 
fusion. Treatment of cells with the aliphatic alcohol propylene glycol led to rapid 
and reversible disassembly of the structures, providing further evidence that they 
correspond to biomolecular condensates. Notably, the condensates enclose 
compartments involved in biosynthetic or endocytic membrane recycling – 
defined by Rab1, Rab11, or endocytosed transferrin–but lack other membrane 
organelles, indicating that they may serve as mitotic reservoirs for selected 
endomembranes. Additionally, the condensates incorporate lamin B, which 
connects with the pericentrosomal membrane recycling compartments during 
prometaphase, when the nuclear lamina disassembles in conjunction with 
centrosome separation. These findings show similarities between the 
peripheral mitotic condensates and the membranous lamin B spindle matrix 
which has been proposed to act in spindle organization and organelle 
inheritance. The separating daughter cells at late anaphase contain equal 
numbers of the condensates, in accordance with their potential role in mitotic 
partitioning of endomembranes and other cytoplasmic components.
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1 Introduction

Cell division involves an extensive reorganization of the cell’s internal architecture and a 
profound alteration in cell shape (Champion et al., 2017; Carlton et al., 2020). With respect 
to the cytoskeleton, as cells enter mitosis, the typically radial array of microtubules (MTs) 
characteristic of interphase cells is reorganized into the mitotic spindle–a bipolar structure 
that provides the framework for chromosome alignment and segregation. Astral MTs, 
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which connect the spindle poles to the cell cortex, along with the 
MT-dependent motor protein dynein, play a crucial role in 
determining the correct positioning of the spindle, thereby 
influencing the fidelity of chromosome segregation (Di Pietro 
et al., 2016). Furthermore, the cortical network of actin filaments 
and associated proteins undergoes significant remodelling during 
mitosis, creating specialized attachment sites for the astral MTs and 
facilitating the rounding of the cells (Théry and Bornens, 2008; 
Champion et al., 2017).

In addition to chromosomes, cytoplasmic components – 
including the various organelles of the endomembrane system – 
must be evenly distributed between the daughter cells. While the 
segregation of genetic material is well known, the mechanisms of 
organelle inheritance remain controversial (Carlton et al., 2020). 
Moreover, the coordination between these two processes is poorly 
understood. For proper partitioning, the single-copy organelles of 
the secretory pathway, the endoplasmic reticulum (ER) and Golgi 
apparatus, must undergo remodelling or complete disassembly 
(Champion et al., 2017; Ayala et al., 2020). The mitotic ER 
network is typically excluded from the spindle region (Ellenberg 
et al., 1997; Schlaitz et al., 2013) and adopts a predominantly tubular 
or sheet-like organization, depending on the cell type (Puhka et al., 
2007; Lu et al., 2009; Puhka et al., 2012; Kumar et al., 2021). The 
nuclear envelope (NE) – a subdomain of the ER–breaks down 
during prometaphase, coinciding with the disassembly of the 
nuclear lamina. Solubilized A-type lamins are dispersed 
throughout the cytoplasm, while lipid-linked B-type lamins 
remain membrane-bound. Like integral NE components, B-type 
lamins are thought to redistribute to the mitotic ER (Gerace et al., 
1978; Mall et al., 2012; Ungricht and Kutay, 2017). Alternatively, 
based on studies of Drosophila and Xenopus egg extracts, the release 
of lamin B, along with other nuclear proteins, has been associated 
with the formation of a membranous matrix that regulates the 
assembly and function of the mitotic spindle (Tsai et al., 2006; Ma 
et al., 2009; Zheng, 2010; Johansen et al., 2011; Schweizer et al., 2014; 
Scholey, 2025). Although the exact nature of this lamin B spindle 
matrix remains enigmatic, its formation is believed to initiate upon 
NE breakdown and involve dynein-dependent transport of lamin B 
towards the separating spindle poles (Beaudouin et al., 2002; Salina 
et al., 2002).

As cells enter mitosis, the Golgi ribbon initially undergoes 
fragmentation, followed by the vesiculation of the separated 
cisternal stacks (Ayala et al., 2020). The disassembled Golgi 
elements may retain their autonomy and serve as templates for 
organelle reassembly during mitotic exit (Seemann et al., 2002). 
Alternatively, Golgi enzymes could be recycled back to the ER and, 
similar to integral NE proteins, partition as ER components due to a 

mitotic block in ER exit (Zaal et al., 1999). In contrast to the Golgi, 
the intermediate compartment (IC) involved in ER-Golgi trafficking 
retains many of its compositional and structural properties, as well 
as its association with spindle MTs (Marie et al., 2012). Additionally, 
the IC maintains its connection with recycling endosomes (REs) at 
the spindle poles (Marie et al., 2009; Marie et al., 2012; Takatsu et al., 
2013; Hehnly and Doxsey, 2014), allowing for the coordinated 
partitioning of these pericentrosomal compartments at the onset 
of mitosis, in a process which is linked to centrosome separation and 
spindle formation (Marie et al., 2012; Takatsu et al., 2013; Saraste 
and Prydz, 2019).

The correct orientation of the spindle apparatus relies on a 
conserved protein complex that mediates the cortical anchoring of 
astral MTs (di Pietro et al., 2016). One key component of this 
complex is AnxA2 (Pascal et al., 2022), a multifunctional protein 
that interacts with actin and negatively charged phospholipids–such 
as phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] – in a Ca2+- 
dependent manner (Hayes et al., 2004a; Rescher et al., 2004; Gerke 
et al., 2005; Grieve et al., 2012; Bharadwaj et al., 2013). Given these 
properties and its accumulation beneath the plasma membrane 
(PM) in interphase cells, AnxA2 has been implicated in cortical 
actin remodelling (Hayes et al., 2004b; Grieve et al., 2012). In 
addition, AnxA2 plays a role in mRNA localization and 
translation, as well as secretory and endocytic membrane 
trafficking (Mickleburgh et al., 2005; Grieve et al., 2012; Vedeler 
et al., 2012; Grindheim et al., 2016; Strand et al., 2021; Grindheim 
et al., 2023; Gerke et al., 2024). In the endocytic pathway, AnxA2 has 
been shown to associate with REs and multivesicular bodies (MVBs) 
(Zeuschner et al., 2001; Mayran et al., 2003; Zobiack et al., 2003; 
Delevoye et al., 2016). It is also further targeted to the luminal 
exosomes of the MVBs (Valapala and Vishwanatha, 2011; 
Grindheim et al., 2016; Grindheim and Vedeler, 2016).

The function of AnxA2 is essential for successful cell division. It 
localises to the intercellular bridge that connects the forming 
daughter cells (Skop et al., 2004) and is necessary during the 
early stages of cytokinesis (Benaud et al., 2015). This requirement 
may be linked to its interactions with PI(4,5)P2-enriched membrane 
domains and/or its association with Rab11-positive REs which are 
involved in membrane delivery to the intercellular bridge (Fielding 
et al., 2005; Wilson et al., 2005; Benaud and Prigent, 2016). In the 
present study, we employed special fixation conditions to investigate 
the localization of AnxA2 during the early phases of cell division, 
revealing its association with large spherical structures–up to 2 μm 
in diameter–that transiently appear at the periphery of mitotic cells 
between prometaphase and telophase. We provide evidence that 
these structures represent biomolecular condensates–organelles 
with liquid-like properties that form through phase separation 
and play crucial roles in subcellular organization (Banani et al., 
2017). The association of biosynthetic and endocytic membrane 
recycling compartments–namely the IC and REs–with these 
peripheral condensates suggests their involvement in the mitotic 
storage and segregation of selected endomembranes, as well as in the 
regulation of cell surface area (Boucrot and Kirchhausen, 2007). 
Furthermore, based on their content of lamin B, the condensates are 
likely to correspond to the membrane-containing spindle matrix 
which has been proposed to function in spindle regulation and 
coordination of mitotic partitioning events (Zheng, 2010; Johansen 
et al., 2011; Schweizer et al., 2014).

Abbreviations: AnxA2, Annexin A2 protein; BFA, brefeldin A; BHK21, baby 
hamster kidney cells; COPI, coat protein I; DAPI, 4′,6-diamidino-2- 
phenylindole; EEA1, early endosomal antigen 1; ER, endoplasmic reticulum; 
HeLa, human cervical cancer cells; IC, intermediate compartment; LLPS, 
liquid-liquid phase separation; MTs, microtubules; NE, nuclear envelope; 
NRK, normal rat kidney cells; NZ, nocodazole; PC12, rat 
pheochromocytoma cells; PCM, pericentriolar material; PI(4,5)P2, 
phosphatidyl-inositol-4,5-bisphosphate; PFA, paraformaldehyde; PG, 
propylene glycol; PLP, periodate-lysine-paraformaldehyde; PM, plasma 
membrane; PML, promyelocytic leukemia; REF52, rat embryonal fibroblasts; 
REs, recycling endosomes.
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FIGURE 1 
(A) Localisation of AnxA2 during the cell cycle. NRK cells were fixed with PLP and permeabilised with saponin. Following exposure of antigenic sites by 
treatment with guanidine-HCl, the cells were immunolabelled using monoclonal antibodies against AnxA2 (red). Cells at interphase (a), the different 
phases of mitosis (b–g), or cytokinesis (h) were identified by DAPI staining of DNA (blue). Small AnxA2-positive puncta appear during prophase (b, inset; 
white arrowheads) and the cortical signal appears to be diminished (open arrow). The images are maximum intensity projections, except the insets in 
panel e, which represent single optical sections from the middle (left inset) or top (right inset) of an early anaphase cell, showing the characteristic 
peripheral localization of the large AnxA2-positive structures. Scale bars: 10 µm. (B) Transient appearance of the AnxA2-positive structures during mitosis. 
The cells were processed and labelled using monoclonal AnxA2 antibodies and DAPI as described above. The percentages of cells at different phases of 

(Continued ) 
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2 Results

2.1 Localisation of AnxA2 in mitotic cells

To investigate the detailed localisation of AnxA2 during cell 
division we used unsynchronized cultures of normal rat kidney 
(NRK) cells, which exhibit a high mitotic index and are commonly 
used in studies of mitosis (Beaudouin et al., 2002; Salina et al., 2002; 
Seemann et al., 2002; Marie et al., 2012). Using a standard 
immunofluorescence protocol involving para-formaldehyde 
(PFA) fixation and saponin-permeabilization, we observed 
cortical accumulation of AnxA2 in the mitotic cells, similar to 
the distribution seen at interphase (Grieve et al., 2012; 
Grindheim et al., 2016). Interestingly, AnxA2 was also detected 
in distinct peripheral structures; however, their size and appearance 
varied significantly between different experiments, indicating poor 
preservation (data not shown). To enhance the visualization of these 
structures, we switched to paraformaldehyde-lysine-periodate (PLP) 
fixation (McLean and Nakane, 1974) which provides cross-linking 
and improves structural preservation (Brown and Farquhar, 1989). 
Following PLP fixation, the AnxA2-positive spherical structures 
were consistently larger and displayed a smooth appearance, 
particularly when fixation was performed on ice (Figure 1A; see 
Materials and methods). Confirming their authenticity, similar 
structures were observed in other cultured cell types, including 
baby hamster kidney (BHK21) cells, human keratinocytes (HaCaT), 
human retinal epithelial cells (RPE-1) and rat embryonal fibroblasts 
(REF52) (Supplementary Figure S1).

By contrast, similar AnxA2-containing mitotic structures were 
not detected in transformed human HeLa cells, aligning with 
previous findings (Pascal et al., 2022). However, as discussed in 
more detail below, the presence of transferrin (Tfn)-positive 
peripheral puncta may indicate that these structures also exist in 
HeLa cells (Supplementary Figure S1, panel E; white arrowheads) 
but may be poorly preserved under the fixation and 
permeabilization conditions used. Indeed, previous electron 
microscopy studies involving glutaraldehyde fixation reported the 
presence of distinct membrane clusters at the periphery of mitotic 
HeLa cells (Tooze and Hollinshead, 1992). In addition to cortical 
localization and large size, their labelling by endocytosed Tfn and 
resistance to BFA (see below) suggest that these tubular clusters 
correspond to the AnxA2-positive mitotic structures described in 
the present study.

Examination of the PLP-fixed NRK cells at various phases of the 
cell cycle confirmed that the novel AnxA2-containing structures are 
specific to mitotic cells (Figure 1A). To gain a better understanding 
of their nature, we quantified their presence in a large number of 
dividing cells, using DNA staining (DAPI) to identify cells at 

different phases of mitosis or cytokinesis. As shown in Figure 1B, 
the large AnxA2-positive structures are still absent in prophase cells 
which, however, contain small AnxA2-positive puncta (Figure 1A, 
panel b; inset) – but readily detectable during prometaphase, with 
approximately 40% of cells being positive. The percentage of positive 
cells then increases from metaphase (about 75%) to anaphase (about 
90%), before decreasing again at telophase (around 40%). Cells 
undergoing cytokinesis did not show these structures, as 
illustrated in Figure 1A (panel h). In summary, these AnxA2- 
positive structures represent transient mitosis-specific assemblies 
that are detectable from prometaphase to telophase.

As mentioned above, the intracellular distribution of 
AnxA2 already begins to change during prophase with the 
appearance of small cytoplasmic puncta (Figure 1A; panels b). At 
prometaphase, however, large AnxA2-containing structures – 
exhibiting predominantly peripheral localization and variable 
size–emerge simultaneously with cell rounding (Figure 1A; panel 
c). Z-stacks generated from cells at later stages of mitosis 
demonstrated that these structures are regularly spaced and 
evenly distributed throughout the cell periphery, primarily lining 
the cytoplasmic aspect of the PM (Figure 1A; panel e, insets). The 
predominantly peripheral localization of the structures, as well as 
their absence from the spindle region is also illustrated in 
Supplementary Movie-1. Interestingly, their average size increases 
from 0.8 µm to 1.9 µm in diameter as the cells progress from 
prometaphase to anaphase (Figure 1C). The observed gradual 
increase in size appears to favour fusion over ongoing 
disassembly and reformation of the structures (Figure 1C). 
Furthermore, the concurrent decrease in their number 
(Figure 1A, compare, e.g. panels c and d – for quantification, see 
Figure 8A) suggests that these structures are capable of fusion.

2.2 The AnxA2-positive structures contain 
specific membranes

Given the well-established association of AnxA2 with the 
endosomal system (Gerke et al., 2005; Futter and White, 2007; 
Grieve et al., 2012), we subjected NRK cells to long-term uptake 
of fluorescent transferrin (Tfn), which allows for the visualization of 
endocytic membrane compartments at various stages of the cell 
cycle (Sager et al., 1984; Tacheva-Grigorova et al., 2013; Takatsu 
et al., 2013). As previously shown for interphase NRK cells (Marie 
et al., 2009), internalized transferrin labels both the peripheral 
endosomes and pericentrosomal REs. Notably, the AnxA2- 
containing structures in mitotic NRK cells also contained 
fluorescent Tfn (Figures 2A–C), indicating their connection to 
the endosomal system. Additionally, these structures were 

FIGURE 1 (Continued) 

mitosis or cytokinesis, containing the large AnxA2-positive structures, were determined based on the examination of a large number of cells (n = 
600). Note that the great majority of cells at meta- and anaphase are positive for these structures, indicating their structural preservation. (C) The size of the 
mitotic structures increases during mitosis. The results are based on the measurement of the diameters of 57 (prometaphase), 44 (metaphase) and 41 
(anaphase) mitotic structures. The average diameters, standard deviations and size distribution of the structures in the three mitotic stages 
are indicated.
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FIGURE 2 
Association of endocytic and biosynthetic membrane recycling compartments with the AnxA2-positive mitotic structures. (A–C) NRK cells were 
subjected to uptake of Alexa-Fluor 594-transferrin (Tfn; red) to label the recycling endosomal system, followed by fixation with PLP and staining with 
antibodies against AnxA2 (green) and DAPI (blue) as described for Figure 1. (D–F) NRK cells expressing the IC marker GFP-Rab1 (green) were stained for 
AnxA2 (red). The insets show NRK cells subjected to Alexa-Fluor 488 Tfn-uptake (green) and stained after fixation for endogenous Rab1 (red). (A–C) 
show the top of the cell at early anaphase while the images in (D–F) represent maximum intensity projections from the middle of the metaphase cell. 
Interphase cells are marked with asterisks. Scale bars: 10 µm.
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positive to the transferrin receptor (data not shown), and the 
GTPase Rab11 (Supplementary Figure S4; panels D-F), another 
commonly used marker of REs. This suggests that the association 
of AnxA2 with the endocytic recycling apparatus (Zeuschner et al., 
2001; Zobiack et al., 2003; Delevoye et al., 2016) is maintained 
throughout mitosis.

Furthermore, since the pre-Golgi IC and REs–identified by the 
GTPases Rab1 and Rab11, respectively–maintain their connection 
during mitosis (Marie et al., 2012), we sought to re-examine the 
localization of Rab1 in mitotic NRK cells fixed with PLP. Notably, 
the use of cells expressing green fluorescent protein (GFP)-tagged 
Rab1, as well as antibodies targeting the endogenous protein, both 
revealed the presence of Rab1 in the mitotic structures containing 
AnxA2 or transferrin (Figures 2D–F). It should be noted that while 
the PLP-fixation aids in visualizing endogenous Rab1 in the 
peripheral mitotic structures, it diminishes the strong signal of 
the protein in the IC elements located at the spindle poles (Marie 
et al., 2012).

We also investigated the presence of other commonly used 
organelle markers in the novel mitotic structures. Regarding 
organelles of the secretory pathway (Supplementary Figure S2), 
antibodies against the ER resident protein calnexin (panels A-C) 
and proteins localized to the cis, medial- and trans-Golgi 
compartments–specifically, GM130 (panels D-F), mannosidase II 
(panels G-I), and TGN46 (panels J-L), respectively–failed to detect 
any of these proteins in the mitotic structures. Furthermore, 
treatment of cells with the drug brefeldin A (BFA), which 
quickly disrupts membrane-bound coat protein I (COPI) coats 
and leads to extensive Golgi disassembly, did not significantly 
affect these structures. This suggests that the Golgi apparatus and 
the COPI machinery do not play a role in their formation or 
maintenance (Supplementary Figure S3). Finally, as shown in 
Supplementary Figure S4, double staining of cells with antibodies 
against Rab7 (panels A-C), EEA1 (panels G-I), or LAMP-1 (panels 
J-L) indicated that the structures are also devoid of early or late 
endosomes, as well as lysosomes.

Since AnxA2 has been implicated in actin dynamics (Hayes 
et al., 2006; Rescher et al., 2008; Hayes et al., 2009; Grieve et al., 
2012), it is possible that the observed mitotic structures contained 
aggregates of actin filaments. However, the F-actin probe phalloidin 
was not detected in these structures (Supplementary Figure S5), and 
the integrity of the AnxA2-containing structures was preserved in 
cells treated with the actin filament depolymerizing drug latrunculin 
B (data not shown). Alternatively, these structures could be related 
to nuclear promyelocytic leukaemia (PML) bodies, which contain 
Tyr23 phosphorylated AnxA2 (Grindheim, et al., 2016). During 
mitosis, these bodies are released into the cytoplasm and associate 
with early endosomes marked by the early endosomal antigen 1 
(EEA1) (Palibrk et al., 2014). However, this possibility was ruled out 
due to the absence of the PML protein in the AnxA2-positive mitotic 
structures (data not shown). Finally, the regular spacing of the 
structures raised the possibility of their association with the ERM 
proteins (ezrin, radixin and moesin) which link actin filaments and 
MTs to the PM (Vilmos et al., 2016). However, the staining patterns 
of antibodies against moesin or phosphorylated ERM proteins (anti- 
pERM), which co-align with the PM, were distinct from the AnxA2- 
positive spherical structures, which are located at a distance from the 
PM (Supplementary Figure S5).

In conclusion, these results reveal a specific connection between 
the AnxA2-containing mitotic structures and the tubular networks 
involved in membrane recycling at the ER-Golgi boundary (IC) or 
within the endosomal system (REs).

2.3 The mitotic structures co-align with 
astral MTs

The preferential localization of the mitotic structures to the cell 
periphery raises the possibility that they are related to the conserved 
protein complexes that mediate the cortical anchoring of astral MTs 
and have recently been shown to contain AnxA2 (Di Pietro et al., 
2016; Pascal et al., 2022). Comparison of the distributions of the 
Rab1-containing mitotic structures and β-tubulin-containing MTs 
in anaphase cells showed that the former are absent from the region 
of the central mitotic spindle. However, many of the large peripheral 
structures (ca. 75%) reside in close vicinity of the astral MTs 
radiating from the spindle poles (Figure 3A, arrowheads), as 
further demonstrated by 3D image reconstructions (Figure 4). 
Notably, our previous studies have already shown that the Rab1- 
positive IC elements are preserved and maintain their association 
with the spindle MTs during mitosis (Marie et al., 2012).

To obtain additional information on the functional 
relationship of the peripheral structures with the mitotic 
spindle, cells were treated with nocodazole (NZ) to find out 
whether their structure and/or localization is affected by the 
disassembly of the spindle MTs. Interestingly, whereas the 
spherical shape of the structures is unaffected by MT 
depolymerization, they assume a more dispersed distribution 
in the drug-treated cells (Figures 3B,C). Thus, despite their 
apparent association with astral MTs, these assemblies are 
structurally independent of the spindle which, however, may 
influence their cellular localization.

2.4 The mitotic structures have properties of 
biomolecular condensates

The large size and spherical shape of the mitotic structures, as 
well as the need to introduce specific fixation protocols to improve 
their structural preservation suggested that they may represent 
biomolecular condensates (Banani et al., 2017), rather than 
classical membrane-bound organelles. To explore this possibility, 
we tested their response to aliphatic alcohols, 1,6-hexanediol and 
1,2-propanediol–also known as propylene glycol (PG) – which 
selectively dissolve cellular assemblies formed via liquid-liquid 
phase separation (LLPS) (Kroschwald et al., 2017; Geiger et al., 
2021). However, consistent with its known toxicity (Kroschwald 
et al., 2017), 1,6-hexanediol dramatically altered the morphology of 
mitotic NRK cells, causing many metaphase cells to collapse (data 
not shown). By contrast, the non-toxic PG is well tolerated 
by mammalian cells (Mochida and Gomyoda, 1987; Geiger et al., 
2021) and proved to be applicable also for the investigation of 
mitotic cells.

Quantitation showed that the addition of PG even at relatively 
low concentration (2.5%) rapidly reduced the number of meta- and 
anaphase cells containing the mitotic structures and by 5 min they 
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had almost completely disappeared (Figure 5A). Following the 
removal of PG for 30 min the percentage of positive cells 
returned to the initial control level, showing that its cellular 
effects are readily reversible (Figure 5A). Microscopy of control 
and PG-treated metaphase cells showed that the break-down of the 
AnxA2-and Rab1-containing large structures by PG is not 
accompanied by major changes in cell shape or misalignment of 
the chromosomes at the equatorial plane (Figures 5B,C). Moreover, 
PG did not affect the accumulation of the Rab1-positive IC 
membranes at the spindle poles (Marie et al., 2012); Figure 5C, 
arrowheads), further indicating that the mitotic spindle is not 
affected. Interestingly, brief incubation of cells at low 
temperature – possibly by affecting membrane fluidity and/or 
protein-lipid interactions–gave similar results to those obtained 
with PG (Figure 6). Accordingly, in response to 1–5 min 
incubation of cells in ice-cold culture medium, the peripheral 
mitotic structures gradually disappeared, while the MT-based 
mitotic spindle and Rab1-positive IC elements at the spindle 
poles appear to remain unaffected (Figure 6).

In conclusion, the selective breakdown of the large mitotic 
structures by PG or low temperature strongly suggests that they 

correspond to biomolecular condensates rather than conventional 
membrane-bound organelles.

2.5 The mitotic condensates contain lamin B

Biomolecular condensation via LLPS has also been implicated in 
the assembly of mitotic structures, including the expansion of the 
pericentriolar material (PCM) and the formation of the spindle 
matrix – a membranous assembly of nuclear proteins that is 
independent of MTs but functionally linked to the mitotic 
spindle (Woodruff, 2018; Tiwary and Zheng, 2019). As noted in 
the Introduction, lamin B–a component used to define the spindle 
matrix (Tsai et al., 2006; Ma et al., 2009) – is released as the nuclear 
lamina breaks down during prometaphase but remains connected to 
membranes (Champion et al., 2017). Since the novel mitotic 
structures described in this study exhibit properties of 
membrane-associated biomolecular condensates, it was of interest 
to investigate whether they contain lamin B.

Indeed, double localization of lamin B in PLP-fixed 
metaphase cells with Rab1, endocytosed transferrin (Tfn) or 

FIGURE 3 
Apparent association of the mitotic structures with astral MTs. NRK cells expressing GFP-Rab1 were fixed with PLP and stained with monoclonal 
antibodies against β-tubulin and DAPI. (A) shows an image of a cell at early anaphase, suggesting possible co-localization of the large mitotic structures 
with the astral MTs radiating from the spindle poles (white arrowheads). Note also the absence of these structures from the spindle area. (B,C) show 
representative images of similarly stained control metaphase cells (B), and cells treated for 30 min with nocodazole (NZ) to disassemble the spindle 
MTs (C). Note the dispersal of the large mitotic structures in the drug-treated cells. Scale bars: 5 µm (A) or 10 µm (B,C).
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Rab11 demonstrated its extensive overlap with these markers of 
membrane recycling compartments that associate with the mitotic 
condensates (Figures 7B,C; Supplementary Figure S4; panels D–F), 
raising the possibility that they are related to the lamin B-containing 
membranous spindle matrix (Zheng, 2010). Besides staining large 
peripheral mitotic structures, the lamin B antibodies gave diffuse 
cytoplasmic signal which was absent from the spindle 
region (Figure 7C).

To gain insight into the pathway by which lamin B reaches the 
peripheral condensates, we examined cells at prometaphase, when 
the NE and the nuclear lamina break down in a process tightly 
coupled to centrosome separation and spindle formation 
(Champion et al., 2017). Previous studies of NRK cells have 
shown that at mitotic onset both lamin B (Beaudouin et al., 
2002) and the pericentrosomal membrane recycling 
compartments, defined by Rab1 and Rab11 (Marie et al., 2012), 
accumulate around the forming spindle poles. Indeed, at the time 
when the separating centrosomes localize to deep NE invaginations 
(Robbins and Gonatas, 1964; Beaudouin et al., 2002; Salina et al., 
2002), lamin B and the Rab1-positive IC elements concurrently 
accumulate around the spindle poles, displaying overlapping 
distributions (Figure 7A). This finding suggests that the transfer 
of lamin B from the disassembling nuclear lamina to the large 

peripheral condensates emerging at prometaphase occurs via its 
association with the membrane recycling compartment(s) at the 
spindle poles.

2.6 Equal partitioning of the mitotic 
condensates

As discussed earlier, as cells progress through mitosis, the size of 
the condensates increases while their number appears to decrease 
(Figure 1). Quantification of the average number of condensates in 
cells at different mitotic stages–from prometaphase to late 
anaphase–revealed that their number drops by about half 
between prometaphase and metaphase–possibly based on their 
fusion–but then stabilizes during anaphase (Figure 8A). Notably, 
at late anaphase, the separating daughter cells, clearly delineated by 
the cleavage furrow (Figures 8B,C; Supplementary Figure S6), 
contain almost equal numbers of the condensates (Figure 8A; 
inset; see also Supplementary Movie-2). The estimated total 
volumes of the two pools of condensates were also 
similar – 34.8 vs. 32.9 µm3 for the cell shown in Figure 8C; 
Supplementary Movie-2) – indicating that their partitioning is a 
tightly regulated process.

FIGURE 4 
Image processing shows co-alignment of the mitotic structures with astral MTs. Z-stacks of the cell shown in Figure 3A were processed by 
volumetric segmentation and 3D rendering, revealing a close connection between the large peripheral structures–which were made partly 
transparent–and astral MTs, as highlighted in the inset (open arrowheads). Scale bar: 5 µm.
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3 Discussion

The present investigation utilizing specific fixation protocols to 
determine the localization of AnxA2 during cell division, led to 
identification of novel structures that transiently appear at the 
periphery of mitotic cells. The exceptionally large size and 
spherical shape of these structures, along with their apparent 
ability to fuse, are characteristic features of biomolecular 
condensates formed through phase separation (Banani et al., 
2017). Furthermore, the rapid and selective breakdown of these 
structures by the aliphatic alcohol propylene glycol (PG), known to 
disrupt weak hydrophobic protein-protein and protein-RNA 
interactions (Geiger et al., 2021), as well as low temperature, 
supports the conclusion that they represent biomolecular 
condensates rather than classical membrane-bound organelles. In 
contrast to the typically membraneless cytoplasmic biomolecular 
condensates, such as P-bodies and stress granules (Banani et al., 
2017), the mitotic condensates identified in this study contain 
specific membranes. In this respect they bear resemblance, for 
instance, to the protein condensates operating in vesicle 
trafficking at the ER-Golgi boundary or in the presynaptic 
regions of neurons, the latter enclosing distinct subpopulations of 
synaptic vesicles that closely associate with the PM (Qiu et al., 2024; 
Ruiz et al., 2026).

Interestingly, these mitotic structures exhibit similarities to the 
spindle matrix, an enigmatic assembly of nuclear proteins–including 
the nuclear lamina subunit lamin B–whose formation has also been 
suggested to involve phase separation (Schweizer et al., 2014; Jiang 

et al., 2015; Woodruff, 2018; Tiwary and Zheng, 2019). Particularly, 
the presence of lamin B and the two membrane compartments in 
these structures suggest their relationship to the previously proposed 
membranous (detergent-sensitive) lamin B spindle matrix. This 
structure is thought to surround and mechanically support the 
MT-based spindle, thereby regulating its proper assembly, 
orientation and function (Zheng, 2010; Johansen et al., 2011; 
Schweizer et al., 2014; Scholey, 2025).

Notably, information regarding the mitotic roles of the protein 
components identified in the present study further emphasizes the 
similarity of the condensates to the spindle matrix. By interacting 
with actin and PI(4,5)P2 (Harder et al., 1997; Rescher et al., 2004; 
Gerke et al., 2005; Hayes et al., 2009), AnxA2 exhibits properties 
characteristic of a protein involved in locking of astral MTs to 
regularly spaced foci at the cell periphery (Sandquist et al., 2011). 
Indeed, it was recently shown to collaborate with Ahnak, NuMA and 
the MT-based motor protein dynein in the cortical anchoring of 
astral MTs, thereby facilitating spindle positioning (Pascal et al., 
2022). Given that the assembly of biomolecular condensates can be 
regulated by phosphorylation of their key protein components 
(Sridharan et al., 2022), it will be of interest to determine the 
phosphorylation status of AnxA2 in mitotic vs. interphase cells.

Regarding lamin B, earlier studies by Zheng and colleagues 
demonstrated its interaction with various spindle assembly factors, 
including NuMA and the motor proteins dynein and kinesin, Eg5 
(Tsai et al., 2006; Ma et al., 2009). Furthermore, the GTPase 
Rab11 has been shown to maintain its association with REs 
during mitosis (Hobdy-Henderson et al., 2003; Marie et al., 2012; 

FIGURE 5 
The mitotic structures have properties of biomolecular condensates. (A) NRK cells expressing GFP-Rab1 were left untreated (Control), treated for 
1–5 min with propylene glycol (PG), or treated for 5 min with PG, followed by a 30 min wash-out of the aliphatic alcohol. After fixation and staining for 
AnxA2 and DAPI the percentage of cells at meta- or anaphase, containing structures positive for both Rab1-and AnxA2 were determined. Average values 
derived from the analysis of three independent samples and the standard deviations (SD) are shown. The average number of cells analysed was as 
follows: Control (n = 107), PG 1 min (n = 96), PG 2.5 min (n = 79), PG 5 min (n = 66); PG washout (n = 80). (B,C) show representative images of control 
metaphase cells and cells treated for 5 min with PG, respectively. Note breakdown of the large peripheral structures, increased cortical AnxA2 signal and 
preservation of the spindle pole-associated Rab1-positive IC elements (open arrows) in the PG-treated cells. Scale bar: 10 µm.
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FIGURE 6 
Disassembly of the mitotic condensates at low temperature. Control GFP-Rab1 expressing cells (A–C) and cells incubated for variable times in ice- 
cold culture medium prior to fixation were stained for β-tubulin (D–F) or AnxA2 (G–J). Low temperature results in selective breakdown of the peripheral 
mitotic structures (C; arrowheads) without affecting the mitotic spindle (F) or the Rab1-positive IC elements at the spindle poles [(F,I), open arrows]. (J) 
Quantification of the effect of low temperature on the peripheral structures positive for both GFP-Rab1 and AnxA2 was carried out as described for 
Figure 5A. The average number of cells analysed was as follows: Control (n = 111), on ice incubation 1 min (n = 131), 2.5 min (n = 87), and 5 min (n = 82); 
Scale bars: 10 µm.
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FIGURE 7 
The mitotic structures contain lamin B. NRK cells expressing GFP-Rab1 (A,B), or the corresponding parental NRK cells subjected to uptake of Alexa- 
Fluor 488 Tfn (C) were fixed and stained for lamin B (red) and DAPI (blue). (A) shows a cell at prometaphase, in which lamin B – released from the 
disassembled nuclear lamina–and the Rab1-positive pericentrosomal IC elements partly colocalize at the separating spindle poles residing in nuclear 
invaginations revealed by the DAPI-staining (dashed circles). The inset shows lamin B staining of interphase cells (asterisks). B and C demonstrate the 
co-localization of lamin B with Rab1 and Tfn in the large mitotic condensates at the periphery of metaphase cells. Note the additional diffuse cytoplasmic 
staining for lamin B and its absence–shown by appropriate projections (C) – from the spindle area. Scale bars: 5 µm (A), 10 µm (B,C).
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Hehnly and Doxsey, 2014) and to regulate dynein-dependent 
delivery of key PCM components, such as γ-tubulin and 
pericentrin, to the spindle poles. These transport events promote 
the nucleation of astral MTs and ensure correct spindle orientation 
(Hehnly and Doxsey, 2014). Moreover, studies involving knock-out 

mice have demonstrated that the Rab11A and Rab11B isoforms 
redundantly regulate spindle function in dividing epithelial 
progenitor cells (Joseph et al., 2023). Finally, depletion of the IC- 
associated Rab1 has been reported to impact centrosome maturation 
and spindle assembly, as well as lead to endomembrane alterations 
in the mitotic cells of the Drosophila embryos (Rollins and 
Blankenship, 2023).

The extensive reorganization of endomembranes that occurs 
during mitosis has traditionally been thought to coincide with the 
inhibition of membrane traffic (Shorter and Warren, 2002; Fielding 
and Royle, 2013). However, more recent studies indicate that 
endocytosis continues throughout mitosis, although the rate of 
endocytic uptake–possibly via different pathways–appears to slow 
down from prometaphase to anaphase (Tacheva-Grigorova et al., 
2013; Aguet et al., 2016; Hinze and Boucrot, 2018). In contrast, it has 
been proposed that endocytic membrane recycling back to the PM is 
temporarily arrested between prophase and late anaphase, providing 
a straightforward mechanism for mitotic regulation of cell surface 
area (Boucrot and Kirchhausen, 2007; Devenport et al., 2011). It is 
possible that the mitotic effects on different steps of membrane 
traffic are closely related to the development of the peripheral 
condensates into repositories for the biosynthetic (IC) and 
endocytic (RE) tubular networks that also converge at the spindle 
poles (Marie et al., 2012; Saraste and Marie, 2018) (Figure 7). Upon 
their disassembly at telophase, the condensates could serve as a 

FIGURE 8 
Equal partitioning of the condensates during mitosis. (A) 
Following fixation and staining of GFP-Rab1-expressing cells for 
AnxA2, the number of the condensates in cells at different phases of 
mitosis was determined. The average number of condensates in 
prometaphase (n = 4), metaphase (n = 7), early anaphase (n = 5) late 
anaphase cells (n = 13), as well as the standard deviations (SD) are 
shown. The inset shows similar quantitation carried out for the 
separating daughter cells at late anaphase. (B,C) show representative 
images of a late anaphase cell, in which the borders of the daughter 
cells can be readily identified due to the constriction created by the 
developing cleavage furrow. An interphase cell is marked by an 
asterisk. (C), corresponding to Supplementary Movie-2, was generated 
by the Imaris software and illustrates the differentially pseudo- 
coloured (yellow or blue) large Rab1-and AnxA2-positive condensates 
in the two daughter cells. Scale bars: 10 µm (B), 5 µm (C).

FIGURE 9 
Schematic model on the events proposed to take place in the 
biogenesis of the AnxA2-and lamin B-containing membranous mitotic 
condensates. The illustrated sections of prometaphase (left) and 
anaphase (right) cells, separated by a dashed line, include only 
one of the spindle poles. At prometaphase the emergence of the 
AnxA2-and lamin B-containing peripheral condensates, depicted by 
green spheroids, coincides with the breakdown of the nuclear 
envelope (NE) and lamina. The released lamin B is proposed to move 
from the spindle poles to the peripheral condensates bound to Rab1- 
positive IC elements (as shown here) or Rab11-positive REs, based on 
their motor-dependent trafficking along astral MTs. The recruitment of 
AnxA2 to the condensates may occur from the cortical cytoplasm or 
involve its association with the REs. The accumulation of the 
membrane recycling compartments in the condensates could be due 
to their proposed communication with the pericentrosomal IC 
elements and REs at the spindle poles. In addition, the pile-up of REs 
could result from ongoing endocytic traffic from the cell surface, 
combined with inhibition of membrane recycling. Two-way 
communication between the growing condensates and the spindle 
poles may also be linked to the expansion of the pericentrosomal 
material (PCM), which has been proposed to involve phase separation.
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membrane source for the expansion of the cell surface taking place at 
the intercellular bridge, explaining the localization of both 
AnxA2 and Rab11 at this site (Skop et al., 2004; Takahashi 
et al., 2011).

The discovery of mitotic functions for selected Rab 
proteins–commonly regarded as master regulators of membrane 
traffic–has revealed that certain transport steps remain largely 
unaffected during mitosis (Capalbo et al., 2011; Serio et al., 2011; 
Miserey-Lenkei and Colombo, 2016). Together with the above 
mentioned observations regarding Rab11 (Hehnly and Doxsey, 
2014), the present results suggest the possibility of ongoing 
motor-dependent transport along the astral MTs that connect the 
peripheral condensates with the spindle poles, as illustrated in the 
model shown in Figure 9. Indeed, the presence of the biosynthetic 
and endocytic membrane recycling compartments at both the 
peripheral condensates and the spindle poles supports the idea 
that these sites communicate via membrane traffic (Figure 9). 
Given that phase separation has been implicated in both the 
assembly of the spindle matrix and the expansion of the PCM 
(Woodruff, 2018; Tiwary and Zheng, 2019), it is tempting to 
speculate that the events occurring at the plus and minus ends of 
astral MTs may involve the exchange of key components (Figure 9). 
For instance, NuMA, which associates with AnxA2 and lamin B, and 
is found at both the cell cortex and the spindle poles, regulates 
spindle assembly and function through phase separation (Ma et al., 
2009; Sun et al., 2021). Furthermore, lamin B is expected to utilize 
the astral MTs as tracks for its transfer from the spindle poles to the 
peripheral condensates as the nuclear lamina disassembles at 
prometaphase (Figure 9).

In interphase, local concentration of proteins and nucleic acids 
created by biomolecular condensation gives rise to organelles with 
distinct synthetic activities and functions (Banani et al., 2017). Since 
cellular processes slow down during mitosis, concentrating cell 
constituents via phase separation could also facilitate their 
accurate partitioning. Indeed, the finding that the forming 
daughter cells at late anaphase contain equal numbers of the 
condensates supports their role in the partitioning process. The 
presence of lamin B in these structures suggests that they contribute 
to the mitotic segregation of nuclear proteins. Additionally, the role 
of AnxA2 as an mRNA-binding protein that regulates the transport 
and translation of specific mRNAs (Vedeler and Hollas, 2000; 
Mickleburgh et al., 2005; Vedeler et al., 2012; Grindheim et al., 
2016; Grindheim et al., 2017; Strand et al., 2021; Grindheim et al., 
2023) raises the possibility that the condensates participate in the 
partitioning of selected mRNAs. Finally, the identification of the 
biosynthetic and endocytic membrane recycling compartments as 
components of the mitotic condensates suggests a role for phase 
separation in the division of endomembranes.

4 Materials and methods

4.1 Antibodies and reagents

Mouse monoclonal antibodies against AnxA2 (1:200 dilution), 
early endosomal antigen 1 (14/EEA1; 1:50 dilution), Rab11 (47/ 
Rab11; 1:50 dilution), GM130 (35/GM130; 1:200 dilution) and 
TGN38 (2/TGN38; 1:50 dilution) were purchased from BD 

Transduction Laboratories. Rabbit polyclonal antibodies against 
AnxA2 (ab41803; 1:250 dilution) and Lamin B (ab16048; 1: 
200 dilution) were obtained from Abcam. The mouse 
monoclonal transferrin receptor antibody (H68.4; 1:200 dilution) 
and rabbit polyclonal Rab11 antibody (71–5300; 1:50 dilution) were 
from Invitrogen, while the mouse monoclonal antibody against 
LAMP-1 (H5G11; 1:200 dilution) and rabbit polyclonal antibody 
against Rab7 (R4779; 1:50 dilution) were purchased from Santa Cruz 
Biotechnology and Sigma, respectively. The rabbit monoclonal 
antibodies against phosphorylated ERM proteins (p-ERM; #3141; 
1:100 dilution) and moesin (ab52490; 1:200 dilution) were bought 
from Cell Signaling Technology and Abcam, respectively. The 
mouse monoclonal antibody against Rab1B (1:200 dilution) was 
generously provided by Angelica Barnekow (University of Münster, 
Germany), while the rabbit polyclonal antibodies against calnexin 
(1:100 dilution) and mannosidase II (1:500 dilution) were generous 
gifts from Ari Helenius (ETH, Zürich, Switzerland) and Kelley 
Moremen (University of Georgia, United States), respectively. 
The mouse ascites fluid against β-tubulin (T13; 1:500 dilution) 
was provided by the late Thomas Kreis. The primary antibodies 
were detected using appropriate Alexa Fluor 488- or Alexa Fluor 
594-conjugated secondary goat anti-mouse or anti-rabbit Fab2- 
fragments (1:100 dilution) bought from Jackson Immuno- 
Research Laboratories. Alexa Fluor 488- and Alexa Fluor 594- 
conjugated human transferrin and Alexa Fluor 594-conjugated 
phalloidin were obtained from Invitrogen. Brefeldin A (BFA), 
nocodazole (NZ) and propylene glycol (PG) were purchased 
from Sigma.

4.2 Cell culture

Normal rat kidney (NRK) cells and NRK cells stably expressing 
the GFP-Rab1 fusion protein (Marie et al., 2009) were grown in 
Dulbecco’s Minimum Essential Medium (DMEM) supplemented 
with 10% heat-inactivated fetal calf serum (FCS), 2 mM L- 
glutamine, 50 units/mL penicillin and 50 μg/mL streptomycin. 
Mitotic synchronization with drugs was not employed to avoid 
possible secondary effects. To obtain steady state cultures with high 
mitotic index, 100% confluent cultures of cells were diluted 1:2 and 
plated on 18 mm diameter glass coverslips in 6-well plates, followed 
by growth for 22–24 h. Baby hamster kidney (BHK21) cells, human 
HeLa cells, human retinal pigment epithelial (RPE-1) cells and rat 
embryo fibroblasts (REF52) were cultured as described elsewhere 
(Palokangas et al., 1998; Marie et al., 2012).

4.3 Transferrin uptake

To obtain fluorescent labeling of the endocytic membrane 
recycling compartments via uptake of transferrin the cells were 
first washed twice with prewarmed 37 °C DMEM supplemented with 
0.2% bovine serum albumin (BSA) and 10 mM HEPES, pH 7.2, 
followed by incubation for 60 min at 37 °C in the same serum-free 
medium. For transferrin uptake, cells were incubated for an 
additional 60 min in the serum-free medium containing 20 μg/ 
mL of human transferrin coupled to Alexa Fluor 488 or 
Alexa Fluor 594.
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4.4 Experimental treatments

To release membrane-bound COPI coats and induce complete 
breakdown of the Golgi apparatus, NRK cells were incubated for 
30 min at 37 °C in medium containing 5 μg/mL BFA. The 
disassembly of MTs and the spindle apparatus was obtained by 
30 min treatment with 10 μg/mL nocodazole (NZ). To selectively 
disassemble biomolecular condensates, the cells were incubated for 
1, 2.5 or 5 min at 37 °C in culture medium supplemented with 2.5% 
propylene glycol (PG). Upon wash-out the cells were washed twice 
with 37 °C culture medium, followed by incubation for an additional 
30 min in the absence of PG. When the effect of low temperature on 
the mitotic condensates was examined, the coverslips were 
immersed for 1, 2.5 or 5 min in ice-cold culture medium prior 
to fixation.

4.5 Fixation conditions

In the standard sample preparation protocol the cells grown on 
glass coverslips were fixed for 60 min with 3% paraformaldehyde 
(PFA) in 0.1 M Na-phosphate buffer (pH 7.2) at RT. To obtain better 
structural preservation of the mitotic condensates the cells were 
fixed for 120 min with ice-cold PFA-lysine-sodium periodate (PLP) 
fixative (McLean and Nakane, 1974), consisting of 2% PFA, 0.075 M 
lysine-HCl and 0.01 M NaIO4 in 0.375 M Na-phosphate buffer, 
pH 6.2). This fixative preserves cell morphology better by cross- 
linking carbohydrates, retaining at the same time the antigenicity of 
proteins (Brown and Farquhar, 1989). The coverslips were quickly 
immersed in ice-cold fixative and kept on ice for the first 30 min, 
followed by transfer to RT for the remaining 90 min. In some 
experiments cells were further fixed and permeabilized by 
incubation for 5 min at −20 °C in ice-cold methanol.

4.6 Immunofluorescence staining, confocal 
microscopy and image processing

In most experiments, the fixed cells were permeabilized using 
0.2% saponin with saponin being present throughout the labelling 
protocol. The immunofluorescence staining protocol, including the 
exposure of antigenic sites using guanidine-HCl (Peränen et al., 
1993) has been described in detail previously (Sannerud et al., 2008; 
Raddum et al., 2013). After staining, the cells were first examined in 
a Zeiss Axiovert 200M inverted microscope equipped with long- 
working distance Plan-NEOFLUAR ×40 and ×100 objectives and 
fluorescence filter appropriate for Alexa 488, Alexa 594 and DAPI. 
Confocal microscopy on selected specimens was carried out to 
obtain individual optical sections or Z-stacks (step size 0.3 or 
0.5 μm) using a Leica SP5 AOBS or Leica TCS SP8 confocal laser 
scanning microscopes, equipped with a 63x/1.4 NA Plan- 
Apochromat or 100x NA1.4 HC PL APO STED White oil- 
immersion objectives, 1 Airy unit pinhole aperture, 405 Diode, 
Argon and Helium-Neon lasers and the appropriate filter 
combinations. The images prepared using ImageJ are presented 
as single sections or maximum-intensity projections. Imaris 
software was used for image processing and preparation of the 
animations (see Supplementary Movies-1, 2).

For the volumetric segmentation of astral MTs and the large 
Rab1-positive mitotic structures, we used Aivia software (Leica 
Microsystems). Pixel classification was applied to identify the 
regions of interest in the red and green channels, serving as the 
basis for training of the software and subsequent segmentation of the 
two types of structures. To facilitate visualization of the possible 
vicinity of red structures with the green ones, the latter were 
rendered with 45% transparency (Figure 4).

4.7 Quantifications

The Zeiss Axiovert 200M fluorescence microscope equipped 
with the ×100 objective was used to determine the percentages of 
cells at different phases of mitosis or cytokinesis, positive for the 
large AnxA2-positive structures, by examining a total of 600 mitotic 
cells (Figure 1B). The same instrument was employed for the 
determination of the effects of the aliphatic alcohol PG 
(Figure 5A) and low temperature (Figure 6K) on the large 
mitotic structures, based on the examination of 66–131 meta- or 
anaphase cells for each experimental condition. Average values from 
three independent experiments and the standard deviations (SD) 
were determined. To establish the average size of the mitotic 
condensates in prometa-, meta- and anaphase cells (Figure 1C), 
Z-stacks were generated by the Leica TCS SP8 confocal microscope, 
followed by measurement of the diameters of up to 50 structures for 
each mitotic stage from maximum intensity projections 
corresponding to the center of the cell. The numbers of cells 
subjected to confocal optical sectioning to calculate the 
approximate number of the large condensates in cells at different 
stages of mitosis (Figure 8A) were as follows: prometaphase (n = 4), 
metaphase (n = 7), early anaphase (n = 5) and late anaphase (n = 13).
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