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This important study reveals that mitotic release of an ER-microtubule tether is critical for
normal mitotic progression. Manipulating CLIMP63 phosphorylation, the authors provide
convincing evidence that persistent microtubule-ER contacts activate the spindle
assembly checkpoint and, if mitosis is forced to proceed, drive severe micronucleation.
While the study provides new mechanistic insights, some evidence is indirect, and
additional experiments would further refine the model.
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Abstract
The endoplasmic reticulum (ER) is the most elaborate endomembrane system in mammalian cells.
To generate its characteristic shape, ER-resident proteins directly affect membrane topology, while
interactions with the microtubule (MT) network determine ER positioning. The ER undergoes
continuous remodeling with the most drastic rearrangements taking place during mitosis. A
critical aspect is the reconfiguration of MT-ER interactions that accompanies spindle formation.
One abundant ER-MT tether is constituted by the ER sheet-associated membrane protein Climp63,
which binds MTs in a phosphorylation-sensitive manner. Here, we demonstrate that expression of
a phosphodeficient Climp63 mutant in HeLa cells prevents dissolving of ER-MT contacts in mitosis,
resulting in severe mitotic delays. Moreover, during mitotic exit, cells fail to properly enclose all
chromosomes into a single nucleus, leading to excessive nuclear fragmentation. The emerging
micronuclei assemble NE components with nuclear pore complexes, in contrast to what is known
for micronuclei formed from lagging chromosomes. We further show that the N-terminal 28
amino acids are sufficient for the interaction between Climp63 and MTs with phosphorylation of
serine S17 by CDK1 being critical for the mitotic release of the ER from MTs. Overall, our results
demonstrate that aberrant Climp63 activity severely affects mitosis. One may speculate that
mitotic aberrations may contribute to the poor prognosis associated with Climp63 overexpressing
cancers.

Introduction
The endoplasmic reticulum (ER) is a highly interconnected membrane network that is composed
of functionally and morphologically distinct domains, including the nuclear envelope (NE) and the
peripheral ER (Obara et al., 2023     ). Its wide range of morphologies are dependent on a set of ER-
intrinsic shaping proteins that can induce high or low membrane curvatures or induce membrane
fusion, thereby generating a continuous membrane network comprised of sheets, tubules and
intermediate morphologies (Goyal & Blackstone, 2013     , Shibata et al., 2006     , Westrate et al.,
2015     ). In addition, the microtubule (MT) network plays a pivotal role in determining ER
network topology and distribution, which affects both ER tubules and sheets. On the one hand,
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almost all ER tubules are formed with aid of the MT network (Guo et al., 2018     ). On the other
hand, ER sheet-shaping proteins interact with specific populations of MTs to regulate the global
distribution of the ER throughout the cytoplasm (Zheng et al., 2022     ).

When metazoan cells prepare for open mitosis, changes in ER-MT interactions facilitate drastic
membrane remodeling that affects both the NE and the peripheral ER (Deolal et al., 2024     , Kors &
Schlaitz, 2024     ). Although the mitotic ER remains a continuous network (Ellenberg et al., 1997     ,
Yang et al., 1997     ), the NE as a distinctive ER subdomain is dissolved with the help of dynein-
dependent MT forces (Beaudouin et al., 2002     , Salina et al., 2002     , Turgay et al., 2014     ). In
addition, reduced contacts between the ER and the MT network lead to further morphological
alterations of the mitotic ER (Deolal et al., 2024     , Kors & Schlaitz, 2024     ). Several studies have
investigated the consequences of the failed mitotic remodeling of specific MT-ER tubule interfaces
(Chung et al., 2016     , Nourbakhsh et al., 2021     , Schlaitz et al., 2013     , Smyth et al., 2012     ),
highlighting the importance of remodeling ER tubule-MT interactions for mitotic fidelity. However,
it is currently unknown how failures in remodeling the ER sheet-MT interface affects mitotic
progression and chromosome segregation.

Climp63, also known as CKAP4, is a highly abundant (Itzhak et al., 2016     , Uhlen et al., 2015     ),
non-glycosylated type II transmembrane protein that is a key member of the ER sheet-MT
interface. It is best known for its role in ER sheet formation, with its overexpression leading to an
increase in the relative number of ER sheets (Parlakgul et al., 2022     , Sandoz & van der Goot,
2015     , Shibata et al., 2010     , Wang et al., 2022     , Zhao et al., 2023     ). Previous biochemical
analyses have suggested that the majority of Climp63 is in a trimeric state (Sandoz et al., 2023     ).
AlphaFold predicts that its luminal domain forms an extended trimeric coiled-coil, whereas the
cytoplasmic domain is largely unstructured (Figure 1A     ). The cytoplasmic domain of Climp63 is
required for interactions with the MT network and is phosphorylated in mitosis, but how Climp63
binds to MTs is debated (Klopfenstein et al., 1998     , Vedrenne et al., 2005     , Zheng et al., 2022     ).

Since Climp63 is an abundant tether of ER sheets to the MT network, we set out to explore how
Climp63 is dissociated from MTs during mitotic onset and how defects in dissociation affect
mitotic progression and fidelity. Here, we show that the expression of a phosphodeficient Climp63
mutant leads to massive mitotic defects manifesting in severe nuclear fragmentation in
postmitotic cells. Live cell microscopy revealed that persistent, Climp63-mediated mitotic MT-ER
interactions lead to mislocalization of the ER to the mitotic spindle. ER attachment to the mitotic
spindle interferes with chromosome alignment at the metaphase plate, leading to a strong mitotic
delay by activation of the spindle assembly checkpoint. Using the mitotic defects induced by
expression of phosphodeficient Climp63 as a readout for MT binding, we demonstrate that the N-
terminal region comprising aa 1-28 is sufficient for MT binding of Climp63 in vivo and pinpoint a
single CDK1 phosphorylation site, S17, to be decisive for breaking MT-ER interactions during
mitotic entry. Collectively, our results highlight the importance of dissolving ER-MT interactions
for mitotic fidelity and shed new insights onto the role of the ER in mitosis and how persistent ER-
spindle interactions affect mitotic progression.

Results
Expression of a phosphodeficient Climp63 mutant leads to mitotic
defects
To investigate the role of Climp63-dependent MT-ER interactions in mitosis, we investigated three
phosphorylation sites that are thought to regulate MT binding (S3, S17 and S19; Figure 1B     )
(Vedrenne et al., 2005     ). To this end, we generated HeLa cell lines that allow the tetracycline-
inducible expression of either wild-type (WT), phosphodeficient (S3A, S17A, S19A) or
phosphomimetic (S3E, S17E, S19E) Climp63 variants. Immunofluorescence analysis showed a
striking increase in the number of both mitotic cells and interphase cells with fragmented nuclei
48 h after induction of the phosphodeficient Climp63 (3A) mutant (Figure 1C, D     ). The observed
nuclear fragmentation is severe, frequently giving rise to more than 30 micronuclei. In contrast,
cells expressing either WT or phosphomimetic Climp63 (3E) did not display mitotic errors.
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Figure 1. Expression of a phosphodeficient Climp63 mutant results in nuclear fragmentation and prolonged
mitosis.
(A) Model of full-length trimeric Climp63 in the ER membrane and its interaction with a microtubule (structure based on PDB
7SJ9). The structure of Climp63 was adapted from an AlphaFold prediction. (B) Multi-sequence alignment of the first 28 amino
acids of Climp63 for the indicated species generated by JalView2 (Waterhouse et al., 2009     ). Experimentally confirmed
phosphorylation sites are highlighted by red boxes. Color intensity reflects the degree of conservation. (C)
Immunofluorescence analysis of tetracycline-inducible HeLa cell lines expressing Climp63 WT, 3A (S3A, S17A, S19A), or 3E
(S3E, S17E, S19E) for 48 h. Sec61β-GFP as an ER marker is stably integrated into these cell lines. White arrows point out mitotic
cells that are frequently observed upon 3A expression, yellow arrows point out cells with nuclear fragmentation. Scale bar, 10
µm, N = 3. (D) Representative images of nuclear fragmentation induced by the expression of phosphodeficient Climp63 in
HeLa cells and their classification from the experiment in (C). Scale bar, 5 µm. (E) Quantification of the fraction of interphase
cells with nuclear fragmentation. N = 3, n ≥ 90, mean ± SEM, *p ≤ 0.05, ns = not significant. (F) Quantification of the
percentage of mitotic cells. N = 3, n ≥ 425, mean ± SEM, ****p ≤ 0.0001, ns = not significant. (G) Immunoblot analysis of
samples from (C) with the indicated antibodies. N = 3. (H) Quantification of phospho-H3 (pH3) levels in (G) normalized to β-
Actin and to the mean within replicates. Asterisks denote significant differences compared to the parental control. Mean ± SD,
***p ≤ 0.001. (I) Immunoblot analysis of phospho-H3 (pH3) levels after Climp63 3A induction with different tetracycline
concentrations for 48 h. N = 3. (J) Quantification of protein levels normalized to β-Actin and the uninduced condition from
three replicates of (H). Mean ± SD. (K) Representative images of immunofluorescence analysis of HeLa cells in metaphase
expressing Climp63 WT, 3A or 3E and stained with the indicated antibodies. Scale bar, 5 µm.
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Quantification showed that over 75% of cells expressing phosphodeficient Climp63 are in mitosis.
Of the remaining 25% of cells, more than 40% show some degree of nuclear fragmentation (Figure
1E, F     ). We also immunoblotted for phosphorylated histone H3 (S10), a mitosis-specific histone
mark (Fischle et al., 2005     , Wilkins et al., 2014     ). As expected, its levels are increased upon
expression of Climp63 3A compared to the WT or 3E control (Figure 1G, H     ).

To exclude that the mitotic phenotype caused by Climp63 3A expression is due to higher
expression levels of the phosphodeficient mutant as compared to the wildtype and
phosphomimetic variants, we checked Climp63 levels and confirmed that Climp63 levels in all
three cell lines were similar upon tetracycline induction, demonstrating that this phenotype is
related to the mutations and not expression levels. Of course, expression levels of Climp63 did
exceed those of the parental and uninduced cell lines. We therefore performed a tetracycline-
titration series of the Climp63 3A cell line to investigate how expression levels affect the number
of mitotic cells. Immunoblotting showed that increasing levels of Climp63 3A lead to a
progressively stronger mitotic delay (Figure 1I, J     ). Together, these results indicate a failure in
mitosis upon expression of phosphodeficient Climp63 that leads to severe nuclear fragmentation.

Given the mitotic defects in the presence of Climp63 3A, we set out to examine mitotic cells more
carefully by immunofluorescence analysis. Interestingly, this revealed that the mitotic spindle of
cells expressing Climp63 3A was distorted and aberrantly positioned (Figure 1K     ). We also failed
to observe a clear bipolar orientation of spindles. In addition, the ER marker Sec61β-GFP revealed
that the ER was repositioned from its normal peripheral localization and instead colocalized with
the mitotic spindle. Together, this suggests that regulating Climp63 activity by phosphorylation is
needed to spatially separate the ER from the mitotic spindle and that this is key for mitotic
progression.

Climp63 S17 regulates MT binding and is phosphorylated by CDK1
Given the persistent interaction of the ER with MTs upon mutation of the three phosphorylation
sites in Climp63, we wished to understand which of these sites contribute to the regulation of MT
binding in mitosis. To this end, we generated tetracycline-inducible phosphodeficient mutants at
individual sites (S3A, S17A and S19A). We then performed immunofluorescence analysis of these
cell lines and compared them to the WT and the 3A mutant as negative and positive controls,
respectively. Akin to the Climp63 3A mutant, we observed a clear increase in the number of
mitotic cells and of cells with nuclear fragmentation upon expression of Climp63 S17A but not for
the S3A or S19A mutants (Figure 2A, C, D     ). Immunoblotting showed that Climp63 levels were
similar upon tetracycline induction in all cell lines, while the proportion of mitotic cells
specifically increased for the Climp63 S17A single mutant as illustrated by the phospho-H3 signal
(Figure 2B     ). Together, these data point at a critical role for site S17 in the regulation of MT
binding in Climp63 during mitosis.

Climp63 S17 is a proline-directed phosphorylation site, which is a common feature of CDK1
substrates. To test if Climp63 S17 could be a substrate of CDK1, we purified either a WT or a
phosphomimetic (S17E) Climp63 fragment (1-31) and performed an in vitro phosphorylation assay
using recombinant Cyclin B1-CDK1. Incubation of the kinase complex with the positive control
histone H1 and the WT fragment showed incorporation of 32P phosphate, whereas the S17E
mutant was not phosphorylated (Figure 2E     ). This confirmed that CDK1 can indeed
phosphorylate Climp63 at site S17 in vitro.

The N-terminal 28 residues of Climp63 are sufficient for MT-ER
interactions
Currently, no structural data is available for the direct interaction of ER-shaping proteins and MTs.
Indirect interactions have been characterized and include binding of SxIP motifs present in STIM1
and TAOK2 to the MT +TIP associated protein EB1 (Grigoriev et al., 2008     , Honnappa et al.,
2009     , Nourbakhsh et al., 2021     ). Climp63 does not contain any SxIP motifs and is assumed to
interact with MTs directly (Klopfenstein et al., 1998     ). The MT binding region of Climp63 has been

Cell Biology

https://doi.org/10.7554/eLife.109099.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology


uit de Bos and Kutay, 2025 eLife 14:RP109099.  https://doi.org/10.7554/eLife.109099.1 5 of 23

Figure 2. Phosphosite S17A is important to release ER from microtubules in mitosis and is a target of CDK1.

(A) Immunofluorescence analysis of HeLa cell lines expressing Climp63 mutants that are rendered phosphorylation-deficient
at individual phosphosites compared to the WT and 3A mutant. Sec61β-GFP as an ER marker is stably integrated into these
cell lines. Scale bar, 10 µm. N = 3. (B) Immunoblot analysis of the same samples as in (A) with the indicated antibodies. N = 3.
(C) Quantification of the percentage of interphase cells with nuclear fragmentation. N = 3, n ≥ 120, mean ± SEM, *p ≤ 0.05. (D)
Quantification of the percentage of mitotic cells. N = 3, n ≥ 420, mean ± SEM. ***p ≤ 0.001. (E) In vitro kinase assay with
recombinant purified Cyclin B1-CDK1 and Climp63 1-31-GFP-HA WT or S17E in the presence of γ-[32P]ATP. Histone H1
phosphorylation was used as positive control. N = 3.
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studied before, but these studies have yielded inconclusive and partially contradictory results
(Klopfenstein et al., 1998     , Vedrenne et al., 2005     , Zheng et al., 2022     ). With the aim to study
the MT binding regions of the cytoplasmic domain of Climp63, we expressed the cytoplasmic
domain of Climp63 (1-106) with a C-terminal HA tag in HeLa cells and performed
immunofluorescence analysis (Figure 3A     ). We failed to observe any colocalization between
Climp63 1-106 and MTs, suggesting that the affinity of the cytoplasmic domain by itself is not high
enough to bind to MTs. We note that this observation is in contrast to another study that reported
a direct interaction of Climp63 with MTs and showed complete colocalization of Climp63 1-106
with MTs (Klopfenstein et al., 1998     ), but our conclusion is supported by a later publication that
reported results similar to ours (Nikonov et al., 2007     ). This would suggest that either the
membrane association of Climp63 provides the avidity needed to bind MTs or that the interaction
is not direct as suggested before (Klopfenstein et al., 1998     ), and instead facilitated by another
(membrane-bound) component.

Given the lack of binding of the cytoplasmic domain of Climp63 to MTs, we reasoned that the
membrane-bound phosphodeficient Climp63 S17A mutant may represent a convenient tool to
delineate the regions required for Climp63 MT binding in vivo by using the increase in mitotic cells
as a readout for Climp63-MT interactions. We therefore generated several truncated fusion
constructs, comprising pieces of the cytoplasmic domain of Climp63 containing the S17A mutation,
the transmembrane domain and a C-terminal mCherry for visualization (Figure 3B     ). The first
construct contained the N-terminal 28 residues of Climp63 surrounding phosphorylation site S17
(1-28(S17A)). A second construct (1-28,62-77(S17A)) additionally included residues 62-77, as this
region has been implicated in MT binding before (Zheng et al., 2022     ). In addition, we generated
a construct lacking the N-terminal 10 residues (11-28(S17A)). In another construct, we exchanged
the cytoplasmic domain of Climp63 with the MT binding N-terminal tail of the well-characterized
MT binding factor NDC80 (Alushin & Nogales, 2011     ), which is a kinetochore component. Like
Climp63, NDC80 has a basic and unstructured N-terminal tail that binds MTs (Alushin et al.,
2012     ) and we therefore wished to test if the Climp63 and NDC80 unstructured tail regions are
interchangeable. Lastly, we exchanged the TM domain of Climp63 for an artificial TM domain
(WALP17) to investigate a potential role of its TM domain (de Planque & Killian, 2003     ), e.g. by
facilitating the binding to another membrane-bound component.

Tetracycline-inducible cell lines harboring these constructs were analyzed by confocal microscopy,
which showed that all constructs localized to the ER as expected (Figure 3C     ). To examine MT
binding, we harvested cells and analyzed the accumulation of mitotic cells by immunoblotting of
phospho-H3 (S10). We observed an increase in mitotic cells for the cell lines expressing Climp63 1-
132(S17A), 1-28(S17A), 1-28,62-77(S17A) and the NDC80-Climp63 hybrid (Figure 3C, D     ), indicating
a persistent interaction of these fusion proteins and thereby the ER with MTs in mitosis. The
construct harboring the truncated N-terminal region (11-28(S17A)) did not result in the
accumulation of mitotic cells as deduced from the unchanged phospho-H3 signal, suggesting that
this shortened fragment does not bind to MTs efficiently. We further observed that the phospho-H3
signal caused by the expression of the construct 1-28,62-77(S17A) was higher than that of 1-
28(S17A), supporting previous work suggesting an involvement of region 62-77 in MT binding
(Zheng et al., 2022     ). However, although this region might facilitate MT interaction, it seems not
sufficient for MT binding, as construct 29-132 does not show an increase in mitotic cells.
Collectively, this data shows that the 28 N-terminal amino acids of Climp63 are key for MT binding,
with region 62-77 further promoting the association of Climp63 with MTs.

Interestingly, we also observed that exchanging the cytoplasmic domain of Climp63 with residues
1-80 of NDC80 resulted in an increase in mitotic cells similar to Climp63 S17A (Figure 3D, E     ). This
suggests that the NDC80 and Climp63 unstructured tails are functionally interchangeable for MT
association in the context of Climp63. In addition, exchanging the TM domain in Climp63 1-
28(S17A) to WALP17 reduced MT-ER interactions, indicating that the Climp63 TM domain may
promote MT binding. As it is unlikely that this domain would bind to MTs directly, this may
suggest that MT binding of Climp63 is facilitated by another protein that interacts with Climp63
via its TM domain. Mechanistically, this could resemble the case of the NDC80 tail, for which
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Figure 3. The N-terminal 28 amino acids of the cytoplasmic domain of Climp63 are sufficient for MT-ER
interactions.
(A) Immunofluorescence analysis of the cytoplasmic domain of Climp63 (Climp63 1-106-HA). Scale bar, 10 µm. N = 3. (B)
Schematic depiction of the generated fragments of the cytoplasmic domain of Climp63. All constructs include a
transmembrane domain followed by a C-terminal mCherry. The orange line at position 17 indicates the S17A mutation in
these constructs and the red line the S17E mutation.(C) Immunofluorescence analysis of tetracycline-inducible HeLa cell lines
expressing the depicted Climp63 fragments. Cell lines expressing construct 11-28, 29-132, NDC80 and WALP17 were induced
with 1 µg/ml Tetracycline and the other constructs with 20 ng/ml. N = 3. (D) Immunoblot analysis of the same samples as in
(C) with the indicated antibodies. N = 3. (E) Quantification of phospho-H3 (pH3) protein levels in (D) normalized to β-Actin and
to the mean within replicates. Asterisks denote significant differences compared to the parental control, unless otherwise
indicated. Mean ± SD, *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001, N = 4.
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binding is supported by its proximal calponin homology (CH) domain (Alushin et al., 2012     ,
Cheeseman et al., 2006     , Ciferri et al., 2008     , Wei et al., 2007     ). Altogether, these findings
indicate that the N-terminal 28 residues mediate the interaction with MTs, supported by residues
62-77 and the TM domain, and that releasing Climp63-MT interaction is critical for proper mitotic
progression and the prevention of mitotic defects.

Cells expressing phosphodeficient Climp63 arrest in prometaphase
due to activation of the spindle assembly checkpoint
To gain a better understanding of how mitosis is affected by the expression of phosphodeficient
Climp63, we followed Climp63 WT, 3A and 3E expressing cells through mitosis by time-lapse
imaging with the ER marker Sec61β-GFP and the DNA marker SiR-Hoechst. We performed
automated image analysis using the CellCognition software to track individual cells through
mitosis and annotate their mitotic stage based on chromatin morphology (Held et al., 2010     ).
From this analysis we obtained cell trajectories of mitotic events ranging from 30 min before the
prophase to prometaphase transition until 150 min after. Plotting these cell trajectories showed a
clear prolongation of prometaphase upon Climp63 3A expression, but not for Climp63 WT and 3E
(Figure 4A     ). Indeed, quantification showed a strong increase of prometaphase duration for
Climp63 3A expressing cells (Figure 4B     ), although the exact mean time in prometaphase could
not be determined since the extraordinarily long prometaphase frequently exceeded the total time
of the recorded cell trajectories.

Next, higher resolution imaging was used to more closely inspect mitotic progression. Upon
mitotic entry, chromosomes congressed to the metaphase plate in all conditions within ∼ 12 min
after the initiation of prophase (Figure 4C     ). At this stage, the ER was observed to progressively
infiltrate the spindle area in Climp63 3A expressing cells and eventually completely colocalized
with the mitotic spindle (Figure 4–figure supplement 1     ). Whereas anaphase was initiated for all
other conditions within 40 min, Climp63 3A cells failed to enter anaphase. As time progressed, the
initially aligned chromosomes started to scatter in Climp63 3A-expressing cells.

The failure to initiate anaphase suggests that the spindle assembly checkpoint (SAC) is active in
these cells. Indeed, depletion of the SAC factor MAD2 drastically reduced the number of mitotic
cells upon the expression of Climp63 3A (Figure 4D     ), and cells exited mitosis in a normal time
window, albeit accompanied by severe nuclear fragmentation (Figure 4E     ). Taken together, this
data suggests that ER attachment to the mitotic spindle does not impair initial chromosome
congression but prevents stable attachment of the spindle to kinetochores, which is required to
initiate anaphase.

To visualize how mitotic exit of Climp63 3A expressing cells leads to nuclear fragmentation at high
resolution, we induced mitotic exit by overriding the SAC with the Mps1 inhibitor reversine and
performed confocal time-lapse microscopy. At the start of imaging, chromosomes in Climp63 3A
expressing cells were scattered and the ER was aligned along with what looked like monopolar
spindles (Figure 4F     ). When anaphase was initiated following reversine treatment, chromosomes
were not segregated into daughter cells and the cleavage furrow failed to form in most cells,
unlike in control cells that have a defined bipolar spindle. Instead, chromosomes remained
stationary and spatially separated. Afterwards, chromosomes slowly decondensed and assembled
a NE from adjacent ER membranes, resulting in cells filled with many micronuclei. This suggests
that the spatial separation of chromosomes by the mislocalized ER is incompatible with
chromosome clustering mechanisms, which involve factors such as BAF and Ki67 (Cuylen-Haering
et al., 2020     , Samwer et al., 2017     ). Instead, once NE reformation is completed, fragmented
nuclei remain physically separated by NE/ER membranes.

From the time-lapse experiments it became evident that ER attachment to the spindle eventually
causes it to collapse into a seemingly monopolar configuration. To gain a better understanding of
how persistent Climp63-mediated ER-MT interactions affect the spindle, we set out to analyze
spindle morphology with and without the expression of Climp63 3A. We chose to investigate cells
with aligned metaphase plates for both conditions, with the aim to compare spindles from cells
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Figure 4. Climp63 3A expressing cells arrest in mitosis due to active SAC signaling.
(A) Automated image analysis using CellCognition was used to extract mitotic timing from time-lapse imaging of HeLa cell
lines expressing Climp63 WT, 3A or 3E for 24 h and imaged every 3 min for a total of 16 h. Cell trajectories (n ≥ 90) are aligned
to the prophase to prometaphase transition and color-coded based on the depicted mitotic phases or cell state. (B)
Quantification of prometaphase length from three replicates as in (A). The maximum length is capped off as trajectories are
tracked for 150 min after prophase to prometaphase transition, so the full duration of prometaphase in Climp63 3A-
expressing cells is unknown. N = 3, n ≥ 400. (C) High resolution time-lapse images of Climp63 WT, 3A or 3E expressing and
control HeLa cells progressing through mitosis as in (A). DNA was visualized by SiR-Hoechst and the ER by the stable
expression of Sec61β-GFP. Scale bar, 5 µm. (D) Quantification of cells in mitosis upon depletion of MAD2 compared to the
control. N = 3, n ≥ 800. (E) Time-lapse images of a representative cell undergoing mitosis upon 20 nM MAD2 siRNA for 48 h or
control treatment. Expression of Climp63 3A was induced for 24 h. Scale bar, 5 µm. (F) Representative time-lapse images of
mitotic exit in Climp63 3A mutant cells and control upon 320 nM reversine treatment. Reversine was added approximately 10
min before timepoint 0. Scale bar, 5 µm.
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Figure 4–figure supplement 1. Combined time-lapse imaging of tubulin and ER in Climp63 WT and 3A
expressing cells.

Representative time-lapse images of Climp63 WT and 3A-expressing HeLa cells progressing through mitosis. DNA was
visualized by SPY650-DNA and tubulin by SPY555-tubulin. Scale bar, 5 µm.

Cell Biology

https://doi.org/10.7554/eLife.109099.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology


uit de Bos and Kutay, 2025 eLife 14:RP109099.  https://doi.org/10.7554/eLife.109099.1 11 of 23

that were in mitosis for a similar time (see Figure 4C     ). Analysis of z-stacks capturing the entire
mitotic spindle showed a relatively normal spindle morphology for Climp63 3A expressing cells at
this early time point, although spindles appear slightly more irregular and have a higher
eccentricity than control spindles (Figure 5A, B     ). This suggests that the initial formation of the
spindle is not greatly affected by persistent MT-ER contacts.

The NE assembles properly on fragmented nuclei
Next, we examined the consequences of nuclear fragmentation on NE reformation by
investigating the composition of the NE surrounding the formed micronuclei. The composition of
the NE surrounding micronuclei is critical, because a failure to incorporate a subset of NE proteins
makes them prone to rupture. NE rupture in turn can result in chromothripsis (Leibowitz et al.,
2015     ), a process in which a genomic region is shattered and stitched together randomly,
accompanied by a high mutation rate that is disastrous for genomic integrity and has been
observed in up to 50% of adult human cancers (Cortes-Ciriano et al., 2020     , Simovic-Lorenz &
Ernst, 2025     , Voronina et al., 2020     ). Fragile micronuclei particularly lack the so-called non-core
NE proteins (Liu et al., 2018     ). Non-core NE proteins are characterized by their assembly on the
chromatin surface away from the central spindle, whereas core proteins enrich adjacent to the
spindle (Figure 5C     ) (Haraguchi et al., 2008     ). Lagging chromosomes are frequently surrounded
by MTs and are therefore thought to lack non-core components (Liu et al., 2018     ). Nuclear pore
complexes (NPCs) belong to the non-core group and are therefore frequently absent from
micronuclei formed around lagging chromosomes. A lack of NPCs renders these micronuclei
incompetent to import the factors required for the maintenance of genome integrity (Liu et al.,
2018     ).

To gain insights into the composition of the NE surrounding the micronuclei formed upon
expression of phosphodeficient Climp63 3A, we performed immunofluorescence analysis of FG
nucleoporins (mAB414), a readout for non-core proteins, and lamin A/C, a core protein (Figure
5D     ). The fragmented nuclei contained both FG nucleoporins and lamin A/C with a relatively
equal distribution among all micronuclei, showing that both groups of NE proteins were recruited.
This indicates that the mode of NE assembly on these fragmented nuclei is different from that
usually observed on lagging chromosomes (Liu et al., 2018     , Zhao et al., 2023     ) and suggests that
they might be more stable than micronuclei that lack a subset of NE proteins. Consistently, we did
not observe any features indicative of micronuclear rupture such as compacted chromatin,
accumulation of Sec61β-GFP and the absence of NPCs (Ferrandiz et al., 2022     , Hatch et al.,
2013     ), although we cannot exclude that these micronuclei may rupture transiently. In addition,
time-lapse imaging revealed that cells survive for at least 6 h with a fragmented nucleus (see
Figure 4F     ). Interestingly, around individual micronuclei, the distribution of NE components is
not uniform, as some regions seem devoid of Sec61β-GFP or NE/ER membrane components. While
we cannot rule out imaging artefacts, we have consistently observed this throughout z-stacks and
for all studied marker proteins. Still, altogether our data shows that Climp63-mediated nuclear
fragmentation does not significantly impair NE reformation.

Repositioning of the ER does not affect mitochondrial or lysosomal
positioning in mitosis
In interphase, the ER affects the positioning and division of various organelles (Prinz et al.,
2020     ). Although not much is known about remodelling of ER-organellar contact sites in mitosis
(Kors & Schlaitz, 2024     ), it is established that mitochondria are closely associated with the ER
during interphase and these contact sites are thought to expand during mitosis (Moore et al.,
2021     , Yu et al., 2024     ). The repositioning of the ER to the mitotic spindle upon Climp63 3A
expression provides a simple way to investigate how the ER affects the positioning of other
organelles in mitosis.

To investigate whether repositioning of the ER upon Climp63 3A expression affects other
organelles, we performed immunofluorescence staining to visualize mitochondria (GRP75),
lysosomes (LAMP1), ER (Sec61β), and DNA and analyzed how their radial distribution was affected
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Figure 5. Mitotic consequences of persistent MT-ER interactions induced by the expression of
phosphodeficient Climp63.
(A) Immunofluorescence analysis of spindle morphology of cells with and without tetracycline-induced expression of Climp63
3A. Images are the maximum projections of z-stacks. Scale bar, 5 µm. (B) Quantification of tubulin morphology from 3D
stacks with and without tetracycline-induced expression of Climp63 3A as in (A). Only cells with mostly aligned chromosomes
were quantified, as these have likely not been in mitosis for long yet (see Figure 4C     ). Horizontal line represents the mean.
N = 3, n ≥ 18. *p ≤ 0.05. (C) Schematic depiction of NE assembly on a telophase cell. Core components (pink) reassemble in
regions with a high MT density, whereas non-core components (green) assemble in regions with low MT density. Lagging
chromosomes (represented by the circle) are frequently surrounded by MTs and then assemble only core components,
explaining the low NPC density often found on micronuclei formed from lagging chromosomes. (D) Immunofluorescence
analysis of fragmented nuclei after 72 h of Climp63 3A expression stained for the indicated antibodies that represent core
(Lamin A/C; pink box) and non-core (mAB414; green box) proteins. The white arrow points to a part of the nuclear envelope
of a micronucleus that is seemingly missing mAB414 and Lamin A/C signal. The bottom image shows this more clearly with a
zoom-in. Upper two scale bars, 10 µm, scale bar of zoom-in, 2 µm, N = 3. (E, F) Representative immunofluorescence images
and quantification of the radial distribution of lysosomes (E, α-LAMP1) and mitochondria (F, α-GRP75), which were analyzed in
6 bins using CellProfiler, with and without expression of Climp63 3A. The lines represent the mean intensity per bin, shaded
areas ± SD. N = 3, n > 18. Scale bar, 5 µm.
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by the expression of Climp63 3A. For the quantifications, we measured the distribution of the
chosen markers in a series of six radial bins. As a proof of principle, the quantification pipeline
showed that the mean intensity of DNA was the highest in the most central radial bin and
decreased in intensity peripherally (Figure 5E, F     ). In absence of Climp63 3A expression, the ER
follows the opposite distribution, with a higher intensity in the cell periphery. Expression of
Climp63 3A repositions the ER to the spindle area, resulting in a higher mean intensity in the
central bins. Interestingly, the expression of Climp63 3A did not affect the radial distribution of
mitochondria or lysosomes (Figure 5E, F     ), suggesting that these organelles do not follow the ER
in their mitotic positioning. This indicates that the positioning of the organelles is determined by
other mechanisms, independently of the ER.

Discussion
Upon mitotic entry, most connections between the ER and the MT network are broken to allow for
the separation of membranes from the mitotic spindle and chromatin (Champion et al., 2019     ,
Kors & Schlaitz, 2024     ). Our work demonstrates the importance of breaking the connections
between ER sheets and MTs for the example of the MT binding protein Climp63, which is highly
abundant in ER sheets. Expression of a Climp63 phosphorylation-deficient mutant (S3A, S17A,
S19A) hinders mitotic progression and leads to severe nuclear fragmentation upon mitotic exit,
which can result in the formation of up to 30 or more micronuclei in one cell. To our knowledge,
such striking nuclear fragmentation as a consequence of a mitotic error has not been reported
before. One comparable case of nuclear fragmentation occurs when mitotic exit is induced in
taxol-treated cells (Samwer et al., 2017     ). This fragments the nucleus, likely because the taxol-
mediated MT stabilization results in the forced separation of chromosomes as the NE reforms,
similar to what we observe upon expression of phosphorylation-deficient Climp63.

MT binding of Climp63
The fact that phosphorylation-deficient Climp63 causes a stark increase in mitotic cells because of
persistent MT-ER interactions allowed us to study the MT binding ability of Climp63, using the
number of mitotic cells as a readout. Previous studies have investigated the binding of Climp63 to
MTs by co-sedimentation assays with varying results (Klopfenstein et al., 1998     , Vedrenne et al.,
2005     , Zheng et al., 2022     ). Since co-sedimentation assays can be subject to non-specific
binding, especially in cell lysates, our system provides a useful in vivo approach. We identify a key
role of the N-terminal region (residues 1-28) of Climp63 in MT binding, with an additional
contribution of residues 62-77, in agreement with a previous study (Zheng et al., 2022     ).

The minimal region we found to bind MTs (aa 1-28) is predicted to be unstructured and basic (pI =
10.3). Although many MT binding proteins possess structured domains to bind to MTs, such as a
CH domain, CAP-Gly domains, and TOG domains (Ayaz et al., 2012     , Slep & Vale, 2007     , Wang et
al., 2014     ), other MT binding proteins exploit unstructured, basic domains instead, including the
inner kinetochore protein CENP-Q, the Alzheimer’s disease-related Tau and the kinetochore
protein NDC80 (El Mammeri et al., 2022     , Pesenti et al., 2018     , Weingarten et al., 1975     ). In our
experiments, we demonstrated that the N-terminal tail of NDC80 can functionally replace the
Climp63 cytoplasmic domain, confirming their functional and structural similarity.

Furthermore, we explored the individual contribution of the three phosphorylation sites that were
initially suggested to regulate MT binding of Climp63 (Vedrenne et al., 2005     ). We identified S17
as the key residue to impair MT binding upon its phosphorylation and we show that this site is
phosphorylated by the master regulator of mitosis, CDK1. As the other two sites do not seem to
affect MT binding, these sites might instead regulate Climp63 function and activity in other
settings. One hypothesis for their function comes from a study that implicates both PKC and
Climp63 in controlling the rate-limiting step of cargo transport to the plasma membrane in
neuronal dendrites (Wang et al., 2012     ). Climp63 was suggested to increase dendritic branching
by PKC-mediated phosphorylation of S3, S17 or S19 or a combination thereof, and thereby confine
cargo in the neuronal dendrites (Wang et al., 2012     ). Given that site S3 and S19 might be PKC
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targets (Vedrenne et al., 2005     ), this data suggests that these sites could affect ER architecture and
dendritic branching, while our data shows that S17 regulates the affinity for MTs and is a target of
CDK1 instead.

An important remaining question about the binding of Climp63 to MTs is whether it is direct or
indirect. We observed that the cytoplasmic domain of Climp63 (1-106) does not colocalize with
MTs, in contrast to a previous report (Klopfenstein et al., 1998     ). Our data instead indicate that
membrane association of Climp63 may provide the avidity needed to bind MTs or that the
interaction is indirect and facilitated by another (membrane-bound) component. In support of the
latter, we find that the TM domain of Climp63 promotes MT binding, which might indicate the
involvement of a binding partner. Furthermore, the existing data for direct binding lack
appropriate negative controls, making it hard to exclude unspecific binding in the in vitro assay
(Klopfenstein et al., 1998     ). Overall, future experiments will need to further dissect how the N-
terminal 28 amino acids together with aa 62-77 of Climp63 bind to MTs, what binding partners
might facilitate its MT binding, and how the Climp63 TM domain may contribute.

How does ER attachment to the mitotic spindle affect mitosis?
In our experiments, we observed a drastic delay in mitotic progression upon the expression of
phosphodeficient Climp63. Affected cells were arrested in prometaphase, the stage in which
chromosomes congress to the metaphase plate. Interestingly, high resolution time-lapse imaging of
mitotic onset showed that chromosomes initially line up at the metaphase plate, but scatter over
time when anaphase is not initiated. So how does ER attachment to the mitotic spindle affect
mitotic processes? The fact that chromosomes line up initially suggests that motor-based
movements and MT (de)polymerization, both required to direct chromosomes to the metaphase
plate, are not impaired. However, cells arrested in prometaphase can be experimentally induced
to progress through mitosis by inhibition of the SAC machinery, indicating that the SAC remains
active upon Climp63-mediated ER tethering to MTs. There are several ways in which persistent
binding of Climp63 to MTs could interfere with silencing of the SAC. First, ER membranes may
physically block MTs, preventing them from forming stable attachments at kinetochores. Second,
the mitotic checkpoint complex (MCC) is usually actively removed from kinetochores by
dynein/dynactin to silence the SAC (Griffis et al., 2007     , Howell et al., 2001     , McAinsh & Kops,
2023     , Wojcik et al., 2001     ). Possibly, ER attachment to the mitotic spindle might impair this
dynein-dependent stripping of the MCC from kinetochores and thereby halt anaphase progression
by continued inhibition of the anaphase-promoting complex (APC/C). Finally, satisfaction of the
SAC relies on a conformational change in NDC80 upon binding to MTs, which releases the Mps1
kinase from kinetochores to facilitate anaphase initiation (Hiruma et al., 2015     , Ji et al., 2015     ).
Given the similarities between the unstructured N-terminal tails of Climp63 and NDC80, Climp63
could occupy the same binding sites on MTs as NDC80 and compete with its binding, thereby
preventing the stable attachment of NDC80 with MTs, if these binding sites were at all limiting.
These models might explain how anaphase progression is impaired by Climp63-mediated
persistent ER-MT interactions.

We further demonstrated that persistent mitotic ER-MT interactions resulted in the formation of
many micronuclei during mitotic exit. Micronuclei are often fragile and prone to chromothripsis
(Hatch et al., 2013     , Liu et al., 2018     , Maciejowski & Hatch, 2020     ), largely due to compromised
NE integrity caused by the absence of NPCs and non-core proteins on micronuclei. A number of
studies set out to investigate why NPCs are frequently excluded from micronuclei, resulting in
several hypotheses: proximal MTs might block NPC assembly, membranes assembling on lagging
chromosomes might lack the topology required to template NPCs, and delayed membrane
recruitment on lagging chromosomes might hinder their NPC assembly (Liu et al., 2018     , Zhao et
al., 2023     ). Interestingly, we found that all micronuclei induced by the persistent interaction of
Climp63 with MTs contain NPCs. This suggests that MT proximity may not affect NE assembly per
se, and that lagging chromosomes might lack NPCs and non-core proteins for a different reason.
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Overall, our findings highlight the importance of regulating MT-ER interactions in mitosis to allow
for the formation of a single nucleus and provides a new perspective on the growing
understanding of the role of the ER in mitosis.

Materials and methods
Antibodies
Commercial antibodies used were anti-Climp63 (16686-1-AP, rabbit, Proteintech), anti-phospho
histone H3 (S10) (9701S, rabbit, Cell Signaling Technology), anti-β-actin (sc-47778, mouse, Santa
Cruz), anti-tubulin (T5168, mouse, Sigma Aldrich), anti-mAB414 (ab24609, mouse, Abcam), anti-
lamin A/C (10298-1-AP, rabbit, Proteintech), anti-LAMP1 (sc-20011, mouse, Santa Cruz), anti-GRP75
(ab2799, mouse, Abcam), anti-pericentrin (ab4448, rabbit, Abcam).

Molecular cloning
A plasmid containing the corresponding cDNA fragment for Climp63 was a gift from Peter Steyger
(Addgene plasmid # 80977) and was used to clone Climp63 into the pcDNA5 FRT/TO vector (CMV
promotor, Invitrogen) for the generation of stable tetracycline-inducible cell lines. The NDC80
coding region was amplified from HeLa cDNA and cloned into pcDNA5 FRT/TO. Climp63 served as
a PCR template to generate Climp63 1-106 and 1-132, which were cloned into pcDNA5-HA FRT/TO
and pcDNA5-mCherry FRT/TO, respectively. Truncations of Climp63 1-132 and HisSUMO-
PreScission-Climp63-1-32-GFP-HA for E. coli expression were obtained from Twist Bioscience and
were codon-optimized and cloned into pcDNA5-mCherry FRT/TO and the pQE30 expression vector,
respectively. To generate single and triple mutants (S3, S17, S19 to A or E), full-length Climp63,
Climp63 1-132, and HisSUMO-PreScission-Climp63-1-31-GFP-HA were used as templates for
mutagenesis with the QuikChange mutagenesis kit (Agilent Technologies). The Climp63-WALP17
hybrid was cloned using the WALP17-mCherry template from (Ungricht et al., 2015     ). In addition,
the ER targeting of the WALP17 construct and Climp63 11-28 was optimized by including an RRSR
targeting motif right after amino acid 28, followed by a GSSGGGSG linker before the TM domains.

Cell culture and cell lines
HeLa cells were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal calf serum and 100 μg/ml penicillin/streptomycin at 37°C with 5% CO2. Stable tetracycline-
inducible cell lines were generated by integration into FRT sites and were selected with 0.4 mg/ml
hygromycin B. Expression of Climp63 was induced with 50 ng/ml tetracycline (Sigma-Aldrich) for
all experiments unless indicated otherwise. The HeLa cell line stably expressing Sec61β-GFP has
been described previously (Pawar et al., 2017     ). Transfections of 20 nM Allstars control (Qiagen)
and MAD2 (ATGGATATTTGTACTGTTTAA; Qiagen) siRNA oligonucleotides were performed with the
Lipofectamine RNAiMax (Invitrogen) transfection reagent. siRNAs were incubated for 48 h before
imaging.

Immunofluorescence analysis and confocal microscopy
Cells were grown on glass coverslips and fixed in 4% paraformaldehyde in PBS for 10 min. Cells
were permeabilized with 0.2% Triton X-100 in PBS for 5 min and blocked with 2% BSA/PBS for 30
min. For lysosomal stainings, cells were fixed in 3.7% formaldehyde and permeabilized and
washed with 10% BSA, 15 mM glycine, 0.05% saponin and 10 mM HEPES. Primary antibodies,
diluted in 2% BSA/PBS, were incubated for 1 hr. After three washes with 2% BSA/PBS, secondary
antibodies and Hoechst in 2% BSA/PBS were incubated for 30 min After three washes, coverslips
were mounted onto microscopic slides with VectaShield (VectorLabs). All steps were performed at
RT. Imaging was performed with a confocal microscope (Zeiss LSM780, 63X 1.4 NA oil DIC Plan-
Apochromat objective).
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Live cell imaging
Cells were seeded on 8-well LabTek chambers the day before imaging. Two hours before live
imaging, culture medium was changed to FluoroBrite DMEM supplemented with 10% fetal calf
serum and 100 μg/ml penicillin/streptomycin and either 0.1 mM SiR-Hoechst (Spirochrome), 1:1000
SPY650-DNA (Spirochrome), and 1:1000 SPY555-tubulin (Spirochrome) as indicated for each
experiment. All live cell imaging experiments were imaged on a Zeiss Celldiscoverer 7 in a 5% CO2,
37°C chamber.

For the time-lapse microscopy of mitotic exit upon reversine treatment a 2D Airyscan super-
resolution/SR mode was used. Images were taken every 3 min for 6 h with 12 z-stacks using a 20x
0.95 NA Plan-Apochromat objective with a 2x tubelens (40x total). Images were analyzed with the
Airyscan Processing function in Zen Black software with the default settings.

Imaging of mitotic entry was performed using a 20x 0.95 NA Plan-Apochromat objective with a 2x
tubelens (40x total). Images were taken every 3 min for 6 h with 10 z-stacks. For the mitotic timing
analyses, images were taken every 3 min for 10 h with a Plan-Apochromat 5x/0.35 objective and 2x
tubelens (10x total). For the MAD2 RNAi time-lapse imaging, cells were imaged every 3 min for 5 h
with 3 z-stacks with a Plan-Apochromat 20x/0.7 objective.

Immunoblot analysis
Cells were resuspended in SDS sample buffer (75 mM Tris pH 6.8, 20% (v/v) glycerol, 4% (w/v) SDS,
50 mM DTT, 0.01% (w/v) bromophenol blue), sonicated and boiled at 95°C for 5 min. Samples were
separated on SDS-PAGE gels and transferred onto a nitrocellulose membrane using semi-dry
blotting. Membranes were blocked in 5% milk (w/v) in PBST (0.1% Tween-20 in PBS) and incubated
with primary antibodies in 4% milk/PBST overnight. After three washes for 5 min with PBST,
secondary antibodies (goat anti-mouse Alexa Fluor Plus 680 (Thermo Fisher Scientific, A32729) or
goat anti-rabbit Alexa Fluor Plus 800 (Thermo Fisher Scientific, A32735) in 4% milk/PBST were
incubated for at least 30 min at RT. After three final washes with PBST, blots were imaged and
quantified using an Odyssey (LI-COR) imaging system.

Image analysis
Mitotic timing was analyzed with the CellCognition software v1.6.1 (Held et al., 2010     ).
Chromatin morphology visualized by SiR-Hoechst was used to classify mitotic stages as described
in (Held et al., 2010     ). Segmentation was achieved with a local adaptive threshold and cells were
tracked using a constrained nearest-neighbor approach with trajectory splitting and merging. Cell
trajectories were selected based on the detection of a prophase to prometaphase transition and
included 30 min before and 150 min after this transition.

For organelle positioning experiments, the mid-plane of a mitotic cell with mostly aligned
chromosomes was imaged and quantified with CellProfiler. Cell boundaries were segmented
based on the Sec61β-GFP signal. Cells were radially divided into six bins and the mean intensity of
each bin was calculated with the MeasureObjectIntensityDistribution module. The mean for each
bin and replicate was plotted in GraphPad Prism.

For imaging spindle morphology, z-stacks were taken that capture the entire cell. Maximum z-
projections were analyzed in CellProfiler, where cell boundaries were segmented based on the
Sec61β-GFP signal. Using the MeasureObjectSizeShape, the eccentricity of the spindle was
calculated. The mean eccentricity of each replicate was calculated and plotted with GraphPad
Prism.

Protein purification
6xHis-SUMO-PreScission-Climp63-1-31-GFP-HA WT and S17E were expressed in E. coli BLR(pREP4)
cells with 0.5 mM IPTG for 5 h at 25°C. Cells were pelleted and lysed in 50 mM Tris, 700 mM NaCl, 1
mM MgCl2, 50 mM imidazole, 5 µg/ml DNase and 1 mM β-mercaptoethanol using an EmulsiFlex-C5
high pressure homogenizer (Avestin). The lysate was cleared by centrifugation at 45000 rpm in a
Ti70 rotor. The cleared lysate was incubated on a 5 ml HisTrap FF Crude histidine-tagged protein
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purification column (Cytiva) and washed with lysis buffer. Protein was eluted by increasing
concentrations of elution buffer consisting of 50 mM Tris, 700 mM NaCl, 1 mM MgCl2, and 400 mM
imidazole using an ÄKTA prime system. N-terminal His-SUMO was cleaved off with 3C protease
while dialyzing at 4°C overnight in 50 mM HEPES-KOH, 150 mM NaCl, 2 mM MgCl2, 1 mM DTT and
5% glycerol. Cleavage products were cleaned up by incubating on a HisTrap FF column and
collecting the flow-through.

Kinase assay
Protein phosphorylation assays were performed with 10 µg of Climp63 1-31-GFP-HA, 1 µg of
Histone H1 (Sigma-Aldrich, H1917) and 350 ng cyclinB1-CDK1 (Thermo Fisher Scientific, PV3292)
in kinase buffer containing 100 µM cold ATP and 2.5 μCi 32P-γ-ATP, 20 mM HEPES-KOH, 110 mM
KOAc, 5 mM MgCl2 and 1 mM DTT. Reactions were incubated for 15 min at 30°C and inactivated by
the addition of SDS sample buffer. Samples were analyzed by SDS-PAGE and autoradiography.
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Summary:

In the present manuscript, de Bos and Kutay investigate the functional implications of
persistent microtubule-ER contacts as cells go through mitosis. To do so, they resorted to
investigating phosphorylation mutants of the ER-Microtubule crosslinker Climp63. They
found that phosphodeficient Climp63 mutants induce a severe SAC-dependent mitotic delay
after normal chromosome alignment, with an impressive mitotic index of approximately
75%. Strikingly, this was often associated with massive nuclear fragmentation into up to 30
micronuclei that are able to recruit both core and non-core nuclear envelope components.
One particular residue (S17) that is phosphorylated by Cdk1 seems to account for most, if not
all, these phenotypes. Furthermore, the authors use the impact on mitosis as an indirect way
to map the microtubule binding domain of Climp63, which has remained controversial, and
found that it is mostly restricted to the N-terminal 28 residues of Climp63. Of note, despite the
strong impact on mitosis, persistent microtubule-ER contacts did not affect the distribution of
other organelles during mitosis, such as mitochondria or lysosomes.

Strengths:

Overall, this work provides important mechanistic insight into the functional implications of
ER-microtubule network remodelling during mitosis and should be of great interest to a vast
readership of cell biologists.

Weaknesses:

Some of the key findings appear somewhat preliminary and would be worth exploring
further to substantiate some of the claims and clarify the respective impact on mitosis and
nuclear envelope reassembly on the resulting micronuclei.

The following suggestions would significantly clarify some key points:

(1) The striking increase in mitotic index in cells expressing the Climp63 phosphodefective
mutant, together with their live cell imaging data indicating extensive mitotic delays that can
be relieved by SAC inhibition, suggests that SAC silencing is significantly delayed or even
impossible to achieve. The fact that most chromosomes align in 12 min, irrespective of the
expression of the Climp63 phosphodefective mutant, suggests that initial microtubule-
kinetochore interactions are not compromised, but maybe cannot be stably maintained.
Alternatively, the stripping of SAC proteins from kinetochores by dynein along attached
microtubules might be compromised, despite normal microtubule-kinetochore attachments.
The authors allude to both these possibilities, but unfortunately, they never really test them.
This could easily be done by immunofluorescence with a Mad1 or c-Mad2 antibody to inspect
which fraction of kinetochores (co-stained with a constitutive kinetochore marker, such as
CENP-A or CENP-C) are positive for these SAC proteins. If just a small fraction, then the
stability of some attachments is likely the cause. If most/all kinetochores retain Mad1/c-Mad2,
then it is probably an issue of silencing the SAC.

(2) The authors use the increase in mitotic index (H3 S10 phosphorylation levels) as a readout
for the MT binding efficiency of Climp63 and respective mutants. Although suggestive, this is
fairly indirect and requires additional confirmation. For example, the authors could perform
basic immunofluorescence in fixed cells to inspect co-localization of Climp63 (and its
mutants) with microtubules.

Cell Biology

https://doi.org/10.7554/eLife.109099.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology


uit de Bos and Kutay, 2025 eLife 14:RP109099.  https://doi.org/10.7554/eLife.109099.1 22 of 23

(3) The authors refer in the discussion that the striking nuclear fragmentation seen upon
mitotic exit of cells expressing Climp63 phosphodefective mutant has not been reported
before, and yet it is strikingly similar to what has been previously observed in cells treated
with taxol (they cite Samwer et al. 2017, but they might elect to cite also Mitchison et al., Open
Biol, 2017 and most relevantly Jordan et al., Cancer Res, 1996). This striking similarity and
given the extensive mitotic delay observed in the Climp63 phosphodefective mutant, it is
tempting to speculate that these cells are undergoing mitotic slippage (i.e., cells exit mitosis
without ever satisfying the SAC) because they are unable to silence/satisfy the SAC. Indeed,
the scattered micronuclei morphology has also been observed in cells undergoing mitotic
slippage (e.g., Brito and Rieder, Curr Biol., 2006). The experiment suggested in point #1 should
also shed light on this problem. The authors might want to consider discussing this possible
explanation to interpret the observed phenotypes.

(4) One of the most significant implications of the findings reported in this paper is that
microtubule proximity does not seem to impact the assembly of either core or non-core
nuclear envelope proteins on micronuclei (that possibly form due to mitotic slippage, rather
than normal anaphase). These results challenge some models explaining nuclear envelope
defects in micronuclei derived from lagging chromosomes due to the proximity of
microtubules, and, as the authors point out at the very end, other reasons might underlie
these defects. Along this line, the authors might elect to cite Afonso et al. Science, 2014, and
Orr et al., Cell Reports, 2022, who provide evidence that a spindle midzone-based Aurora B
gradient, rather than microtubules per se, underlie the nuclear envelope defects commonly
seen in micronuclei derived from lagging chromosomes during anaphase.

https://doi.org/10.7554/eLife.109099.1.sa1

Reviewer #2 (Public review):

Mitotic phosphorylation of the ER-microtubule linker CLIMP63 was discovered decades ago
and was shown to release CLIMP63 from microtubules. Here, the authors describe for the
first time the significance of CLIMP63 phosphorylation for mitotic division in cells.
Expression of non-phosphorylatable CLIMP63 led to a massive re-localization of ER into the
area of the mitotic spindle. This was not unexpected, as another ER-microtubule linker,
STIM1, is phosphorylated during mitosis to release it from microtubules, and
unphosphorylatable STIM1 also leads to an invasion of the ER into the spindle. The authors
map CLIMP63's microtubule-binding domain and define S17 as the critical residue that needs
to be phosphorylated for release from microtubules and as a target of Cdk1, albeit with an
indirect assay that is based on the ability of overexpressed mutants to disrupt mitosis. The
authors further demonstrate that aberrant, microtubule-tethered membranes in the spindle
disrupt spindle function. This is in line with the group's prior findings that chromosome-
tethered membranes lead to severe chromosome segregation defects. Cells overexpressing
phospho-deficient CLIMP63 arrested in prometaphase with an active checkpoint. When these
cells were forced to exit mitosis, a large number of micronuclei formed. Interestingly, these
micronuclei had different compositions and properties from previously described ones,
suggesting that there are diverse paths for a cell to become multinucleated. Lastly, the
authors asked whether mitochondria and lysosomes depend on ER for their distribution in
mitotic cells. However, the position of these other organelles was unchanged in cells in which
ER was re-localized due to the overexpression of phospho-deficient CLIMP63. This is an
interesting observation in the context of how the interior organisation of mitotic cells is
achieved.

Suggestions:

(1) The authors should confirm the mapping of the microtubule-binding domain by more
direct assays, such as microtubule co-pelleting or proximity ligation assays.
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(2) The authors should clarify why they performed phenotypic studies and live microscopy
experiments (Figures 4 and 5) using the CLIMP63(3A) mutant, despite knowing that the
relevant phosphorylation site was S17. Were the phenotypes different for S17A versus the
triple mutant?

https://doi.org/10.7554/eLife.109099.1.sa0
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