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TOOLS

Optogenetic and chemical genetic tools for rapid
repositioning of vimentin intermediate filaments
Milena Pasolli1*�, Joyce C.M. Meiring1*�, James P. Conboy2�, Gijsje H. Koenderink2�, and Anna Akhmanova1�

Intermediate filaments (IFs) are a key component of the cytoskeleton, essential for regulating cell mechanics, maintaining
nuclear integrity, organelle positioning, and modulating cell signaling. Current insights into IF function primarily come from
studies using long-term perturbations, such as protein depletion or mutation. Here, we present tools that allow rapid
manipulation of vimentin IFs in the whole cytoplasm or within specific subcellular regions by inducibly coupling them to
microtubule motors, either pharmacologically or using light. Rapid perinuclear clustering of vimentin had no major immediate
effects on the actin or microtubule organization, cell spreading, or focal adhesion number, but it reduced cell stiffness.
Mitochondria and endoplasmic reticulum (ER) sheets were reorganized due to vimentin clustering, whereas lysosomes were
only briefly displaced and rapidly regained their normal distribution. Keratin moved along with vimentin in some cell lines but
remained intact in others. Our tools help to study the immediate and local effects of vimentin perturbation and identify
direct links of vimentin to other cellular structures.

Introduction
Intermediate filaments (IFs), along with actin and microtubules,
are among the three major cytoskeletal systems in mammalian
cells (Herrmann and Aebi, 2004). Unlike microtubules and ac-
tin, IFs lack polarity, exhibit much slower dynamics, and are
extremely resilient and elastic (Etienne-Manneville, 2018;
Herrmann et al., 2007). Among them, vimentin, a type III IF
protein, is a prominent component of cells of mesenchymal or-
igin (Mendez et al., 2010). Recent structural work indicated that
vimentin forms a helical structure of 40 �-helices organized into
five protofibrils that are connected by the vimentin tails, with
the head domains located in the lumen (Eibauer et al., 2024).
Vimentin IFs surround the nucleus and spread throughout the
cytoplasm, a distribution facilitated by microtubule-based mo-
tors (Hookway et al., 2015; Robert et al., 2019). Additionally, due
to interactions with actin filaments, the vimentin network is
subject to actin-driven retrograde flow (Leduc and Etienne-
Manneville, 2017).

Vimentin plays an important role in many cellular processes,
such as cell mechanics and control of cell stiffness (Guo et al.,
2013; Pogoda and Janmey, 2023), maintenance of cell shape, cell-
substrate adhesion, and cell migration (Bhattacharya et al.,
2009; Cheng and Eriksson, 2017; Eckes et al., 2000; Eckes
et al., 1998; Venu et al., 2022, Preprint). Furthermore, vimentin
participates in templating and stabilizing microtubule networks
(Gan et al., 2016; Schaedel et al., 2021) and is involved in the

positioning and anchorage of organelles such as mitochondria
(Nekrasova et al., 2011), endo-lysosomes, and endoplasmic re-
ticulum (ER) (Cremer et al., 2023). Finally, vimentin plays a role
in signaling and gene regulation (Paulin et al., 2022).

The cellular functions of vimentin have been primarily studied
using knockout and knockdown approaches (Bhattacharya
et al., 2009; Colucci-Guyon et al., 1994; Eckes et al., 2000;
Kural et al., 2007; Mendez et al., 2014; Mohanasundaram
et al., 2022; Ostrowska-Podhorodecka et al., 2022). While
these studies have provided insights into the consequences
of vimentin loss, they could not distinguish the direct and
immediate interactions and interdependencies between
vimentin and other cellular structures from the long-term
effects caused by the absence of vimentin and the ensuing
compensatory cellular changes, including alterations in gene
expression.

Treatments perturbing vimentin organization have also been
used to study its function (Ridge et al., 2016). For example,
overexpression of defective gigaxonin, an E3 ligase adaptor,
induces dense perinuclear aggregation of vimentin filaments
(Bomont, 2016; Mahammad et al., 2013). Similarly, withaferin A,
a natural product with anti-tumor and antiangiogenesis prop-
erties, reorganizes vimentin into perinuclear aggregates but
lacks specificity, impacting not only other IFs but also actin and
microtubules (Bargagna-Mohan et al., 2007; Grin et al., 2012).
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Another pharmacological agent, simvastatin, was shown to in-
duce bundling and collapse of vimentin filaments (Lavenus et al.,
2020; Trogden et al., 2018), but its use as a tool is complicated by
additional effects, such as its impact on cholesterol synthesis.
Furthermore, microinjected mimetic peptides were used to
disrupt filament assembly and rapidly reorganize the vimentin
network (Goldman et al., 1996; Helfand et al., 2011). While these
peptides act quickly—causing changes within minutes—they
often disrupt other cytoskeletal components, leading to cellular
alterations like rounding and blebbing (Goldman et al., 1996).
Their specificity is further limited as they are derived from
conserved IF regions (Strelkov et al., 2002), potentially affecting
other IF networks. Additionally, microinjection requires spe-
cialized expertise and equipment, reducing accessibility and
reproducibility. Altogether, this underlines the need for more
precise tools to reorganize vimentin IFs and directly observe
their interactions and effects on other cellular structures.

In this study, we developed a robust method to rapidly re-
localize vimentin filaments, either locally or globally, by
recruiting to them microtubule-based motors using either
chemical or light-induced heterodimerization. This allowed us
to observe vimentin interactions and interdependencies with
other cellular structures and their dynamic behavior on a time
scale of 15–60 min, which is too short to alter gene expression.
We found that clustering of vimentin in the cell center by mi-
crotubule minus end–directed kinesins had only mild effects on
the actin and microtubule cytoskeleton and no major impact on
cell spreading and focal adhesion number but strongly reduced
cell stiffness. The keratin-8 network was not affected by vi-
mentin displacement in HeLa cells but was co-clustered with
vimentin in U2OS and COS-7 cell lines, supporting the cell
type–specific nature of IF organization. ER sheets and mito-
chondria were relocalized together with vimentin, confirming
their direct interactions. In contrast, lysosomes were only
mildly affected, and their normal distribution was rapidly re-
stored. Our method enables acute and controlled studies of the
role of vimentin in cytoskeletal cross-talk and organelle posi-
tioning and dynamics, revealing short-term effects and steady-
state alterations.

Results
Chemically induced repositioning of vimentin to microtubule
plus or minus ends
To induce rapid repositioning of vimentin IFs, we used a
chemically inducible heterodimerization system to recruit
microtubule-based motors to vimentin, as described previously
for membrane organelles (Kapitein et al., 2010). In cells with a
radial microtubule organization, recruitment of minus end–
directed motors concentrates cargoes near the cell nucleus,
whereas plus end–directed motors disperse cargoes toward the
cell periphery (Kapitein et al., 2010).

The system we used was based on inducible binding of two
protein domains, FRB and FKBP, upon the addition of a rapa-
mycin analog (rapalog AP21967, also known as A/C hetero-
dimerizer) (Clackson et al., 1998; Pollock et al., 2000). We fused
the FKBP domain and a fluorescent marker, mCherry, to the C

terminus of vimentin (Fig. 1, A and B), as this is the preferred
tagging site for avoiding aggregation and ensuring proper fila-
ment assembly (Herrmann et al., 1996; Usman et al., 2022). The
FRB domain was fused to a kinesin motor to induce controlled
movement. To trigger minus end–directed transport toward the
microtubule-organizing center (MTOC) (Fig. 1 C), we employed
the motor domain (amino acids 861–1321) of a moss kinesin-
14–type VI kinesin-14b from the moss Physcomitrella patens
(hereafter referred to as ppKin14) (Jonsson et al., 2015). The
motor was tetramerized through a fusion with the leucine zip-
per domain of GCN4 (Nijenhuis et al., 2020) and tagged with a
BFP or GFP fluorescent marker for visualization (Chen et al.,
2022). This motor was selected because, by itself, it does not
perturb endogenous transport in mammalian cells but can effi-
ciently pull cargoes when artificially coupled to them (Nijenhuis
et al., 2020). For plus end–directed transport toward the cell
periphery (Fig. 1 C), we used a hemagglutinin (HA)-tagged di-
meric motor domain fragment of the neuronal kinesin-1 KIF5A
(amino acids 1–560) (Fig. 1, A and B). This motor was chosen for
its demonstrated efficiency in pulling the highly interconnected
and abundant ER network, which spans the entire cell (Özkan
et al., 2021). Flexible glycine-serine linkers were inserted be-
tween the fusion protein domains to ensure proper protein
folding and functionality.

To test these constructs, we transiently transfected them in
COS-7 cells, fixed the cells after treatment with ethanol solvent
with or without rapalog, and stained them for total vimentin,
and in the case of the plus end–directed motor, also for the HA
tag (Fig. 1, D and E). The mCherry-tagged vimentin strongly
colocalized with total vimentin (Fig. 1, D and E; and Fig. S1 A),
and the signal and the distribution of the latter appeared largely
unperturbed in the absence of rapalog, though the fraction of the
cell area occupied by vimentin was slightly larger in transfected
cells than in untransfected control cells (Fig. 1 F). To assess the
efficacy of motor recruitment, we conducted a 5-min treatment
with and without rapalog, followed by super-resolution imaging
of ppKin14 and KIF5A motors enhanced by antibody staining
(Fig. S1, B and C). The results showed that, in the absence of
rapalog, the motors did not associate with vimentin filaments:
ppKin14 appeared diffuse, whereas KIF5A aligned with filaments
that likely represented a stable microtubule subset, as published
previously (Cai et al., 2009; Dunn et al., 2008; Reed et al., 2006).
Upon rapalog addition, both motors densely populated vimentin
filaments (Fig. S1, B and C). Treatment with rapalog for 1 h had
no effect on vimentin distribution in untransfected cells; how-
ever, in transfected cells, the vimentin network collapsed
completely (Fig. 1, D–F). In ppKin14-transfected cells, a single
vimentin cluster was formed at the cell center, as expected.
Surprisingly, the outcome in cells expressing KIF5A was quite
similar, with a major vimentin cluster in the cell center and
some additional, smaller clusters in the peripheral cytoplasm
(Fig. 1, E and F). This conclusion was confirmed by analyzing
the fraction of cell area occupied by vimentin, using cells with
similar, moderate construct expression levels, which repre-
sented �50% of the total transfected cell population (Fig. 1, F–I).
In the remaining 50% of the cells, the construct expression was
either too high, causing vimentin pulling even without rapalog,
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Figure 1. Repositioning of the vimentin network by rapalog-induced recruitment of kinesin motors. (A) A scheme of rapalog-induced hetero-
dimerization constructs. A truncated motor domain of P. patens kinesin-14b (ppKin14, amino acids 861–1321) is fused to the FRB domain, along with a GCN4
leucine zipper for tetramerization and a BFP tag for detection. A fragment of human KIF5A (amino acids 1–560) is fused to an HA-tagged dimeric motor domain
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or insufficient to allow vimentin repositioning. Similar results
were obtained in U2OS cells (Fig. S1, D and E), indicating that
these effects were not cell line specific.

To observe vimentin relocalization in real time, we per-
formed live-cell imaging before and after rapalog addition (Fig. 1,
J and L). Vimentin repositioning toward microtubule minus ends
with ppKin14 occurred rapidly, with strong vimentin clustering
visible already within 10 min, likely due to the dense nature of
the vimentin network in the cell center (Fig. 1 J and Video 1). The
effect of KIF5A was slower (clustering visible within 20 min)
and resulted in a pronounced tug-of-war (Videos 2 and 3),
leading to the formation of vimentin clusters at microtubule
crossroads at the cell periphery in addition to vimentin accu-
mulation in the cell center (Fig. 1 L). After an hour of rapalog
treatment, cells were fixed and stained for total vimentin, con-
firming its repositioning (Fig. 1, K and M). Taken together, our
findings demonstrate that the rapalog-induced kinesin recruit-
ment can trigger rapid vimentin displacement from most of the
cytoplasm, with the minus end–directed ppKin14 organizing a
single centrally positioned cluster and the plus end–directed
KIF5A forming additional smaller clusters at the cell periphery.

Light-induced vimentin repositioning
We next modified the system by substituting the FKBP and FRB
domains for the components of the improved Light-Induced
Dimerizer (iLID) system (Guntas et al., 2015). This system con-
sists of an optimized LOV2 domain derived from Avena sativa
conjugated to the bacterial peptide SsrA (iLID) and the SsrA-
interacting domain SspB. In the dark state, the SsrA in iLID is
sterically blocked by LOV2, but upon LOV2 activation with blue
light, SsrA becomes available for binding by SspB (Guntas et al.,
2015). We fused the iLID to the two kinesin motors and linked
the mCherry-tagged C terminus of vimentin to SspBmicro (Fig. 2,
A–C). The Vim-mCh-SspB successfully integrated into the en-
dogenous vimentin network (Fig. 2 D). Upon a 5-min blue light
illumination, U2OS cells transiently transfected with iLID-GFP-
GCN4-ppKin14 and Vim-mCh-SspB exhibited motor recruitment
to vimentin filaments (Fig. S2 A), similar to the FRB–FKBP
system (Fig. S1 B). Longer blue light illumination was expected
to induce vimentin relocalization, which was indeed observed.
After 45 min of whole-cell blue light illumination, followed by

fixation and staining for total vimentin, relocalization was
confirmed (Fig. 2, E and F). To assess the performance of the
tool, we analyzed cells with comparable expression levels,
evaluated by fluorescence intensity of the tags of the transfected
constructs (Fig. 2, G and H). Among all transfected cells, �40%
were in the optimal range, �40% were overexpressing the
constructs too much, resulting in vimentin clustering without
blue light illumination, and �20% had too low expression, in-
sufficient to trigger vimentin clustering in lit conditions. Within
the optimized expression range, clustering of vimentin in the
cell center was observed only in transfected cells and only upon
blue light illumination (Fig. 2, E and F). This treatment had no
effect on the cell area, indicating that vimentin clustering had no
major effect on cell spreading (Fig. 2 I).

The advantage of light-induced heterodimerization is that it
can also be used for subcellular manipulations. Indeed, by using
local illumination with blue light, we could cause vimentin re-
traction in a part of the cell without affecting vimentin distri-
bution in the rest of the cytoplasm (Fig. 2, J and K). Subsequent
fixation and staining for vimentin confirmed that endogenous
vimentin was also locally displaced along with the tagged vi-
mentin (Fig. 2 L).

Another advantage of the iLID–SspB system compared with
the rapalog-induced heterodimerization is that it is reversible.
To evaluate reversibility, we first exposed transfected U2OS
cells to 30 min of intermittent blue light, which resulted in vi-
mentin clustering in the center of the cell, and then continued
imaging the tagged vimentin without blue light to allow cells to
recover (Fig. 2 M and Video 4). Cells required between 2.5 and
4 h to restore vimentin distribution (Fig. 2, M and N), likely
through a combination of diffusion and active transport by the
kinesin-1 motor, which transports vimentin filaments toward
the cell periphery (Gyoeva and Gelfand, 1991; Robert et al., 2019).
While some cells exhibited complete recovery, others regained
only 40–70% of the initial vimentin density at the periphery
(Fig. 2 N). This variability could not be explained by differences
in expression levels (Fig. S2 B) but could be related to differences
in the cell cycle phase or in the degree of vimentin compaction
near the MTOC, potentially caused by cross-linking proteins
trapped within the dense mesh (Petitjean et al., 2024; Wiche and
Winter, 2011).

and the FRB domain. The FKBP domain and mCherry were fused to the C terminus of vimentin. Flexible glycine-serine linkers separate protein domains. (B and
C) Schemes illustrating vimentin repositioning triggered by rapalog-induced recruitment of kinesins at the level of a single microtubule (B) and in whole cells
(C). Without rapalog, Vim-mCh-FKBP does not interact with either FRB-BFP-GCN4-ppKin14 or HA-KIF5A-FRB. Upon rapalog addition, FRB and FKBP het-
erodimerize, triggering motor attachment to vimentin filaments and their movement along microtubules. Minus-end-directed kinesins trigger vimentin
clustering around the MTOC, whereas plus end–directed kinesins cause the formation of small peripheral clusters and a large perinuclear one. (D and E)
Representative fluorescence images of COS-7 cells co-transfected with Vim-mCh-FKBP and FRB fusions of the indicated motors, with or without 1 h of rapalog
treatment. The top panels show untreated cells, whereas the bottom panels display rapalog-treated cells. Transfected cells are outlined with dashed lines, and
non-transfected cells serve as controls. Anti-vimentin and anti-HA antibodies detect total vimentin and HA-KIF5A-FRB, respectively. (F) Quantifications of the
fraction of the cell area occupied by vimentin in untransfected and transfected cells with either minus- or plus-end motor constructs, with and without rapalog
treatment. (G–I) Mean fluorescence intensities of Vim-mCh-FKBP intensity (G), FRB-BFP-GCN4-ppKin14 (H), and HA-KIF5A-FRB, detected with anti-HA
antibody (I) per cell, normalized to untransfected cells. In (F–I), n = 19–34 cells per condition across three independent experiments. Plots indicate mean ±
SD, with individual cell measurements shown as dots. ns, not significant; p, P < 0.05; pppp, P < 0.0001. Statistical significance was assessed using the
Mann–Whitney t test for (H) and (I), while the Kruskal–Wallis test followed by Dunn’s multiple comparisons test was applied for (F) and (G). (J and L) Live-cell
imaging reveals the morphology of the vimentin network immediately before and at 10, 20, and 60 min after rapalog addition. Cells co-transfected with
ppKin14 (J) or KIF5A constructs (L) show vimentin reorganization over time. (K and M) Cells shown in J and L, fixed and stained with antibodies against vimentin
60 min after rapalog treatment.
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Figure 2. Reversible vimentin repositioning by optogenetic recruitment of kinesin motors to vimentin. (A) Schematic overview of optogenetic vimentin
constructs. The constructs are similar to those shown in Fig. 1 A, except that FRB is substituted for iLID and FKBP for SSBmicro. GFP and mVenus are used as
fluorescent markers in ppKin14 and KIF5A constructs, respectively. (B and C) Schematics illustrating the action of the optogenetic vimentin constructs.
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Finally, we also tested optogenetic vimentin repositioning in
combination with the KIF5A-iLID fusion by whole-cell illumi-
nation and found that it worked similarly to KIF5A-FRB: vi-
mentin formed some peripheral clusters, with a significant part
of the filaments accumulating in the cell center (Fig. S2, C–E).
Repositioning vimentin with a minus end–directed kinesin
proved more effective than with a plus end–directed motor,
likely due to the dense organization of the vimentin network in
the perinuclear region.

Vimentin clustering has little immediate effect on
microtubules, actin, and focal adhesions
Considering that microtubules and vimentin can reciprocally
affect each other (Gan et al., 2016; Prahlad et al., 1998; Schaedel
et al., 2021), we next investigated whether vimentin clustering
affects microtubule organization. To this end, COS-7 cells were
co-transfected with Vim-mCh-FKBP and either FRB-BFP-GCN4-
ppKin14 or HA-KIF5A-FRB, with non-transfected cells serving as
controls (Fig. 3, A and B). After 1 h of treatment with or without
rapalog, the cells were fixed and stained for tyrosinated tubulin,
a marker of dynamic microtubules. The overall microtubule
intensity did not differ between transfected and non-transfected
cells, nor between rapalog-treated and -untreated conditions
(Fig. 3 C). However, we noted that the microtubule network
appeared slightly more disorganized in transfected cells, likely
due to the overexpression of vimentin and motor proteins. This
disorganization was not significantly different after pulling vi-
mentin in either direction, as quantified by the ratio of non-
radial to radial microtubules (Fig. 3 D).

Next, we examined whether stable microtubules would be
affected by vimentin pulling. Given that COS-7 cells displayed
variable levels of stable microtubules, as indicated by acety-
lated tubulin staining (data not shown), we performed these
experiments in U2OS cells, which have much more consistent
levels of stable microtubules. Cells were fixed after 1 h of
treatment with or without rapalog. Cells co-expressing Vim-
mCh-FKBP and FRB-BFP-GCN4-ppKin14 exhibited similar
levels of acetylated tubulin compared with non-transfected cells,
regardless of the treatment condition (Fig. 3, E and G). However,
cells co-expressing Vim-mCh-FKBP with HA-KIF5A-FRB showed

significantly reduced acetylated tubulin levels even without
rapalog addition (Fig. 3, F and G), and the expression of HA-
KIF5A-FRB alone was sufficient to cause this effect (Fig. S3, A
and B). This is consistent with a recent study showing that
overexpression of kinesin-1 KIF5B fragment 1–560 reduces the
number of stable, acetylated microtubules (Andreu-Carbó
et al., 2024), which are the preferred tracks for this motor
in cells (Cai et al., 2009; Dunn et al., 2008; Reed et al., 2006).
Due to this strong effect of the KIF5A motor on stable micro-
tubules, we decided to focus on minus end–directed pulling in
subsequent experiments to avoid indirect effects of perturbing
stable microtubules on the studied structures.

We next examined the effects of vimentin clustering on actin
stress fibers and focal adhesions, structures that have been re-
ported to be linked to vimentin IFs (Bhattacharya et al., 2009;
Esue et al., 2006; Jiu et al., 2015; Mendez et al., 2010; Tsuruta and
Jones, 2003; Venu et al., 2022, Preprint). 1 h after initiating
rapalog-induced vimentin network relocalization by ppKin14,
COS-7 cells were fixed and stained for total vimentin, F-actin,
and the focal adhesion marker paxillin. Despite strong vimentin
clustering, we observed no changes in the cell area, the ap-
pearance of F-actin structures, or the number of focal adhesions
(Fig. 4, A–C). We repeated these experiments in U2OS cells,
which have more prominent stress fibers and focal adhesions,
but again observed no significant changes after vimentin repo-
sitioning (Fig. 4, D–F). This is consistent with the results of
light-induced vimentin repositioning described above, where no
effect on cell area was observed (Fig. 2 I). Our findings indicate
that the clearance of vimentin from the cytoplasm and its clus-
tering in the cell center do not have major short-term effects on
microtubules, actin, or the ability of cells to adhere to substrate
and spread.

Co-dependency of keratin-8 and vimentin localization is cell
type dependent
We next examined the impact of rapalog-inducible vimentin
clustering on keratin IFs using COS-7, U2OS, and HeLa cells. All
three cell lines showed endogenous expression of keratin-8,
with the highest expression observed in HeLa cells (Fig. S4 A). In
COS-7 cells, the keratin-8 and vimentin networks exhibited

(B) Upon blue light activation, the iLID module changes conformation, uncaging an SsrA peptide, which binds to SspB. By tagging vimentin with SspB and
ppKin14 and KIF5A with iLID, vimentin can be inducibly pulled toward microtubule minus or plus ends, respectively. (C) Transfection of cells with Vim-mCh-
SspB combined with one of the two kinesin constructs and blue light activation results in vimentin pulling to microtubule minus or plus ends, causing vimentin
clustering either at the MTOC (ppKin14) or both the cell periphery and MTOC (KIF5A). (D) U2OS cells expressing the Vim-mCh-SspB construct. The over-
expressed vimentin network is visualized by mCherry fluorescence, while total vimentin intensity is detected via anti-vimentin immunostaining. Images were
captured using scanning confocal microscopy. (E–I) U2OS cells co-transfected with Vim-mCh-SspB and iLID-GFP-GCN4-ppKin14 were either fixed in a dark
room (DARK) or exposed to 45 min of blue light (LIT) prior to fixation and staining for vimentin (total vimentin). (E) Representative images, with transfected
cells outlined with a dashed line. (F) Quantification of the fraction of the cell area occupied by vimentin. (G) Mean iLID-GFP-GCN4-ppKin14 fluorescence
intensity per cell, normalized to untransfected cells. (H) Mean cell Vim-mCh-SspB fluorescence intensity. (I) Mean total cell area. (F–I) n = 23–29 cells per
treatment analyzed over three experiments; bars show mean ± SD. ns, not significant; pppp, P < 0.0001 by Mann–Whitney test (G and H) or Kruskal–Wallis
with Dunn’s test (F and I). (J–L) U2OS cells co-transfected with Vim-mCh-SspB and iLID-GFP-GCN4-ppKin14 were locally illuminated with 488-nm light pulses
for 40 min before fixing and staining for vimentin. (J) Scheme of the experiment. (K) Stills with the region illuminated with blue light are indicated with a blue
dashed box. (L) Vimentin staining in the cell shown in K was fixed after local illumination. (M and N) U2OS cells co-transfected with Vim-mCh-SspB and iLID-
GFP-GCN4-ppKin14 were exposed to whole-cell 488-nm light pulses for 30 min to cluster vimentin, and then 488-nm pulses were stopped to allow cells to
recover over 4 h. (M) Representative cell directly before light pulses (�30 min), after 30 min of 488-nm light pulsing (0 min), and after 4 h of recovery without
blue light activation (4 h). (N) Quantification of Vim-mCh-SspB mean intensity at an ROI at the cell periphery over time; plot shows a line for every individual
cell, n = 9 cells analyzed over three independent experiments.
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Figure 3. Effects of vimentin repositioning on the microtubule cytoskeleton. (A and B) COS-7 cells were co-transfected with Vim-mCh-FKBP and either
FRB-BFP-GCN4-ppKin14 (A) or HA-KIF5A-FRB (B), with non-transfected cells as controls. Transfected cells are outlined with a dashed line. After 1 h of
treatment with or without rapalog, cells were fixed for analysis. Representative fluorescent images display the microtubule network, labeled with antibodies
against tyrosinated �-tubulin (Tyr-tubulin). Microtubules are further color-coded to indicate radial (cyan) and non-radial (yellow) orientations. (C) Quantifi-
cation of tyrosinated �-tubulin intensity in cells expressing Vim-mCh-FKBP along with either FRB-BFP-GCN4-ppKin14 or HA-KIF5A-FRB, normalized to non-
transfected cells, with or without rapalog treatment. n = 21–23 cells analyzed across two independent experiments. (D) Quantification of the ratio of non-radial
to radial tyrosinated microtubules in non-transfected cells and cells expressing Vim-mCh-FKBP with either FRB-BFP-GCN4-ppKin14 or HA-KIF5A-FRB, with or
without rapalog treatment. n = 20–22 cells were analyzed across two independent experiments. (E and F) Representative images of U2OS cells stained for
acetylated microtubules (Ac-tubulin), showing either untransfected cells or cells co-expressing Vim-mCh-FKBP with either FRB-BFP-GCN4-ppKin14 (E) or HA-
KIF5A-FRB (F). Transfected cells are outlined with a dashed line. After 1 h of treatment with or without rapalog, cells were fixed for analysis. (G) Quantification
of normalized acetylated microtubule intensity in untransfected U2OS cells and cells co-expressing Vim-mCh-FKBP with either FRB-BFP-GCN4-ppKin14 or HA-
KIF5A-FRB, in the presence and absence of rapalog. n = 37–49 cells were analyzed across three independent experiments. Plots indicate mean ± SD, with
individual cell measurements shown as dots. ns, not significant; p, P < 0.05; pp, P < 0.01; ppp, P < 0.001; pppp, P < 0.0001 as assessed by Kruskal–Wallis test.
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Figure 4. Effects of vimentin repositioning on the actin cytoskeleton, cell spreading, and focal adhesions. (A–F) COS-7 (A–C) or U2OS (D–F) cells were
co-transfected with Vim-mCh-FKBP and FRB-BFP-GCN4-ppKin14, while non-transfected cells served as controls. Transfected cells are outlined with a dashed
line. (A and D) After 1 h of treatment with or without rapalog, the cells were fixed and stained for total vimentin, paxillin, and actin using phalloidin. (B and E)
Quantification of the total cell area based on the phalloidin staining in transfected (T) and untransfected (U) cells, with and without rapalog treatment. Dashed
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strong colocalization in the cell center, with keratin being
more abundant than vimentin at the cell periphery (Fig. S4
B). Super-resolution imaging showed that the two proteins
could be detected in the same filaments (Figs. 5, A and B; and
S4, B and C). Overexpression of vimentin in COS-7 cells re-
sulted in a more fragmented keratin-8 network and reduced
its abundance at the cell periphery (Fig. 5 A). However, co-
localization between keratin-8 and vimentin in transfected
cells persisted, even following vimentin clustering (Fig. 5, A
and B). Similarly, U2OS cells showed high vimentin-keratin-
8 colocalization, with both proteins sometimes incorporated
into the same filaments, although keratin-8 appeared more
sparse (Fig. 5, C and D; and Fig. S4, D and E). Also in U2OS
cells, vimentin pulling efficiently cleared keratin-8 from the
cytoplasm (Fig. 5, C and D). These findings indicate a strong
interdependence between the two IF types in COS-7 and
U2OS cells.

In HeLa cells, both networks were dense around the nu-
cleus, but the keratin-8 network also formed connections to
the plasma membrane via desmosomes, as described previ-
ously (Fig. 5 E; and Fig. S4, F and G) (Jones and Goldman,
1985; Nishizawa et al., 2005; Schwarz et al., 2015). Unlike
COS-7 and U2OS cells, vimentin and keratin-8 networks in
HeLa cells appeared much more distinct and displayed a
lower colocalization coefficient (Fig. 5 F), although some
filaments containing both IF types were also observed (Fig. 5
E; and Fig. S4, F and G). Vimentin clustering did not affect
the distribution of keratin-8 in HeLa cells, as reflected by a
significant reduction in colocalization (Fig. 5, E and F). These
results imply significant differences in the organization of
vimentin and keratin-8 networks between cell types.

Vimentin relocalization to the MTOC reduces cell stiffness
Previous studies have demonstrated that cells lacking vi-
mentin exhibit reduced stiffness and increased deformabi-
lity (Mendez et al., 2014; Messica et al., 2017; Shaebani et al.,
2022). Building on these findings, we aimed to investigate
the effect of vimentin reorganization on cellular mechanical
properties, with a particular focus on cell stiffness. To ex-
plore this, we used rapalog-induced vimentin reorganization
in U2OS cells (Fig. 6 A) and measured cell stiffness using a
spherical nanoindenter to determine the Young’s modulus
(Fig. S5). Indentations were performed at three locations
within the perinuclear region (Fig. 6 B). Cells in which vi-
mentin was pulled toward the cell center exhibited a re-
duction in Young’s modulus of more than 60% compared
with control cells (Fig. 6 C). This significant decrease in cell
stiffness indicates that vimentin reorganization makes U2OS
cells softer and more deformable, aligning with previous
findings from vimentin knockout studies (Mendez et al.,
2014; Messica et al., 2017; Shaebani et al., 2022).

Vimentin pulling drives ER reorganization and reveals
redundancy of ER-vimentin linkers
Next, we investigated the effect of vimentin repositioning on
intracellular membranes. Vimentin and the ER display a
significant degree of colocalization, especially in the peri-
nuclear area where ER sheets are present, as well as at the
more peripherally located ER matrices (Cremer et al., 2023;
Lynch et al., 2013; Nixon-Abell et al., 2016) (Fig. 7, A and B).
At the cell periphery, ER intensity decreases, coinciding with
the polygonal ER network and a sparser vimentin distribu-
tion (Fig. 7, A and B).

Using the optogenetic tool, we observed that ER sheets and
matrices, but not tubules, moved along with vimentin, con-
firming their previously described direct connections (Cremer
et al., 2023) (black arrows, Fig. 7 C and Video 5). Most of the
vimentin and ER repositioning occurred within �10 min (Fig. 7,
C and D; and Video 5). While initially this resulted in a sparser
tubular ER network at the cell periphery, over time, the network
became denser, with smaller polygonal structures. This effect
could also be observed in the ratio of perinuclear to peripheral
intensity, where a subset of ER initially follows vimentin to the
perinuclear region but then redistributes again toward the cell
periphery (Fig. 7 D). It should be noted that while photo-
bleaching of the ER channel was negligible, there was a 40%
reduction in total Vim-mCh-SspB intensity over the course of
the experiment (Fig. 7 E).

A similar pattern for ER reorganization was seen in fixed
COS-7 cells using the rapalog-based tool to sequester vimentin
(Fig. 7 F). After 1 h of rapalog-induced vimentin clustering, we
observed two distinct phenotypes: in some cells, the ER re-
mained sparse and mostly confined to the perinuclear area; in
other cells, the ER reorganized, forming smaller polygons that
extended toward the periphery (Fig. 7 F).

Next, we investigated the effect of vimentin pulling in the
absence of RNF26, a recently described linker between ER sheets
and vimentin (Cremer et al., 2023). We used U2OS WT and
RNF26 knockout cells and performed localized light-induced
vimentin relocalization inside a region of interest (ROI) at the
cell periphery (blue dashed box, Fig. 8, A and B; and Videos 6 and
7). Surprisingly, even in the absence of RNF26, we observed
during vimentin pulling a concomitant retraction of the ER
sheets and matrices (Fig. 8 B and Video 7). This was also dem-
onstrated by the reduction in fluorescence intensity of the ER
marker inside the ROI accompanying the drop in vimentin in-
tensity (Fig. 8 C). This implies the existence of additional linkers
between the ER network and the vimentin cytoskeleton.

Vimentin-mediated mitochondrial relocalization persists after
pulling, whereas lysosomes rapidly recover
We next investigated the effects of vimentin repositioning
on other organelles. U2OS cells were used because in these

boxes show regions enlarged in the zoom panels. (C and F) Quantification of the total focal adhesion number based on paxillin staining, normalized to cell area
as determined by phalloidin staining in both transfected and untransfected cells, with or without rapalog treatment. Measurements were collected from n =
28–31 cells in B and C and from n = 27–29 cells in E and F across three independent experiments. The plots display the mean ± SD, with individual cell
measurements represented as dots. ns, not significant, determined by Kruskal–Wallis analysis.
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Figure 5. Effects of vimentin clustering on the keratin-8 network across cell lines. (A, C, and E) Indicated cell lines were co-transfected with Vim-mCh-
FKBP and FRB-BFP-GCN4-ppKin14 constructs (transfected cells are outlined), while non-transfected cells served as controls. After 1 h of treatment with or
without rapalog, the cells were fixed for analysis. Total vimentin and keratin-8 network intensities were measured after staining with anti-vimentin and
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cells, organelles are distributed throughout the cell, whereas
in COS-7 cells, most organelles are strongly clustered in the
perinuclear region, and their relocalization with vimentin
would be less obvious. Local vimentin pulling revealed that
the clearance of vimentin led to a strong redistribution of
mitochondria (Fig. 9 A and Video 8). Mitochondria remained
co-clustered with vimentin also during longer (1 h) treat-
ment periods, as observed in fixed cells after using the ra-
palog tool (Fig. 9 B). The fraction of mitochondria at the cell
periphery (defined as the cell area outside the perinuclear
region, which was empirically defined as a circle with a ra-
dius of 13.82 �m) was reduced in rapalog-treated transfected
cells compared with untreated transfected cells (Fig. 9 C).

In contrast, lysosomes demonstrated a different behavior.
In optogenetic experiments, lysosomes were initially pulled
along with vimentin but quickly dissociated from the vi-
mentin cluster and returned to the cell periphery (Fig. 9 D
and Video 9). This was confirmed by the long-term (1 h)
rapalog treatment and analysis of fixed cells, which showed
no significant changes in lysosome distribution between
treated and untreated cells (Fig. 9 E). The lysosome fraction
at the cell periphery (outside the perinuclear region) re-
mained the same, �40% (Fig. 9 F). These data indicate that
vimentin IFs are not a dominant factor in the steady-state
distribution of lysosomes, and their transient displacement
could be caused by their entrapment in the vimentin mesh or
the presence of the membrane contact sites with other or-
ganelles, such as the ER or mitochondria.

Discussion
In this study, we have introduced a rapid chemical and opto-
genetic approach to reposition the vimentin network, which can
be precisely controlled in time and space. In cells with a radial
microtubule organization and significant perinuclear clustering
of vimentin, a minus end–directed kinesin could rapidly (within
�10 min) clear the cytoplasm of the majority of vimentin fila-
ments without strongly perturbing either microtubules or the
actin cytoskeleton. Also, a plus end–directed kinesin-1–derived
tool disrupted the vimentin network, but it turned out to be less
useful because it was slower and led to the formation of both
peripheral and perinuclear vimentin clusters. This was likely
because vimentin forms a very dense perinuclear cage that is
difficult to pull apart; moreover, some of the preferred tracks of
kinesin-1, stable microtubules, are positioned with their plus
ends facing the cell periphery (Chen et al., 2022) and could
target vimentin toward the nucleus.

The optogenetic approach for clustering vimentin was re-
versible, suggesting that pulling did not damage vimentin fila-
ments. The recovery was, however, incomplete in some cells,
possibly due to differences in the cell cycle stage or because the
forces generated by kinesin-1 (Robert et al., 2019) may be insuf-
ficient to fully restore vimentin’s original distribution. Further-
more, vimentin clustering might cause increased cross-linking via
the tail domains (Aufderhorst-Roberts and Koenderink, 2019; Lin
et al., 2010), or perhaps by proteins like plectin becoming trapped
within the filament mesh (Foisner et al., 1988; Wiche and Baker,
1982; Wiche and Winter, 2011).

anti–keratin-8 antibodies, respectively. The white dashed box indicates the region of the cell enlarged in zoom images. Images were obtained with Airyscan
microscopy. (B, D, and F) Colocalization analysis in COS-7 (B), U2OS (D), and HeLa (F) cells. The graphs represent Manders’ coefficients of thresholded images,
measured from 50.2 × 50.2-µm ROIs per COS-7 cell (B), 45.11 × 45.11-µm ROIs per U2OS cell (D), and 35.03 × 35.03-µm ROIs per HeLa cell (F). Graphs show
mean ± SD, with individual cell measurements represented by dots. In B, data were collected from n = 25–29 cells; in D, n = 27–29 cells; and in F, n = 27–34 cells
across three independent experiments. ns, not significant; p, P < 0.05; pp, P < 0.01; pppp, P < 0.0001 based on Kruskal–Wallis statistical analysis.

Figure 6. Effects of vimentin repositioning on cell stiffness. (A and B) Schematic depiction of a control and a rapalog-treated U2OS cell co-transfected
with Vim-mCh-FKBP and FRB-BFP-GCN4-ppKin14, before and during indentation in the perinuclear region using a spherical tip of 3.5-µm radius. Each cell was
indented at three separate locations in the perinuclear region. (C) The graph presents the Young’s modulus of cells co-transfected with Vim-mCh-FKBP and
FRB-BFP-GCN4-ppKin14 constructs, with and without rapalog treatment. Data were collected from n = 19–22 cells across two independent experiments. A
total of 56 measurements were obtained from 19 cells without rapalog, and 63 measurements from 22 cells treated with rapalog. The plots display the mean ±
SD, with each dot representing an individual cell measurement. ****, P < 0.0001 via Mann–Whitney test.
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Figure 7. Effects of vimentin repositioning on ER morphology. (A and B) Representative image of a COS-7 cell stained for endogenous calnexin (ER) and
vimentin, and (B) intensity profile along the indicated line. Images were collected using STED microscopy. (C–E) U2OS cells co-transfected with Vim-mCh-
SspB, iLID-GFP-GCN4-ppKin14, and Halo-KDEL were first imaged for 5 min without 488-nm pulsing (�5 min, 0 min), then imaged for 25 min with whole-cell
488-nm pulsing to induce optogenetic vimentin clustering (5, 10, 25 min). (C) Spinning disc confocal images from the experiment, with black dashed boxes
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