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The dynamic distribution of the microtubule (MT) cytoskeleton is crucial for the shape,
motility, and internal organization of eukaryotic cells. However, the basic principles that
control the subcellular position of MTs in mammalian interphase cells remain largely
unknown. Here we show by a combination of microscopy and computational modeling
that the dynamics of the endoplasmic reticulum (ER) plays an important role in distribut-
ing MTs in the cell. Specifically, our physics-based model of the ER–MT system reveals
that spatial inhomogeneity in the density of ER tubule junctions results in an overall con-
tractile force that acts on MTs and influences their distribution. At steady state, cells rap-
idly compensate for local variability of ER junction density by dynamic formation,
release, and movement of ER junctions across the ER. Perturbation of ER junction teth-
ering and fusion by depleting the ER fusogens called atlastins disrupts the dynamics of
junction equilibration, rendering the ER–MT system unstable and causing the formation
of MT bundles. Our study points to a mechanical role of ER dynamics in cellular organi-
zation and suggests a mechanism by which cells might dynamically regulate MT distribu-
tion in, e.g., motile cells or in the formation and maintenance of neuronal axons.
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The microtubule (MT) cytoskeleton is essential for cellular organization. Interphase
MTs are critical for membrane traffic, cellular morphology, and cell polarity (1, 2).
MTs are also actively involved in distributing membrane-bound organelles, including
the endoplasmic reticulum (ER), mitochondria, and the Golgi apparatus (3). To fulfill
these important functions in the dynamic organization of the cell, the position of the
MT cytoskeleton needs to be actively controlled. While nucleation at the MT organiz-
ing center (MTOC), MT growth dynamics, and the interaction with other cytoskeletal
elements as well as with components of the polarity machinery are well understood, it
remains largely unknown how cells are able to exert control over the organization of
polymerized MTs during interphase. In particular, it remains largely unexplored
whether and how the physical interplay with large membrane-bound organelles such as
the ER plays a role in the spatial distribution of the MT system.
The peripheral ER is a continuous network of membrane tubules and sheets that spans

the cytoplasm of eukaryotic cells and is physically connected with MTs (4–7). The high
membrane curvature seen in cross-section of ER tubules and sheet edges is stabilized by
members of the reticulon and REEP protein families (8–10), and the tubules are connected
at three-way junctions (3WJs). In metazoans, membrane tethering and fusion during 3WJ
formation is mediated by ER resident dynamin-like GTPases called atlastins (ATL1 to
ATL3) (11–13). Newly generated 3WJs appear to be stabilized by lunapark (LNP), yet
another evolutionarily conserved ER membrane protein (11–13). Loss of ATL function
leads to a reduction in 3WJs and the formation of long unbranched ER tubules (14, 15)
and results in a pronounced change of ER distribution in the cell.
The initial understanding of mechanisms determining ER morphology has to a large

extent been based on in vitro work with Xenopus egg extracts (10, 16–19). Over the
past decade, ER network reconstitution experiments with purified components
(20–25) have provided key insights into the function of the proteins that are involved
in network formation and maintenance (23–30). A central result of these studies indi-
cates that ER network formation is possible with a minimal set of ER membrane pro-
teins and that the cytoskeleton is not strictly necessary (23).
Within living cells, the ER is an extremely dynamic organelle, and its shape is continu-

ously remodeled (5, 31–35). In this context, the ER shaping machinery is obviously
required, but the interaction with the MT cytoskeleton is equally important. For example,
new ER tubules can be formed by ER sliding, when motor proteins pull on the ER along
MTs (34). In addition, ER tubules are pulled out by attaching directly to the growing
plus-ends of MTs, which are marked by the evolutionarily conserved plus-end tracking
proteins (+TIP) called end binding proteins (EB1 to EB3) (34, 36–38). Finally, a vast
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number of ER factors have been shown to interact with the MT
cytoskeleton, including some of the ER tubule and sheet stabiliz-
ing proteins, such as members of the REEP family and CLIMP-
63, respectively (39–41). Therefore, the MT cytoskeleton exerts a
considerable mechanical influence on the ER and has an impor-
tant role in the dynamic distribution of this elaborate membrane
system in the cell (7, 42).
Given the extensive mechanical coupling between the ER

network and the MTs, independent modulation of ER struc-
ture by the ER-shaping proteins may arguably have an impor-
tant reciprocal effect on the cytoskeleton and might contribute
to the organization of MTs. The cellular distribution of the
combined system may in fact result from a concerted interplay
between both structures and is conceivably not only determined
by the action of MTs alone. The mechanisms by which the ER
influences the state of the combined MT–ER system and how
ER shape contributes to the control of MT distribution in the
cell are largely unknown.
Increasing evidence pointing at a role for the ER in controlling

MT organization exists mainly from work in neurons, for instance,
showing codependent accumulation of the ER and MTs at the
tips of regenerating axons in fly (43). The ER is also important in
establishing polarity of mammalian neurons and stabilizes MTs
within axons (44). Depletion of ATLs perturbs the interdependent
localization of the ER and MTs, resulting in a significant reduction
of axon repair after injury (43). Additionally, altering ER localiza-
tion within the cell as shown by elegant anchor away experiments
in neurons perturbs the mechanisms of axon initiation. Specifically,
removal of the ER from axons by anchoring it in the neuronal cell
body changes the stability and dynamics of axonal MTs (44).
Moreover, it has been found that loss of ATL function in
Caenorhabditis elegans results in retraction of the ER network from
distal dendritic elements, leading to destabilization of the MTs in
high-order dendritic branches (45). Consistent with these observa-
tions, mutations in human ATLs are linked to neurodegenerative
diseases such as hereditary spastic paraplegia and hereditary sensory
and autonomic neuropathy (HSAN), in which aberrant ER shape
and dynamics lead to atrophy of neuronal axons (46). While these
are highly complex diseases, accumulating evidence suggests that
impaired ER tethering and fusion result in profound changes in
both neuronal ER shape and MT biology (22, 40, 44, 47). Recent
three-dimensional (3D) EM reconstructions of the ER in primary
HSAN patient fibroblasts reinforce this concept and add the
notion that aberrant ER shape after loss of ATL function is accom-
panied by a drastic change in subcellular distribution of the ER
network (48). The mechanisms by which inhibition of ATL-
mediated ER tethering and fusion might influence the position of
the ER in the cell and the role of the interaction with MTs in this
process remain, however, largely mysterious.
Here we have explored the physical interplay between MT

organization and ER morphology. We have used quantitative,
automated confocal fluorescence microscopy to show that per-
turbation of ER network dynamics by inhibition of homotypic
ER tethering and fusion leads to drastic changes in MT distri-
bution within the cell. A theoretical model that relates the elas-
tic properties of the tubular ER network to the local density of
3WJs recapitulated the experimental findings and predicted
that the kinetics of formation, resolution, and mobility of ER
junctions are critical for the spatial organization of MTs within
mammalian cells. Quantitative live cell imaging confirmed the
central theoretical predictions. Specifically, depletion of the ER
fusion machinery led to a significant reduction in the rates of
ER junction equilibration and promoted the local bundling of
the ER–MT system. Our work identifies ER network dynamics

as a core process contributing to the mechanisms that control
MT distribution in mammalian cells.

Results

Automated Analysis of ER Network Structure. To quantitatively
assess ER morphology in an unbiased manner, we used an
automated computer vision approach facilitating the quantita-
tive assessment of ER shape in large populations of single cells.
We first imaged the ER by immunofluorescence with antibod-
ies to endogenously expressed calreticulin (CRT), a luminal ER
protein found in all subdomains (Fig. 1A). We then automati-
cally segmented DAPI-stained nuclei and used low concentra-
tions of fluorescent N-hydroxysuccinimide to determine the
outline of individual cells (Fig. 1B). To segment the ER and
separate it from the cytoplasm, we trained a supervised random
forest-based pixel classifier with intensity and texture features of
the CRT signal (Fig. 1B). In order to focus our analysis on the
tubular ER network, we additionally segmented ER sheets and
excluded them from further analysis (Fig. 1B). Comparison of
the automated sheet classification with the localization of
endogenously expressed CLIMP-63, a known ER sheet protein,
validated this approach (SI Appendix, Fig. S1 A and B).

To parameterize the shape and structure of the peripheral ER,
we skeletonized the network segmentation and determined the
localization of 3WJs (Fig. 1B). Subsequently, we extracted charac-
teristic network properties, such as the number of 3WJs per ER
tubule length (number per micrometer), as well as higher-order
features, such as the geometry of network polygons that are
bounded by the ER tubules (Fig. 1 D and E).

Perturbation of ER Tethering and Fusion Leads to Changes in
Subcellular Distribution of the ER. To perturb the morphology
of the ER, we acutely depleted both atlastin isoforms that are
expressed in COS7 cells (ATL2 and ATL3) by RNA interfer-
ence (RNAi) and confirmed their efficient removal using auto-
mated single-cell–based fluorescence microscopy (SI Appendix,
Fig. S1C). Quantitative analysis showed that the change of
structural ER parameters was consistent with previous work,
revealing a significant reduction of 3WJ density and longer ER
tubules (Fig. 1 C and D).

Apart from these expected changes, we observed a pro-
nounced change in the subcellular distribution of the ER
network when compared to wild-type (WT) or control cells
(Fig. 1C and S1E). Specifically, the ER tubules of cells lacking
ATLs appeared more parallel to one another, and the ER poly-
gons bounded by ER tubules seemed narrow and elongated.
Quantification of the polygon shape corroborated this visual
impression showing a significant increase of the polygonal
eccentricity, consistent with the elongation along one axis of
the fitted ellipsoid (Fig. S1E). Although the basic structure of
the remaining 3WJs that connect tubules did not change when
we measured the angles between the axes of the converging
tubules (Fig. S1F), the ER seemed to be stretched into the cellu-
lar periphery (Fig. 1C and S1E).

Taken together, these observations indicate that ATL deple-
tion not only reduces the degree of network connectivity but
additionally affects the subcellular distribution of the ER. The
mechanisms that lead to the altered ER distribution under these
conditions are so far unclear but likely involve the cytoskeleton.

Perturbation of ER Morphology Influences MT Distribution.
To explore this possibility, we visualized the MT cytoskeleton
by immunofluorescence. As expected, the MTs spread evenly
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throughout the cytoplasm of control cells and the MT axes
were distributed isotropically (Fig. 2A). In the absence of ATLs
the MTs often clustered (Fig. 2B). Interestingly, the distribu-
tion of actin remained largely unaffected (SI Appendix, Fig. S2
A and B), with no apparent change in the cellular actin content
or any accumulation of stress fibers compared to controls (SI
Appendix, Fig. S2C). In addition, many cells appeared elon-
gated and formed pronounced protrusions that were filled with
tightly packed MT bundles (Fig. 2B and SI Appendix, Fig.
S2B). In these bundles, we sometimes observed a slight increase
of actin and the intermediate filament vimentin (SI Appendix,
Fig. S2 B and D). In addition to MT bundling, the MTs were
also differently organized around the nucleus, showing strong
accumulation at the MTOC (Fig. 2 A and B). Remarkably, the
shape of the nucleus turned into a multilobed structure, resem-
bling a flower (Fig. 2B and SI Appendix, Fig. S2B ).
In order to quantify the change of MT distribution in indi-

vidual cells, we applied an image processing method, which
has been previously developed to assess the direction of stress
fibers in stem cells (49). The analysis is based on convolving
the MT fluorescence images with a rotated anisotropic Gauss-
ian kernel, resulting in maximal intensity for each pixel when
the rotational angle of the kernel is aligned with the local direc-
tion of the MTs. A maximum intensity projection results in a
MT angle map of the cell, in which the MT direction is visual-
ized in color (Fig. 2 C and D).
Next, we systematically analyzed the extent of MT isotropic-

ity by dividing the cell into 100 radial sectors and merged
neighboring sectors when the MTs within them had similar

mean radial direction (≤12°) and MT angle distribution (SD
≤ 36°). As expected, the random distribution of MT orienta-
tion in control cells resulted in many small sectors (Fig. 2E, cell
I), in which MTs were arranged in various different directions.
In ATL-depleted cells the mean sector size increased signifi-
cantly (Fig. 2 F and G), indicating a more regular arrangement
of MTs over larger areas in the cell. Indeed, the number of sec-
tors with a size larger than 40° doubled in ATL-depleted cells
(Fig. 2F, cell I and II, and Fig. 2G). Interestingly, within these
large sectors of ATL-depleted cells, a substantial fraction of the
MTs were coaligned with the sector axis, i.e., pointing radially
into the periphery of the cell. Occasionally, control cells also
contained large sectors (Fig. 2E, cell II), but the MTs within
these were poorly aligned with the axis of the sector and were
not oriented radially (Fig. 2E, cell II). Quantification of these
observations revealed that the fraction of radially aligned MTs
increased fourfold in ATL-depleted cells compared to controls
and therefore served as an additional quantitative indicator of
the MT bundling phenotype (Fig. 2F, grayscale images, and
Fig. 2G ).

In contrast, when we depleted the 3WJ-stabilizing protein LNP
(SI Appendix, Fig. S2 E and F ) and the ER sheets expanded as
previously reported, the MTs did not bundle at all (SI Appendix,
Fig. S2G ). In fact, the distribution of MTs in LNP-depleted cells
appeared even more random than in controls (SI Appendix, Fig.
S2H ), suggesting that the controlled, local accumulation of 3WJs
might be involved in the formation of MT bundles.

Taken together, these results indicate that the bundling of
MTs is a specific effect of ATL removal and suggest that
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Fig. 1. Automated analysis of ER morphol-
ogy. (A) COS7 cells were analyzed by immuno-
fluorescence with antibodies to the luminal ER
protein CRT. The boxed areas are enlarged
and are shown on the right. (Scale bar, 10
μm.) (B) As in A but ER tubules (white) and
sheets (yellow) were automatically segmented
by user-supervised pixel classification trained
with features of the CRT signal. The skeleton
of the ER network is shown in green, and
3WJs between tubules are red. Nuclei (blue)
and cell outlines were segmented using DAPI
and NHS-647. (C) As in B but ATL2 and ATL3
were depleted by RNAi (ATLdKD), or COS7
cells were treated with scrambled control
small interfering (si) RNAs (SCR). (Scale bar, 1
μm.) (D) Automated quantification of 3WJs per
tubule length (number per micrometer). Sta-
tistical significance was assessed using
Welch's test (***P < 0.001). n = 186 control
(SCR) cells, and n = 170 ATL-depleted cells
(ATLdKD).
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Fig. 2. The distribution of MTs changes upon ATL depletion. (A) COS7 cells treated with scrambled siRNAs were analyzed by immunofluorescence with anti-
bodies to b-tubulin staining MTs. The boxed areas are enlarged and are shown on the right. (Scale bar, 10 μm.) (B) As in A but ATL2 and ATL3 were depleted.
(C) As in A but the images were processed with a rotated elongated Gaussian kernel as described in Materials and Methods to build a MT angle map of each
cell. The MT angle is visualized in color. (D) As in C but ATL2 and ATL3 were depleted. (E) The cells were divided into 100 sectors, which were unified when
the MT direction and angle distribution were similar as described in Materials and Methods. Each sector has a different color. The grayscale images indicate
the fractional directionality of all MTs within each sector aligned with the sector axes. The two example cells shown correspond to regions I and II in C boxed
in white. (F) As in E but ATL2 and ATL3 were depleted. (G) Quantification of mean size of sectors, the number of sectors larger than 40°, and the mean frac-
tional alignment of MTs with the sector axes in SCR or ATL2- and ATL3-depleted cells. (n = 22 SCR cells, and 23 ATLdKD cells.) (H) MTs were visualized by
superresolution imaging with STED, after immunofluorescence with antibodies to b-tubulin. Cells were treated with control (SCR) or ATL2 and ATL3 siRNAs
(ATLdKD). (Scale bars, 10 μm and 1 μm in the zoomed-in images.) (I) As in H but a long cellular protrusion formed after ATL2 and ATL3 depletion is shown.
(Scale bars, 10 μm and 1 μm in the zoomed-in image.)
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perturbation of 3WJ formation results in an extensive redistri-
bution of MTs in the cell.
Superresolution stimulated emission depletion (STED) micros-

copy images confirmed the ordered distribution and bundling of
MTs in cells lacking ATLs (Fig. 2H). Additionally, these experi-
ments revealed that the tightly packed MTs within long cellular
protrusion often had sudden kinks and appeared to buckle (Fig.
2I ), possibly indicating a change in the mechanical load and sta-
bility of MTs within the bundles.

ATL Depletion Increases MT Acetylation and Stability. To inves-
tigate this possibility, we quantified the extent of α-tubulin acet-
ylation, (50, 51). Acetylated MTs are more elastic and protected
against mechanical damage (52). Fig. 3 A–C show that acetyla-
tion is indeed increased when ATLs were depleted. As expected,
the acetylated MTs were also more stable. A 15-min-long treat-
ment with the MT depolymerization drug colchicine removed
most of the MTs in controls (Fig. 3D) but did not depolymerize
MTs in ATL-depleted cells (Fig. 3E). Several hours after drug
addition, the MTs were depolymerized in all conditions (12 h;
Fig. 3 D and E).
Interestingly, ATL-depleted cells also contained enlarged

MTOCs, (SI Appendix, Fig. S3 A and B ). However, the cellular
content of γ- tubulin, which contributes to the nucleation of
MTs at the MTOC, remained unchanged (SI Appendix, Fig.
S3 A and C ), and the number of centrosomes were the same as
in control cells (SI Appendix, Fig. S3D).
Since anomalous centrosome structure is often indicative of

perturbations in the cell cycle (53), we considered the possibil-
ity that the observed MT-bundling phenotype might be an
indirect effect of aberrant cell cycle progression (54). We there-
fore assessed the cell cycle stages in large populations of fixed,
single cells (55). While ATL depletion slightly reduced the total
cell number, consistent with previous work (56), the cells, sur-
prisingly, progressed efficiently through the cell cycle (SI
Appendix, Fig. S3E). In addition, we found that the dramatic
change in nuclear shape was not a cell cycle–dependent effect
In contrast to controls, most nuclei in interphase of ATL-
depleted cells were not spherical, and the measured solidity of
the nuclear outline was significantly decreased, regardless of the
cell cycle phase (SI Appendix, Fig. S3F). Strikingly, after MT
depolymerization, the nuclei relaxed into spherical shapes, and
the ER completely lost its typical structure but remained evenly
distributed throughout the entire cell (SI Appendix, Fig. S3 G
and H) consistent with previous observations (57).
Given that the MTs were more stable in ATL-depleted than

in control cells, we expected a decrease in MT growth dynam-
ics. However, quantitative analyses of MT dynamics after ATL
depletion did not reveal any detectable effect (Fig. 3 F and G ).
We tracked GFP-EB1, a +TIP protein that specifically associ-
ates with growing plus-ends of MTs, by live cell imaging. In
contrast to our expectation, the velocity of EB-1–labeled tips
and the lifetime of tip tracks remained quantitatively similar
under all conditions (Fig. 3 F and G).
In summary, the most prominent changes in MT organiza-

tion of ATL-depleted cells is the formation of closely packed,
acetylated MT bundles that either point radially toward the
periphery of the cells or form pronounced bundles that even
have an impact on the overall shape of the cell.

Fluctuations in ER Junction Density Control MT Distribution.
In order to gain better insight into the processes by which ATL
activity causes changes in MT distribution in the cell, we

developed a physics-based model of the coextensive MT–ER
system. As in previous work (8, 13), we represented the tubular
ER as a network of 1D line segments, corresponding to the
axes of cylindrical membrane tubules that are connected by
3WJs. The area, A, that is covered by such a planar network
consisting of tubules with a total length L and connected at N
symmetric junctions is given by

A ¼ α
L2

N
, [1]

where α¼ 1=
ffiffiffi
3

p
for an ideal triangular lattice. Since ER

tubules are not perfectly straight and some tubule tips are
unconnected, we tested the validity of this representation by
relating the junction area density, ρ¼N =A, to the junction
length density (i.e., the number of junctions per unit length of
the tubules), n ¼ N =L. Using a skeletonized version of the seg-
mented ER network, we indeed find that ρ ∼ n2:1, thus validat-
ing the form of Eq. 1 (SI Appendix, Fig. S4A; see SI Appendix
for details).

Although ER tubules do not seem taut, quantitative analysis
of ER tubule motion has revealed a residual longitudinal ten-
sion in the tubule network, λ (58). As a result of such a line
tension, a network patch with the area A will generate an
inward-directed 2D pressure, σ, acting effectively as a contrac-
tile force on the surrounding MTs (Fig. 4A). At mechanical
equilibrium, the line tension and 2D pressure are related by

λdL� σdA ¼ 0: [2]
Based on Eqs. 1 and 2 we find that each ER network patch will
develop an effective 2D pressure that is proportional to its junc-
tion density, n:

σ ¼ λ

2α
n: [3]

An immediate consequence of this model is that an imbal-
ance between the junction densities of neighboring ER
regions will generate a net pressure on the MTs delimiting
these regions, σnet ∼ Δn(Fig. 4B). As long as the imbalance
in junction densities persists, the net 2D pressure would
contract regions with a high junction density and expand
adjacent regions with a lower junction density (Fig. 4 B and
C). Such a 2D pressure is equivalent to a normal bundling
force acting on the MTs. We find that the magnitudes of the
maximal bundling forces acting on radial MTs are in the
range of 10 to 20 pN and therefore fall within the scale of
relevant intracellular forces (SI Appendix). In addition to the
direct pulling forces on MT that arise from the longitudinal
stress within ER tubules, we hypothesize that the local ER
junction density may further affect MT bundling indirectly
by binding and local enrichment of MT binding proteins
that additionally promote MT bundling. As this contribu-
tion scales linearly with the junction density, n, the shape of
Eq. 3 remains unaltered. We may therefore represent the
combined direct and indirect contributions to the bundling
2D pressure by an effective tension, λ�.

At the experimental time scales, the movement of the MTs and
the associated ER network patch is largely limited by viscous drag.
The area of a given network patch will therefore shrink at the rate

dA
dt

¼ � σnet
b

, [4]

where b is the effective friction coefficient of the combined sys-
tem. Since the ER membranes redistribute much faster than
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the moving MTs (59, 60), the line tension, λ, is taken to be
uniformly distributed throughout the ER. The total tubule
length within each ER sector, L, is therefore considered to be
at quasi–steady state, following Eq. 1. Consequently, contrac-
tion of a sector will result in a further increase in its junction
density (Fig. 4C), as given by

dn
dA

¼� n
2A

: [5]

In addition to the motion of MTs and ER tubules, our
model further considers the movement of 3WJs themselves.
At the subminute time scale, it was recently shown that
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3WJs redistribute with subdiffusion dynamics (61). We,
however, consider motion of 3WJs across MT boundaries,
which occurs at longer time scales, and therefore model this
process as simple Brownian diffusion with an effective diffu-
sion coefficient, D. Moreover, the number of 3WJs in the
tubular ER constantly changes by ATL-mediated ER fusion,
as well as 3WJ resolution by ring closure or the release of

tethered junctions (12, 30, 33, 62). The combined kinetics
of these processes results in the steady-state junction density,
n0. The junction equilibration rate, k, at which the steady-
state density is maintained reflects the capacity of the system
to counteract local density changes. Finally, we account for
random fluctuations in junction densities as geometric ran-
dom noise with an amplitude η.
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sity of 3WJ in the left network patch (dark gray) is higher than the density in the right network patch (light gray). Black arrows indicate pulling forces that act on
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son to MT dynamics, the force balance is restored (Bottom Right); otherwise, the high-density region contracts (Bottom Left), leading to increased inhomogeneity of
junction densities (dark gray). (D) Simulation instances of MT distributions (green lines) at different time points. ER junction density is indicated by grayscale (darker
shades indicate higher density). (Top) ~D ¼ 10; ~k ¼ 5; ~η ¼ 0:03, (Middle) ~D ¼ 3; ~k ¼ 2; ~η ¼ 0:01, and (Bottom) ~D ¼ 1; ~k ¼ 0:7; ~η ¼ 0:01. (E) Simulated bundling param-
eter,ζ, vs. dimensionless junction diffusion, ~D , and equilibrium junction density, n0. Each point in the phase space represents the average of 500 simulation instan-
ces taken at steady state. ~k ¼ 0; ~η ¼ 0:01. (F) Simulated bundling parameter, ζ, vs. dimensionless junction equilibration rate, ~k , and equilibrium junction density,
n0. Each point in the phase space represents the average of 500 simulation instances taken at steady state. ~D ¼ 0; ~η ¼ 0:01.
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Taken together, the overall rate of change in 3WJ density is
a combination of area contraction (Eqs. 3–5), junction remod-
eling, junction diffusion, and noise. The complete dynamics of
the MT–ER system are then described by the equations

dn ¼ λ�

4αb
n
A
Δn dt þ kðn0 � nÞ dt � D

α

2A
Δ n2ð Þ
n

dt

þ ηn dW , [6a]

dA ¼ � λ�

αb
Δn dt , [6b]

where dW denotes the differential form of a Wiener process (a
stochastic noise term).
The distribution of the ER network and the repositioning of

the MTs are determined by numerically solving the stochastic
differential equations in Eqs. 6a and 6b. However, the onset of
MT bundling may be understood qualitatively by considering
an initial system with equally sized MT-bounded regions hav-
ing the area A0 and a homogeneous junction density n0. We
next introduce a small fluctuation in the junction density of
one region, δn. The time evolution of the density fluctuation,
according to Eq. 6, is

dδn
dt

¼ λ�

4αb
n0
A0

δn
n0 þ δn

n0
� ~k � n0 ~D

ðn0 þ δnÞ
� �

, [7]

where we define ~k¢k � ð4αbA0=λ
�n0Þ and ~D¢D � ð4b=λ�n0Þ

as dimensionless parameters.
According to Eq. 7, fluctuations increasing the local junction

density result in positive feedback, leading to a further increase
in junction density and additional contraction of the region’s
area. In WT cells, the junction mobility ~D and the junction
equilibration process ~k efficiently restore local ER junction
density to a stable steady-state value (second and third terms
in the parentheses in Eq. 7; Fig. 4C, sector equilibration).
Defects in junction density reequilibration across the ER
ultimately cause instability of the MT-bound ER sectors, and
the feedback between junction density and ER contraction
may lead to MT bundling (Fig. 4C, sector instability).
Eq. 7 shows that the fluctuation δn will be amplified if

δn=n0 > ~k þ ~D þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~D
2 þ 4~D þ 2~k ~D þ ~k

2
q

� 2

� �
=2.

To study the temporal development of junction heterogene-
ities across the ER of an entire cell, we implemented our model
as a numerical simulation (Fig. 4D and SI Appendix, Extended
Theory). We represent MT-bound regions by N radial sectors
of varying angles, Δθif gN , and quantify the extent of MT bun-
dling by the bundling parameter, ζ, defined as

ζ ¼ stdðfΔθigN Þ= meanðfΔθigN Þ
ffiffiffiffiffi
N

p� �

where increasing values of ζ correspond to states of high
bundling.
The results of the simulation obtained with different levels

of network dynamics (Fig. 4 E and F) confirm our qualitative
considerations above. The data show that a reduction of junc-
tion movement between sector boundaries, ~D , or a decrease in
the equilibration rate, ~k , enhances MT bundling (Fig. 4 E and
F). At low levels of network dynamics, when ~k and ~D approach
zero, the system displays a sharp transition to a state with
highly bundled MTs, characterized by high values of the bun-
dling parameter ζ.
Remarkably, our model unexpectedly predicts that a large

global decrease in the junction density, n0, relative to the WT

n0WT (n0=n0WT ), diminishes the tendency of MT bundling
(Fig. 4 E and F). This result indicates that the experimentally
observed bundling of the MT system after depletion of ATLs is
not driven by the overall reduction in the global level of ER
junctions but is rather due to the impaired kinetics of junction
dynamics upon ATLs removal.

ATL Depletion Alters ER Tubule Dynamics and the 3WJ
Equilibration Rate. In order to investigate the theoretically pre-
dicted changes of ER dynamics in ATL-depleted cells, we
turned to live cell imaging. We visualized the ER with an
mCherry carrying the signal sequence of CRT at the N termi-
nus and an ER retention signal at the C terminus (ss-mCherry-
KDEL). We then segmented the ER (Fig. 5 A and B) in each
frame of the movies.

Next, we superimposed the skeletonized ER networks
acquired at the start (0 s), with frames recorded at 30 and 60 s
of the movies. The overlay provided evidence that the ER was
indeed less dynamic in ATL-depleted cells than in controls,
qualitatively confirming one of the predictions made by the
model (Fig. 5 C and D). In agreement with the results in fixed
cells (Fig. 1D), the 3WJ density per ER length, n, was reduced
only modestly by around 27% (Fig. 5E). Interestingly, our
model predicted that a stronger reduction of the total number
of 3WJs relative to WT or controls would lead to a decrease
of the MT bundling parameter ζ, which means that MT bun-
dling would be less favorable (Fig. 4 E and F; values for
n0=n0WT ≪ 1). However, simulations with up to 30% reduc-
tion in 3WJs density did not result in a considerable decrease
in ζ, demonstrating that MT bundling is not influenced by the
experimentally observed drop in the overall 3WJ density in the
cells. Our results therefore rather support the possibility that
the role of the ER in controlling MT bundling is connected to
a change in dynamic ER features instead of being determined
by steady-state features of the ER network.

To further test these predictions, we quantified the effect of
ATL depletion on the movement of 3WJs. To this end, we
extracted the 3WJs from the time series and calculated the aver-
age mean-square displacement (MSD) of each track (SI Appendix,
Fig. S5 A and B). By fitting the MSDs to a power law function
we determined the diffusion exponent characterizing the 3WJ
movement at the subminute time scale (see SI Appendix for
details). In agreement with previous work, our data show that the
diffusion exponent in control cells is below 1 (SI Appendix, Fig.
S5C), indicating subdiffusive behavior.

Upon ATL depletion, the diffusion exponent indeed decreased
(SI Appendix, Fig. S5C), indicating a reduced mobility of 3WJs
in ATL-depleted cells as predicted by the theory. Despite being
highly significant, the change was, however, not pronounced,
suggesting that the small reduction in 3WJ movement must be
accompanied by an additional alteration in ER network behavior,
in order to explain the formation of MT bundles.

We therefore additionally considered the effect of ATL depletion
on the rate of junction equilibration, k, which reflects the ability of
the ER to actively counterbalance local variability of tubule junction
density restoring a uniform distribution of 3WJs across the ER.
Our model predicts that a decrease in k leads to an increase of the
MT bundling parameter ζ (Fig. 4F), raising the expectation that
cells bundle their MTs when the mechanisms underlying 3WJ den-
sity equilibration are impaired. To assess the 3WJ equilibration rate
we examined the fluctuation of the global junction density in the
entire cell over time. According to our model, a high rate of 3WJ
equilibration is critical to maintain a constant steady-state junction
density. A reduction in the rate of 3WJ equilibration, k, would be
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reflected in an increase of the temporal fluctuation of the global cel-
lular junction density (see Fig. 5E and SI Appendix for additional
details). To quantify the 3WJ density fluctuations in live cells, we
measured the global 3WJ density per cell in each time frame, nt ,
and divided it by the time-averaged density, �nt . The calculated
coefficient of variation (Cv ¼ stdðnt Þ=�nt ) indeed shows that the
distribution of the cellular junction densities over time is consider-
ably broader in ATL-depleted cells than in controls. These results
demonstrate that the ER network of control cells is much more effi-
ciently equilibrated than in cells lacking ATLs, confirming the sec-
ond major prediction of our model.
Finally, longer movies acquired with control and ATLdKD

cells visually confirm the interpretation that ATL depletion
leads to impaired 3WJ kinetics. In control cells the ER network
expands symmetrically by rapidly forming new junctions
between tubules. In ATL-depleted cells the network expands
more slowly, and fewer junctions are formed. Tubules are fre-
quently pulled out by MTs but remain often untethered and
do not fuse readily with partner tubules (Fig. 5G).

Taken together, these data indeed suggest that a combination
of impaired 3WJ mobility and reduction of 3WJ equilibration
rate underlies the instability of MT-bounded ER sectors as pre-
dicted by our theoretical considerations. Consistent with the
model, this change in ER dynamics would explain a contrac-
tion of some ER sectors in ATL-depleted cells, leading to the
local accumulation of the ER–MT system causing MT bundle
formation.

MT Bundles Form at Regions of High ER Density. To explore
the principal prediction that dense regions of the ER lead to
localized MT bundling, we costained MTs and the ER in ATL-
depleted cells and tested whether the ER membranes accumu-
late in regions with bundled MTs (Fig. S6A). As expected, the
MTs were often bundled, and a number of cells show long cel-
lular protrusions that were densely packed with MTs and ER.
To display MT distribution within these cells in a systematic
fashion, we generated a MT angle map (Fig. S6B) as described
above (Fig. 2 C and D). In areas with parallel MTs pointing
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into the cell periphery (as in cell I and cell III in Fig. 6B), the
ER accumulated in the center of the bundle. In regions with
tight MT bundles within cells or in cellular protrusion (see cell
II in Fig. S6B), the ER accumulated even more drastically, con-
firming the localization predicted by the model.

ATL1 Rescues Formation of MT Bundles in ATL Double
Knockout Cells. Finally, we validated the MT bundling pheno-
type in ATL2 and ATL3 double knockout cells (15). Consis-
tent with ATL depletion by RNAi, ATL2 and ATL3 double
knockout by CRISPR resulted in long cellular protrusions that
were filled with bundled MTs and dense ER ( Fig. 6A). The
parallel-oriented MTs pointed unidirectionally toward the
periphery of the cell (Fig. 6A and ROI I) and locally accumu-
lated together with the ER in bundles (Fig. 6A, and ROI II).
Importantly, expression of GFP-ATL1 rescued the normal MT
morphology, reducing the percentage of cells showing long MT
bundles fourfold (Fig. 6 B and C). Consistently, ATL1 K80A,
which is a dominant negative, GTPase-deficient ATL
mutant led to the formation of MT bundles when overex-
pressed in COS7 cells (SI Appendix, Fig. S6A) and was not able
to rescue the phenotype in ATL double knockout cells
(Fig. S6D).
Taken together, our data suggest that ER network dynamics

play an important role in the cellular distribution of MTs. In
WT or control cells the ER is efficiently remodeled, and the
3WJs are rapidly equilibrated across the entire ER by processes
involving junction movement, tubule tethering, and fusion, as
well as junction resolution. Conversely, we found that reduction
in 3WJ equilibration rates and junction mobility after ATL
depletion promote inhomogeneous distribution of the ER net-
work. The MT cytoskeleton is surprisingly sensitive to such
changes in ER network dynamics and responds to a local increase
in ER junction density by MT bundling. As shown in Fig. 6 and
Fig. S6, both the ER and the MTs accumulate in regions of MT
bundles. In general, ATL is necessary to spread MTs efficiently.

Discussion

The ability to control the distribution of the MT cytoskeleton
in interphase cells is critical for a wide spectrum of cellular pro-
cesses ranging from the organization of membrane traffic to
establishing cell polarity. While it is widely accepted that the
MT cytoskeleton is critical for the cellular distribution of the
ER, a reciprocal effect of the ER on the position of MTs has
not been explored extensively. Accumulating evidence in neu-
rons indicates that the ER might indeed be important for MT
biology. Specifically, it appears that the ER influences MT
organization during axon initiation and maintenance (43–45,
48). From a physical perspective it remains, however, unclear
how the soft ER membranes are able to influence the position
of the rigid MT cytoskeleton. Here we have revealed that ER
network dynamics and particularly the dynamic equilibration
of ER tubule junctions across the ER are critical for positioning
MTs in the cell.
To test whether alterations in ER network structure would

have an effect on MT distribution, we perturbed ER tethering
and fusion by depleting ATLs. Unbiased quantification of ER
features indicated a relatively modest decrease in the global
number of 3WJs. Initially, these findings seemed to contradict
previous observations showing that loss of ATL caused a drastic
reduction of 3WJs. Analysis of the spatial distribution of the
remaining 3WJs within ATL-depleted cells revealed, however,
that they were often clustered in compact ER regions. As a

result, the 3WJs outside of the clustered regions were distrib-
uted over larger cellular areas that showed sparse ER with low
junction density. The visual impression created by these images
possibly suggested a stronger decrease in 3WJs than that which
had in fact occurred.

Additionally, we observed that the MTs accumulated as
closely packed bundles within ATL-depleted cells. One expla-
nation would have been an involvement of other cytoskeletal
elements that affect MT bundling. However, our control
experiments visualizing the actin cytoskeleton, stress fibers, and
the intermediate filament vimentin indicated that the observed
changes of the cytoskeleton were specific to MTs.

In order to understand the ER-dependent MT bundling bet-
ter, we next developed a physics-based model of the ER–MT
system and simulated the effect of changes in ER connectivity
on MT distribution. The simulations recapitulated the experi-
mental findings showing that inhibition of ER junction forma-
tion causes strong MT bundling. In addition, our theoretical
model predicted that an actively maintained, uniform distribu-
tion of 3WJs across the ER is critical for an isotropic and
homogeneous distribution of the MTs in the cell. Our theory
showed that low, residual tension in the ER leads to an effective
contractile force proportional to the junction density within an
ER network patch which acts on the bordering MTs. An
uneven distribution of 3WJs between ER regions results in
mechanical instability of the ER–MT system contracting the
junction-dense regions at the expense of neighboring areas.
Consequently, the ER–MT system locally accumulates and
forms densely packed MT bundles.

In contrast to our initial assumptions, the model showed
that the global decrease of 3WJs is not the main driving factor
for MT bundling. In fact, our simulations indicated that a
reduction of total 3WJs by more than 30% would even coun-
teract bundling. Instead, our simulations revealed that ER
dynamics, and in particular the dynamic equilibration of ER
tubule junctions across the ER, plays a major role in controlling
MT bundling. We confirmed these predictions by quantitative
live cell imaging showing that both the mobility of 3WJs and
the rate of 3WJ equilibration through formation and release of
3WJs are reduced upon ATL depletion. Inhibiting tubule teth-
ering and fusion by depletion of ATLs reduced the ability of
the system to rapidly equilibrate 3WJs across the ER leading to
a local increase in 3WJ density and bundling of MTs.

Interestingly, a reduction of the 3WJ equilibration rate implies
that both the processes of junction formation and junction resolu-
tion become slower upon ATL depletion. While this notion is
consistent with a function of ATL in ER fusion, it is not readily
understandable how ATLs are involved in resolution of 3WJs.
One possible explanation might be found in long-lasting ATL
dependent tethering of 3WJs that precedes membrane fusion (30,
62). Reversible tethering of 3WJs might facilitate a much more
rapid equilibration of junction density across the ER than forma-
tion and resolution of fused junctions. The lack of tethered junc-
tions may in fact specifically result from ATL depletion and might
account significantly for the reduction of 3WJ equilibration rates.
This possibility might explain the long, reversible tethering during
ATL-mediated membrane fusion justifying the seemingly futile
GTP consumption in this state.

Moreover, our theoretical considerations for the 3WJ
density-dependent contractility of ER patches may in general
explain local aggregation of ER junctions in MT-free
regions. Future applications of our findings may therefore
elucidate the mechanisms that form different types of ER
morphologies, such as highly fenestrated sheets (63) or
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tubular matrices that consist of closely packed and rapidly
remodeling 3WJs (35).
The effects of ATL-mediated ER remodeling on MT distri-

bution and their stability might further be important in the
molecular understanding of axonal atrophy that is caused by
mutations in ATLs leading, e.g., to hereditary spastic paraplegia
or hereditary sensory and autonomic neuropathy (14, 46, 64).
It is possible that ATL-dependent distribution and stabilization
of MTs are operating in concert with the mechanism that rear-
ranges the ER–MT system during axon initiation and mainte-
nance (43–45).
Importantly, our study is indicative of residual membrane

tension in the ER network. Although the cross-sectional curva-
ture of ER tubules is stabilized by curvature generating pro-
teins, rather than by surface tension, we found that the minimal
membrane tension that has recently been measured in the ER
within cells produces appreciable forces that can lead to bun-
dling of MTs. Additionally, our model indicates that
ER-generated pulling forces may be augmented by MT inter-
acting ER proteins (44, 65). Such indirect contributions may
indeed have significant impact on the effective bundling forces
experienced by the MTs and possibly explain the importance of
MT-binding proteins for the stability of axonal MTs (44).
Proteins that mediate the physical coupling between MTs

and the ER are obviously a necessary prerequisite for the recip-
rocal interaction between the two structures. Whether their
localization is systematically affected by the distribution of ER
junctions is still to be investigated. Various posttranslational
modifications of tubulin were recently shown to underlie the
specificity of MT binding of several ER membrane proteins
and constitute another layer of possible regulation controlling
the interplay between the ER and MTs (65).
Finally, changes in ER dynamics are presumably only one

factor of a larger machinery that is important for controlling
the distribution of MTs in the cell. Future work is necessary in
order to explain the full mechanistic underpinnings of the func-
tional interaction between these two major cellular systems.
Our data provide, however, strong evidence that dynamic ER

network remodeling by the ER shaping machinery is a central
mechanism in the spatial organization of the ER–MT system.

Materials and Methods

Cell Culture. COS7 cells were a kind gift from Tom Rapoport (HHMI, Harvard
Medical School, Cambridge, MA). ATL2 and ATL3 dKO cells were a kind gift from
Junjie Hu (Chinese Academy of Sciences, Beijing, China) and Yusong Guo (The
Hong Kong University of Science and Technology, Hong Kong, China).

All cells were cultured at 37 °C and 5% CO2 in Dulbecco’s modified eagle
medium with 10% fetal bovine serum.

Immunofluorescence. The cells were fixed with PBS, 4% paraformaldehyde,
permeabilized, and incubated with primary and secondary antibodies as
described in SI Appendix.

Image Analyses. Image analysis was performed using CellProfiler (CP), with
inbuilt CP modules, or custom MATLAB-based modules. Typical CP pipelines are
described in SI Appendix.

Segmentation of Nuclei and Single Cells. The nuclei were identified by
thresholding of the DAPI signal, and the segmented objects were subsequently
used as seeding points to identify the cell outline based on the fluorescent N-
hydroxy succinimidylester signal. The datasets were additionally filtered for bor-
der cells crossing imaging sites and mitotic and polynuclear cells as described in
SI Appendix.

Automated ER Segmentation. The ER segmentation was performed using a
random forest pixel classifier in Ilastik. The resulting probability map was seg-
mented in Cell profiler and subsequently skeletonized in MATLAB. After that the
polygon shape parameters of ER tubule bound areas, the tubule branch points
and open-end points of unfused tubules were extracted using MATLAB as out-
lined in SI Appendix.

Automated Determination of MT Orientation by Building MT Angle
Maps. MT segmentation and directionality analysis was based on work pre-
sented in ref. 63, 66, 67 as described in SI Appendix.

Measuring the Fractional Alignment of Cellular MTs with Cell Sector
Axes. To evaluate to which extent the MTs that localize to unified sectors were
aligned with the sector axes, the ratio of all pixels marking MTs in a certain
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software using the standard filter mode (see
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sector and the pixels having the same orientation angle as the sector angle was
determined and the ratio was calculated.

Data Availability. All study data are included in the article and/or SI Appendix.
The probability maps of ER segmentation and the live cell data which were

used for statistical assessment are deposited at Zenodo: https://zenodo.org/
record/6369232#.YjTsFy0RoWo.
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