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ER sheet persistence is coupled to myosin 
1c–regulated dynamic actin filament arrays
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Helsinki, Helsinki, Finland; cFaculty of Life Sciences, University of Manchester, Manchester M13 9PL, United Kingdom

ABSTRACT  The endoplasmic reticulum (ER) comprises a dynamic three-dimensional (3D) net-
work with diverse structural and functional domains. Proper ER operation requires an intri-
cate balance within and between dynamics, morphology, and functions, but how these pro-
cesses are coupled in cells has been unclear. Using live-cell imaging and 3D electron 
microscopy, we identify a specific subset of actin filaments localizing to polygons defined by 
ER sheets and tubules and describe a role for these actin arrays in ER sheet persistence and, 
thereby, in maintenance of the characteristic network architecture by showing that actin de-
polymerization leads to increased sheet fluctuation and transformations and results in small 
and less abundant sheet remnants and a defective ER network distribution. Furthermore, we 
identify myosin 1c localizing to the ER-associated actin filament arrays and reveal a novel role 
for myosin 1c in regulating these actin structures, as myosin 1c manipulations lead to loss of 
the actin filaments and to similar ER phenotype as observed after actin depolymerization. We 
propose that ER-associated actin filaments have a role in ER sheet persistence regulation 
and thus support the maintenance of sheets as a stationary subdomain of the dynamic ER 
network.

INTRODUCTION
The endoplasmic reticulum (ER) is a large, single-copy, membrane-
bound organelle that is essential for synthesis, modification, and 
transport of membrane and secretory proteins, as well as several 
lipids, and is also the site for cytosolic calcium level regulation 
(Baumann and Walz, 2001). The ER comprises an elaborate three-
dimensional (3D) network of diverse structural domains, including 
tubules with high membrane curvature, flat sheets, and parts that 
form contacts with nearly every other organelle (Friedman and 
Voeltz, 2011). To accommodate the vast range of functions, the 
ER network spreads throughout the cell, and its functions are 

distributed into structural subdomains according to their specific 
requirements. The tubule-associated ER functions include interac-
tions that the ER network has with several other cell organelles 
(Friedman et al., 2010, 2013; Ryan et al., 2012; Asanov et al., 2013). 
On the other hand, based on the distribution of ER sheet-bound 
ribosomes (Puhka et al., 2012) and the direct correlation between 
ribosome-studded ER (RER) abundance and secretion activity of the 
cell (Wiest et al., 1990; Rajasekaran et al., 1993; Benyamini et al., 
2009; Ueno et al., 2010), the synthesis, folding, and quality control 
of proteins are functions assigned especially to ER sheets.

Whereas integral membrane proteins are indispensable for ER 
structure, dynamics and network remodeling are accomplished 
through interactions with the cytoskeleton. The network architecture 
is defined by tubule and sheet persistence and the network-remod-
eling processes including transitions of sheet to tubules and vice 
versa and fission and fusion of subdomains. Different mammalian 
cell types vary greatly in their sheet and tubule proportions, as well 
as in sheet morphology, and show variation in structural transforma-
tions during cell division (Shibata et al., 2006; Puhka et al., 2012). In 
human hepatocyte–derived carcinoma (Huh-7) cells, for instance, 
the abundant ER sheets are heavily fenestrated, extend to the cell 
periphery, and are transformed into smaller and highly fenestrated 
sheet remnants during cell division (Puhka et  al., 2012), whereas 
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in animal cells, MTs and ER tubules do not 
have identical distribution in cells, and the 
ER can also interact with actin cytoskeleton 
in differentiated animal cells (Sanger et al., 
1989; Baumann, 1992; Terasaki and Reese, 
1994; Stürmer et al., 1995; Takagishi et al., 
1996; Bridgman, 1999; Wang et al., 2002; 
Poteryaev et al., 2005; Wagner et al., 2011). 
Furthermore, actin-based mechanical link-
ages have been shown to enable ER spread-
ing in mouse embryonic fibroblasts (Lynch 
et al., 2011). However, the mechanisms by 
which actin contributes to ER dynamics and 
morphology are unclear.

In the present study, we characterize the 
interplay between ER and the actin cytoskel-
eton in two mammalian cell lines. We show 
that an array of dynamic actin filaments local-
ize in the polygons defined by the surround-
ing ER structures and propose that these fila-
ments have a role in maintaining sheet–tubule 
balance and sheet structure by regulating ER 
sheet-remodeling events. We reveal a novel 
role for the unconventional motor protein 
myosin 1c in regulating these actin filament 
arrays. Similarly to actin depolymerization, 
myosin 1c depletion and dominant-negative 
expression of a mutated form of myosin 1c 
with abolished actin binding lead to loss of 
actin filament arrays and subsequent loss of 
ER sheets. We mimicked the naturally occur-
ring relocation or loss of polygonal actin fila-
ment arrays by using an actin-depolymeriz-
ing drug and provide a mechanistic view of 

the interplay between ER and actin by showing that the loss of po-
lygonal actin filament arrays allow ER sheets to move in a larger area 
and that the lateral sheet movement is accompanied by induction of 
sheet transformations. Thus, in addition to tubular associations with 
MTs, interactions with the actin cytoskeleton are essential to create 
and maintain ER sheet persistence and the characteristic architecture 
of the ER network in mammalian cells.

RESULTS
Actin and MT cytoskeleton depolymerization have opposite 
effects on ER sheet–tubule ratio
To study the effects of actin or MT cytoskeleton depolymerization 
on ER, we treated Huh-7 cells with latrunculin A or nocodazole, re-
spectively, stained for endogenous luminal ER protein calreticulin, 
and imaged focusing at cell lamella where ER reside in one plane 
and sheets and tubules can be distinguished. In untreated cells, the 
ER was composed of tubules and abundant sheets extending to the 
cell periphery. Intersection quantification of light microscopy (LM) 
images taken from the lamella revealed that the sheet–tubule ratio 
was 67/33%. Consistent with previous studies (Terasaki et al., 1986), 
the depolymerization of nonacetylated MTs (Friedman et al., 2010) 
with 30-min nocodazole treatment shifted the ER structural balance 
toward sheets, resulting in 82/18% sheet–tubule ratio and retraction 
of the ER network toward the nuclear envelope (NE). After 15-min 
latrunculin A treatment, the amount of sheets at the cell periphery 
decreased (22/78% sheet–tubule ratio) and the ER network 
appeared more reticular (Figure  1, A and B). Similar effects 
were observed in Huh-7 cells overexpressing luminal ER marker 

CHO-K1 cells have less abundant and small intact sheets and un-
dergo complete sheet-to-tubule transformation during cell division 
(Puhka et al., 2007).

Tubules are stabilized by an assortment of membrane-bending 
proteins (Shibata et al., 2006; Voeltz et al., 2006; Hu et al., 2009), and 
their movement is accomplished through interactions with microtu-
bules (MTs; Terasaki et  al., 1986; Waterman-Storer and Salmon, 
1998). The mechanisms used to form sheets or accomplish sheet 
transformations are largely unknown, and it has been suggested that 
sheets are formed spontaneously and do not require stabilization 
(Goyal and Blackstone, 2013). However, tubule-stabilizing proteins 
have been shown to provide high curvature at sheet edges (Shibata 
et al., 2010), and the relatively constant luminal thickness of ER sheets 
is maintained through proteins that form intraluminal bridges or cyto-
plasmic scaffolds (Klopfenstein et al., 2001; Benyamini et al., 2009). 
Other sheet-stabilizing mechanisms could involve the protein synthe-
sis and folding machinery, consisting of a translocon complex with 
bound ribosome and luminal chaperones (Puhka et al., 2007, 2012).

Therefore the critical questions are how the functional subdo-
mains are created and maintained and why the network is constantly 
being rearranged. To elucidate the interplay between ER dynamics, 
morphology, and functions, we need to learn more about the factors 
involved. Previous studies of ER dynamics have concentrated almost 
entirely on tubules. The most common tubule dynamics (ER sliding) 
involves nascent tubule growth along acetylated MTs, whereas the 
tip attachment complex mechanism (Waterman-Storer and Salmon, 
1998) occurs only on nonacetylated MTs (Friedman et al., 2010). Al-
though MTs are the major molecular tracks for ER tubule movement 

Figure 1:  Actin and MT depolymerization have opposite effects on the ER sheet–tubule ratio 
in Huh-7 cells. (A) Wide-field image of fixed control and nocodazole- and latrunculin A–treated 
cells immunolabeled for calreticulin. Magnifications from the boxed areas (a and b) were 
Gaussian filtered. Tubules (arrows) and abundant sheets (arrowheads) are indicated. See also 
Supplemental Figures S1A and 2A. (B) Images were quantified by the intersection method, and 
results are expressed as relative proportions (percentage) of sheets and tubules. Error bars, 
±SD. (C) Wide-field images and (D) relative fluorescence intensity measurements of fixed control 
and latrunculin A–treated cells stained with phalloidin. Long actin filaments (open arrowheads), 
filament arrays <5 μm (arrows) and foci (arrowheads) are shown with higher magnification in 
boxed regions (insets a and b). Error bars, ±SEM. See also Supplemental Figures S1, B and C, 
and S2, C and D. Bars, 10 μm.
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tion sites. The effect of latrunculin A treat-
ment on actin filaments and free monomeric 
actin can be monitored by phalloidin 
(Figure  1C) and DNaseI staining (Supple-
mental Figure S1B; Mannherz et al., 1980), 
respectively. The quantitation of the relative 
fluorescence intensity revealed a 34% de-
crease in filamentous actin and, correspond-
ingly, 55% increase in monomeric actin upon 
latrunculin A treatment (Figure 1D and Sup-
plemental Figure S1C). Similar results were 
obtained from experiments done in HeLa 
cells (Supplemental Figure S2D). In conclu-
sion, the observed changes in ER morphol-
ogy upon actin depolymerization (Figure 1A) 
are most likely due to collapse of actin fila-
ment arrays into foci, further suggesting 
involvement of a specific pool of actin in 
maintaining ER sheet–tubule balance

Actin depolymerization results 
in reduced sheets and unevenly 
distributed ER network
To analyze the effects of actin depolymeriza-
tion on ER morphology in more detail, we 
prepared Huh-7 cells for serial block-face 
scanning electron microscopy (SB-EM) im-
aging (Puhka et  al., 2012). The cells ex-
pressed ssHRP-KDEL in the ER lumen, al-
lowing cytochemical ER staining to improve 
the contrast for semiautomated segmenta-
tion. ER models from control (Figure 2A and 
Supplemental Video S1) and latrunculin A–
treated (Figure 2B and Supplemental Video 
S2) cells revealed that actin depolymeriza-
tion leads to altered ER sheet and network 
morphology. First, the sheets became 
smaller (Figure  2Bc) and less abundant 
(Figure  2Ba) compared with highly fenes-
trated and large control sheets (Figure 2A, c 
and a), and second, although the ER net-

work remained continuous, its distribution was uneven, and areas 
void of ER were frequently found (asterisk in Figure 2Bb). The 3D EM 
models covered an area extending from cell periphery to the NE 
and therefore enabled detailed structure identification within the 
whole 3D volume of the cell; they thus provided a more reliable vi-
sualization of the effects of the treatment compared with LM analy-
sis. Owing to better resolution and reliable identification of tubules, 
we found that the portion of tubules was lower than quantitation of 
LM images indicated, suggesting that some profiles categorized 
as tubules in LM images after latrunculin A treatment (Figure 1, A 
and B) might actually originate from diminished sheets.

An array of actin filaments localizes to ER polygons 
and affects ER sheet transformations
To study the dynamic interplay between actin filament arrays and 
ER, we visualized ER and actin simultaneously in live Huh-7 cells. 
Live-cell imaging of ER sheets can be challenging, as they often re-
side at the densely occupied cell center and are large enough to 
occupy more than one imaging plane. Here we acquired videos of 
the ER from the thin lamella at the leading edge of the cells. The ER 
in these plate-like extensions resides mostly in one plane, allowing 

(Supplemental Figure S1A) and HeLa cells immunolabeled for calre-
ticulin (Supplemental Figure S2A). The relative fluorescence inten-
sity of calreticulin was unaltered after nocodazole or latrunculin A 
treatment compared with control cells (Supplemental Figure S2B), 
suggesting that the structural changes observed after MT and actin 
depolymerization resulted from structural conversion between 
sheets and tubules and not from consumption of the ER.

It is noteworthy that cells remained attached to the substratum 
and their shape was not altered after 15 min of latrunculin A 
(Figure 1C). In untreated cells, phalloidin staining revealed long ac-
tin filaments, that is, cortical actin and stress fibers (open arrow-
heads), and, in addition, shorter, <5-μm-long actin filament arrays 
(arrows) and punctate-like foci (arrowheads; Figure 1C for Huh-7 and 
Supplemental Figure S2C for HeLa cells). The thickness or length of 
any of the structures was not constant, indicating that the observed 
actin arrays were composed of varying numbers of actin filaments. 
After latrunculin A treatment, longer actin filaments remained unaf-
fected, whereas most of the shorter actin filament arrays collapsed 
into actin foci (Figure 1C for Huh-7 and Supplemental Figure S2C for 
HeLa cells), revealing a direct dynamic relation between arrays and 
foci and further suggesting that foci might be the initial polymeriza-

Figure 2:  Actin depolymerization–induced sheet remnants and uneven ER network distribution 
are revealed by 3D EM. (A) Control and (B) latrunculin A–treated Huh-7 cells transiently 
expressing ssHRP-KDEL were chemically fixed, cytochemically stained (dark precipitate), and 
imaged with SB-EM. (a) Model of the ER network (yellow) and the nuclear envelope (NE; blue), 
(b) one block face image; (c) a representative fenestrated sheet. Asterisk, area void of ER within 
unevenly distributed ER network; arrowheads, sheets; arrows, tubules. See Supplemental Videos 
S1 and S2 for the SB-EM data set and models. Bars, 1 μm (in perspective view [a] apply to center 
of image).
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within nonuniform polygons defined by the 
surrounding dynamic ER network of tubules 
and/or sheets (Figure 3A and Supplemental 
Video S3). Actin filament arrays and foci re-
sembled the phalloidin-stained structures 
shown in Figure 1C and were found through-
out the cell volume (Supplemental 
Figure S3), diverging from relatively longer 
actin filaments, that is, stress fibers or corti-
cal actin, which had no clear interactions 
with the ER and mostly localized to cell bot-
tom and cell periphery (Figure  3A and 
Supplemental Video S3). Similar results 
could be observed using another actin 
marker, LifeAct–red fluorescent protein (RFP; 
Figure  3A). It is noteworthy that the poly-
gons are not fenestrations on ER sheets, as 
they are considerably smaller openings and 
beyond the resolution limit of conventional 
LM (Puhka et al., 2012).

Our analysis of the movement of actin 
filament arrays and foci with respect to ER 
revealed that the natural relocation, disap-
pearance, or formation of the actin struc-
tures frequently preceded polygon closure 
or opening, respectively, leading to subse-
quent ER sheet transformation (Figure 3, B 
and C). These results are consistent with 
previous studies showing that, at steady 
state, the polygonal ER network is balanced 
by ring closure (Lee and Chen, 1988) and 
that filling of a polygon within an ER sheet 
leads to larger sheets (Griffing, 2010). One 
characteristic transformation event that we 
frequently observed was membrane fusion 
leading to larger sheets (i.e., ring closure) 
followed closely by loss of associated actin 
filament (Figure 3B and Supplemental Video 
S4). We also observed that the formation of 
polygons in ER sheets followed the forma-
tion of an actin filament array (Figure 3C and 
Supplemental Video S5), indicating that the 
dynamics of actin arrays and ER sheet trans-
formations are interdependent.

Myo1c localize to actin filament arrays 
and foci
Next we wanted to identify proteins partici-
pating in ER–actin interplay to gain a better 
understanding of the mechanism. We per-
formed a screen in which >200 known func-
tional human actin–binding proteins were 
depleted one by one and analyzed by LM to 
identify those with a role in ER morphology 
and/or dynamics. On the basis of the screen, 
we identified the unconventional motor pro-
tein myosin 1c (myo1c), whose depletion 
led to a strong ER phenotype and, in addi-
tion, affected the appearance of the actin 

filament arrays. It is noteworthy that while the library contained most 
of the known myosins, including other members of the myosin 1 
family (a–f), the combined ER and actin filament array phenotype 

simultaneous imaging and identification of tubules and individual 
sheets. Live-cell confocal imaging of ER and actin revealed the close 
proximity and coinciding movement of ER and actin filament arrays 

Figure 3:  Actin filament arrays localize to polygons defined by the surrounding ER network 
and have a role in ER sheet movements in Huh-7 cells. (A) Confocal section of live cell 
coexpressing Hsp47-GFP (green) and mCherry-Actin (magenta) or LifeAct-RFP (magenta). 
Cortical actin (arrowheads), stress fibers (open arrowheads), and actin filament arrays and foci 
(arrows) localizing to the polygons (asterisks) are indicated. See also Supplemental Video S3. 
Time-lapse confocal frames of a cell coexpressing Hsp47-GFP (green) and mCherry-actin 
(magenta) show that (B) relocation and disappearance and (C) formation of actin arrays and the 
ER sheet dynamics are interdependent. In B, actin foci (arrow) relocate from polygon (1) to the 
adjacent polygon at 00:08, leading to subsequent polygon (1) closure at 00:11. Disappearance 
of actin foci (arrowhead) at 00:13 leads to subsequent polygon (2) closure. See also 
Supplemental Video S4. In C, arrowhead indicates formation of actin filament array leading to 
polygon (3) opening within the ER sheet at 00:09. See also Supplemental Figure S3 and 
Supplemental Video S5. Bars, 5 μm.
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changing), the structures seemed to fluctuate in only a small area 
rather than to have directional movement (Figure 4B).

To characterize the actin filament arrays further, we tested a num-
ber of proteins known to interact with actin, using immunofluores-
cence: the majority of actin filament arrays and foci were positive for 
cortactin (Supplemental Figure  S4A). Quantification of the actin 
structures revealed that 97 ± 6.4% (SD) and 94 ± 3.8% (SD) of the 
actin filament arrays were positive for myo1c or cortactin, respec-
tively. Immunolabeling of cortactin with respect to myo1c revealed 
that the proteins clearly decorate the same actin structures but not 
with identical labeling patterns (Supplemental Figure S4B). In addi-
tion, the following proteins did not show preference to actin fila-
ment arrays: stress fiber–associated proteins MHCIIA and MHCIIB 
(Vallenius, 2013); actin cross-linking and stress fiber–localizing pro-
tein α-actinin1 (Lazarides and Burridge, 1975); actin-stabilizing and 
conventional myosin II–binding stress fiber protein calponin (Strasser 
et al., 1993); tropomyosin (Gunning et al., 2008), which regulates 
actin filament association with several proteins; proteins associated 

was observed only in conjunction with myo1c (screening data not 
shown). Myo1c has been suggested to link the actin cytoskeleton to 
cellular membranes (Novak et al., 1995) and localize to actin-rich 
sites of membrane ruffling and retraction at the cell periphery and 
to discrete punctate within the cytoplasm (Wagner et  al., 1992; 
Wagner and Molitoris, 1997; Ruppert et al., 1995; Hokanson et al., 
2006); therefore it was a good candidate for further studies. Immu-
nolabeling of myo1c with respect to actin revealed that myo1c local-
ized to the short actin filament arrays and foci throughout the cyto-
plasm (Figure  4A). Live-cell confocal imaging of the cell lamella 
demonstrated that the myo1c-positive actin filaments alternated 
between dynamic and static stages (Figure 4B and Supplemental 
Video S6). The appearance of myo1c–actin filaments changed sub-
stantially over time: the actin foci were observed to transform into 
actin filament arrays and vice versa, form plate-like actin structures, 
and undergo fusion and fission with other actin filaments and foci 
(Supplemental Video S6). Whereas the actin filament arrays and foci 
appearances were dynamic (i.e., their structure was constantly 

Figure 4:  Myo1c localizes and moves in conjunction with actin arrays in Huh-7 cells. (A) Wide-field image of a lamella 
of fixed cell expressing myo1c-2FLAG, immunolabeled with anti-FLAG antibody (magenta), and stained with phalloidin 
(green). Boxed areas are shown at higher magnification, portraying myo1c-positive actin filaments at the cell periphery 
(inset a) and in the cytoplasm (inset b). Occasional actin filaments negative for myo1c were found (inset c). Long actin 
filaments (open arrowheads) were not positive for myo1c. See also Supplemental Figures S2H and S3. (B) Time-lapse 
confocal frames (time scale, minutes:seconds) of cell coexpressing myo1c-EGFP (green) and mCherry-actin (magenta) 
taken from cell lamella show that the actin structures can be both dynamic (actin filament array; arrowhead) and static 
(actin foci; arrow) and that myo1c moves in conjunction with both actin filaments and foci. See also Supplemental Video 
S6. Bars, 10 μm (A), 5 μm (B).
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with actin anchorage to the plasma mem-
brane (PM), vinculin (Hazan et al., 1997) and 
moesin 1 (Gautreau et al., 2000); and a pro-
tein involved in receptor-independent en-
docytosis, caveolin (Pelkmans and Helenius, 
2002).

Myo1c has a role in creating and/or 
maintaining actin filament arrays
We next wanted to study the relationship 
between myo1c and associated actin fila-
ment arrays. Based on wide-field LM, over-
expression of myo1c in Huh-7 cells led to 
curved, bundled, and unorganized actin fila-
ment arrays compared with punctate or 
rather straight actin filament arrays in con-
trol cells (Figure  5, A and B). The overex-
pression of myo1c seemed to induce forma-
tion of actin filament arrays at the expense 
of disappearance of actin foci (Figure  5B). 
The depletion of myo1c, on the other hand, 
abolished actin filament arrays, and only ac-
tin foci were observed (Figures 5C and 6C). 
Together these results indicate that myo1c 
is required for formation of actin filament 
arrays.

Next we created a green fluorescent 
protein (GFP)–tagged mutant myo1c con-
struct with abolished actin binding (en-
hanced GFP [EGFP]–myo1cΔABL; see, e.g., 
Sasaki et al., 1999). Whereas wild-type (wt) 
myo1c localized heavily under the PM and 
to distinct foci at the cytoplasm (Figure 4A), 
EGFP-myo1cΔABL was observed as bright 
spots, likely protein aggregations, at the 
perinuclear area and as a diffuse signal 
throughout the cytoplasm (Figure 5D, inset 
a). In EGFP-myo1cΔABL–overexpressing 
cells, bright actin foci could be observed in-
stead of arrays of actin filaments (Figure 5D), 
resembling latrunculin A–treated (Figure 1C) 
and myo1c-depleted (Figure 5C) cells, pro-
viding further evidence that myo1c, and 
more precisely the actin-binding domain, is 
essential for the creation of actin filament ar-
rays. It is noteworthy that none of the afore-
mentioned manipulations affected the over-
all shape of the cells, as the cells remained 
flat and attached to the substratum 
(Figure 5).

Based on our results, myo1c and cortac-
tin decorated the same actin filament struc-
tures (Supplemental Figure S4). Furthermore, 
upon overexpression of EGFP-myo1cΔABL, 

Figure 5:  Myo1c regulates actin filament arrays in Huh-7 cells. Wide-field images of fixed cells 
expressing (A) CMVTag1 (control), (B) myo1c-2FLAG, (D) EGFP-myo1cΔABL, or (C) depleted with 
myo1c shRNAs were stained with phalloidin. Boxed areas are shown at higher magnification. 

(D) The EGFP-myo1cΔABL signal is observed 
as bright spots at the perinuclear area and as 
diffuse signal throughout the cytoplasm 
(inset a). See also Supplemental Figures S2E 
and S4. Bars, 10 μm.
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using pooled siRNAs (Supplemental Figure  S6C). Similar to the 
latrunculin A results, the 3D-EM results show that part of the reticu-
lar ER network appearance observed under wide-field LM resulted 
from interconnected consumed sheet remnants and tubules.

Our results showed that overexpression of EGFP-myo1cΔABL 
abolishes actin filament arrays, and so we next wanted to study the 
effect of EGFP-myo1cΔABL overexpression on ER. Based on confo-
cal live-cell imaging, overexpression of the construct led to almost 
complete structural shift of ER toward a reticular network, as only 
few peripheral sheets were observed (Figure 7A), providing further 
support to the role of myo1c in maintenance of ER sheet–tubule 
balance through actin filament arrays.

Although the off-target effects of myo1c depletion were ad-
dressed by using scrambled siRNA sequences and multiple siRNA 
target constructs, we designed rescue experiments using the ex-
pression of myo1c siRNA–resistant wt myo1c (myo1c-EGFP) and a 
mutant construct of myo1c with abolished actin-binding domain 
(EGFP-myo1cΔABL) to provide further control for the experiment. In 
myo1c-depleted Huh-7 cells (myo1c-siRNA-Cy5), expression of 
myo1c-EGFP led to a strong sheet-like ER phenotype (calreticulin-
immunolabeled cell marked with R in Figure 7B) compared with the 
tubular phenotype (marked with D in Figure 7B) in nonrescued cells. 
Instead of leading to a normal ER phenotype (Figure 1A), the res-
cued phenotype resembled the sheet-like phenotype of the myo1c-
overexpressed cells (shown in Figure 6A), showing the sensitivity of 
control of myo1c level in cells. In contrast, expression of EGFP-
myo1cΔABL did not rescue the myo1c-depletion ER-phenotype, as 
the ER remained tubular (Figure 7C).

Depolymerization of ER-associated actin filament arrays 
increases sheet fluctuations and transformations
So far, we have shown that ER sheet dynamics is coupled to actin 
filament arrays and foci localizing to polygons and that disruption of 
actin filament arrays changes ER sheet–tubule balance and affects 
ER sheet size, abundance, and morphology. We next studied ER 
sheet dynamics and the role of ER-associated actin arrays in ER 
sheet transformations. As a tool to disrupt actin filament arrays, 
we used short latrunculin A treatment, as it provided a reliable and 
consistent tool to mimic the naturally occurring relocation or loss of 
actin filament arrays from ER polygons in real time (Figure 3, B and 
C). Huh-7 cells were imaged for 60 s (1 frame/s) with wide-field LM 
focusing at the cell lamella, and sheets with clear boundaries were 
randomly selected from the first acquired frame and observed for 
the acquisition time or until sheet transformation events (sheets 
transforming into tubules, undergoing sheet fission, or showing fu-
sion events) were observed (Figure 8A), and these were then scored 
accordingly. The sheets were remarkably stable: 75% persisted for 
the analysis duration. On latrunculin A treatment, the portion of 
sheet transformations increased greater than threefold, as only 14% 
of the sheets persisted. Depolymerization of MTs by nocodazole did 
not have any effect on sheet persistence (Figure 8B). Sheet lifetime, 
counted from the first acquired frame, decreased from 53.7 ± 1.5 s 
(SEM; control) to 18.4 ± 2.8 s (SEM) in latrunculin A–treated cells. In 
accordance, actin depolymerization in HeLa affected sheet persis-
tence and lifetime in a similar manner (proportion of persistent 
sheets in control, 49%; lifetime, 42.6 s ± 2.4 [SEM]; after latrunculin 
A treatment, 38% and 35.6 ± 3.1 s [SEM], respectively).

To study lateral sheet movement and velocity, we traced out-
lines of individual sheets manually throughout the 60-s wide-field 
acquisition (1 frame/s). Based on the calculated center-of-mass of 
the sheet (i.e., the centroid), the centroid’s movement and velocity 
were quantified (Figure  8, C–E). The analysis was done only for 

the resulting actin foci remained positive for cortactin (Supplemental 
Figure S5A). Because cortactin is involved in both receptor-mediated 
(Cao et  al., 2003) and non–receptor-mediated (Kelley and Weed, 
2012) endocytosis, we next tested whether myo1c has a role in these 
endocytic events. To compare the efficiency of receptor- and non–
receptor-mediated endocytosis in controls and myo1c-depleted 
Huh-7 cells, we measured the uptake of transferrin Alexa Fluor 647 
and dextran Alexa Fluor 594, respectively (Supplemental Figure S5, 
B–E). The results show that myo1c depletion and the resulting altera-
tions in actin filament appearance did not induce relevant changes in 
receptor- or non–receptor-mediated endocytosis. Together these re-
sults indicate that although myo1c partly localizes under the PM and 
to structures involved in endocytosis, it is most likely not involved in 
endocytosis, and its main function is instead to create and/or main-
tain actin filament arrays.

Myo1c manipulations affect ER sheet morphology 
and characteristic network distribution
So far, we have shown that both latrunculin A treatment and myo1c 
depletion abolish actin filament arrays, and actin depolymerization 
leads to subsequent loss of ER sheets. We next wanted to study the 
effects of myo1c manipulations on ER morphology. The overexpres-
sion of FLAG-tagged myo1c construct (myo1c-2FLAG) in Huh-7 
(Figure 6A) and HeLa (Supplemental Figure S2F) cells shifted the ER 
sheet–tubule ratio toward sheets, with few tubules remaining and, 
instead of individual sheets, an interlinked sheet mass. In contrast, 
expression of 2FLAG-C1 construct alone did not induce changes in 
the ER (Figure 6A for Huh-7 and Supplemental Figure S2F for HeLa). 
The overexpression of myo1c saturated the natural binding sites, 
and strong accumulation of myo1c signal at the cell periphery and 
distinct punctae in the cytosol was observed. Expression of the con-
trol FLAG-construct (2FLAG-C1) was observed as diffuse staining in 
the cytosol (Figure 6A).

Wide-field live-cell imaging revealed that myo1c depletion led 
to uncharacteristic ER network appearance, with long tubules ex-
tending to the cell periphery and few degenerated sheets at the 
lamella (Figure 6, B and C). Morphologically, the phenotype resem-
bled the ER in latrunculin A–treated cells (Figure 1A); that is, loss of 
sheets and induction of uneven network distribution was observed, 
although the magnitude of the change varied. The slight difference 
between observed ER phenotypes might result from very different 
treatment durations, 48 h for myo1c depletion and 15 min for latrun-
culin A. In general, drug treatments have a more global effect, af-
fecting the whole cell culture uniformly, in comparison to protein 
depletion experiments, in which the level of depletion changes over 
time and varies from cell to cell. Furthermore, the myo1c depletion 
efficiency with short hairpin RNAs (shRNAs) varied and on average 
led to 60% depletion of myo1c (unpublished data). Myo1c deple-
tion with target-specific pooled small interfering RNAs (siRNAs) led 
to a similar morphological phenotype (Supplemental Figure S6, A 
and B) as with shRNAs. We did not find any significant difference in 
protein synthesis and secretion rates between control, myo1c-de-
pleted, and latrunculin A–treated cells after metabolic labeling for 
20 min and 1- or 4-h chase (Supplemental Figure S7).

The myo1c-depletion-induced morphological changes were 
even more evident in 3D models obtained from SB-EM data sets. 
Control Huh-7 sheets were large and heavily fenestrated (Figure 2A 
and Supplemental Video S1), whereas in myo1c-depleted cells the 
sheets were smaller, unequally fenestrated, and less abundant 
(Figure 6D and Supplemental Video S7) resembling the actin-depo-
lymerization phenotype (Figure 2B). The ER network remained con-
tinuous. Similar results were observed when myo1c was depleted 
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Figure 6:  Myo1c manipulations lead to loss of sheets and ER network distribution deficiency in Huh-7 cells. 
(A) Wide-field image of myo1c overexpression–induced ER phenotype in fixed cell coexpressing Hsp47-GFP and 
2FLAG-C1 (control) or myo1c-2FLAG (myo1c overexpression) and immunolabeled with anti-FLAG antibody (insets 1 and 
2). Boxed areas (a and b) are shown at higher magnification. Sheets/interlinked sheet mass (arrowhead) and tubules 
(arrows) are indicated. See also Supplemental Figure S2F. (B) Live wide-field images of control (CMVTag1) or myo1c-
depleted (shRNA) cells expressing Hsp47-GFP. ER tubules (arrows) and sheets (arrowheads) are indicated. See 
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Figure 7:  Myo1c actin-binding domain is crucial for proper ER phenotype in Huh-7 cells. (A) Confocal section of a live 
cell coexpressing Hsp47-mCherry (magenta) and EGFP- myo1cΔABL (green). Tubules (arrows) and the few remaining 
sheets (arrowheads) are indicated in the magnified image of the boxed area. See also Figure 5D and Supplemental 
Figure S2I. For rescue experiments, Huh-7 cells were transfected with Cy5-conjugated myo1c siRNA (blue) and, on the 
next day, siRNA-resistant construct (B) myo1c-EGFP (green) or (C) EGFP-myo1cΔABL (green) and immunolabeled for 
calreticulin (red). In B, tubules (arrows) and sheets/interlinked ER sheet mass (arrowheads) are indicated in the wide-field 
images of myo1c-depleted cell (outlined cell; D) and rescued cell (R). In C, the tubules (arrows) of nonrescued cells 
expressing EGFP-myo1cΔABL are indicated. See Figure 6A for comparison. Bars, 10 μm.

Supplemental Figures S2G and S6A for comparison. (C) Cells transfected with CMVTag1 (control) or pooled myo1c 
shRNAs (myo1c depletion) were analyzed by Western blotting with the indicated antibodies. See also Supplemental 
Figure S6B. (D) A cell coexpressing ssHRP-KDEL and pooled myo1c shRNAs was cytochemically stained (dark 
precipitate) and imaged with SB-EM (see Supplemental Video S7 for SB-EM data set and model). (a) Model of ER 
network (yellow) and NE (blue); (b) one block face image; (c) a representative sheet remnant. Sheet remnants 
(arrowheads) and tubules (arrow) are indicated. See Figure 2, A and B, for comparison. Bars, 5 μm (A), 10 μm (B), and 
1 μm (D; in the perspective view [a] apply to center of image).
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Figure 8:  Depolymerization of ER-associated actin filaments increases sheet transformations and sheet fluctuations in 
Huh-7 cells. (A) Wide-field time-lapse images of representative sheet (outlined) dynamics of cells expressing Hsp47-GFP. 
(B) Relative proportions (%) of persistent sheets vs. transforming sheets over the 60-s observation time (1 frame/s) in 
control and nocodazole- and latrunculin A–treated cells. (C) Still frame of a wide-field video subjected to center-of-mass 
analysis. The boxed area of a cell expressing Hsp47-GFP is shown at higher magnification on right, where the manually 
traced sheets and their calculated centroid (asterisks) are indicated. (D) Representative trajectories of sheet centroid 
movements over 60 s, plotted in a 1-μm2 area, of control and latrunculin A– and trichostatin A–treated cells and (E) the 
subgrouped centroid distances (μm) to the initial centroid position plotted against occurrence (%) and average distance 
(x , μm ± SD) to the initial centroid position. The lateral movement increased significantly (**p < 0.05) with latrunculin A but 
not trichostatin A treatment compared with controls. Bars, 2.5 μm (A and magnified image in C), 10 μm (otherwise in C).

that actin depolymerization allowed a greater lateral movement of 
sheets, whereas MT hyperacetylation had no effect on lateral move-
ment (Figure 8E). The average distance to the initial centroid posi-
tion (x) increased significantly in latrunculin A (0.43 ± 0.34 μm [SD]) 
but not trichostatin A treatment (0.30 ± 0.30 μm [SD]) compared 
with controls (0.27 ± 0.32 μm [SD]). When centroid distance mea-
surements to the initial centroid position were grouped into cate-
gories against occurrence, the histogram revealed an increased 
frequency of events at further distances in latrunculin A–treated 
cells compared with controls or trichostatin A–treated cells 
(Figure 8E). To conclude, sheets are persistent and relatively static 
structures that fluctuate in a small area rather than relocate over 
longer distances, and therefore sheet dynamics differs from that of 
tubules, which typically show clear directionality and greater veloc-
ity. Together our results provide a mechanistic view of the interplay 
between ER and actin, suggesting that loss of actin filament arrays 
in polygons allows ER sheets to move in a larger area and that 

persistent sheets to ensure that events that significantly increased 
or reduced sheet mass would not artificially shift the centroid. The 
observation duration was set to 60 s so that cell motility would not 
affect centroid movement and to ensure representative balance be-
tween persistent and transforming sheets. The analysis showed that 
in untreated cells, sheet movements did not exhibit clear direction-
ality, as the sheets mainly fluctuated in a small area (Figure 8D). To 
analyze the effect of actin depolymerization and MT hyperacetyla-
tion on ER sheet movement, we treated cells with latrunculin A or 
trichostatin A, respectively. Trichostatin A increased the proportion 
of acetylated MTs (Supplemental Figure  S8, A and B; Friedman 
et al., 2010) that act as tracks for ER tubule sliding. The average 
sheet velocity in latrunculin A– and trichostatin A–treated cells (0.11 
± 0.04 and 0.11 ± 0.03 μm/s [SD], respectively) remained roughly 
the same as in control (0.15 ± 0.23 μm/s [SD]). Remarkably, after 
latrunculin A treatment, the average sheet centroid distance to the 
initial centroid position increased significantly (p < 0.05), indicating 
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resulted in reduction of the short actin filaments to punctate struc-
tures, and overexpression of wt myo1c induced unorganized, curved 
actin filaments, indicating that myo1c is required for creation and/or 
maintenance of ER-associated dynamic actin filament arrays. In ac-
cordance, myosin I has been shown to bind only the dynamic actin 
filament population and not tropomyosin-stabilized microfilaments 
(Tang and Ostap, 2001).

We propose a model in which, in addition to a role in creating 
and/or maintaining dynamic actin filaments, myo1c is also respon-
sible for guiding forming actin filament arrays in the vicinity of ER 
through its lipid interaction. There are indications of straight electro-
static binding between the noncatalytic domains of myo1c and 
negatively charged phosphatidylinositol 4,5-bisphosphate (PIP2; 
Reizes et al., 1994; Bose et al., 2004; Hirono et al., 2004; Hokanson 
et al., 2006; Hokanson and Ostap, 2006), which in turn regulate ac-
tin filament assembly and disassembly (Sechi and Wehland, 2000; 
Diefenbach et al., 2002; Holt et al., 2002; Yin and Janmey, 2003). In 
agreement, myr2 (rat myosin I) has been shown to bind PIP2 (Barylko 
et al., 2005) and, based on immunoreactivity studies, associate with 
fractions enriched with ER and PM (Ruppert et al., 1995). It has been 
suggested that tethering of the myosin to actin polymerization sites 
might serve to trigger membrane remodeling of the associated or-
ganelles (Chhabra et  al., 2009; Coudrier and Almeida, 2011; 
Korobova et al., 2013). The actual mechanism for ER–actin interplay 
remains open; whereas myo1c serves to localize actin filaments to 
the vicinity of ER, these filament arrays might form passive physical 
restriction barriers within the ER network, or yet-unidentified factors 
may be needed to mediate interaction between ER and actin 
filaments.

Because the cytoplasm is full of MT- and actin-binding proteins 
that provide identity to cytoskeletal filaments in response to various 
intracellular and extracellular cues, interplay between ER subdo-
mains and different cytoskeletal elements provides a variety of regu-
latory possibilities. In addition to integral membrane proteins that 
support specific structural features, interaction with the cytoskeleton 
provides a more global and dynamic mechanism to control ER archi-
tecture in cells. MT-driven tubular ER is suited to hosting dynamic ER 
functions and provides a mechanism for rearranging the overall net-
work distribution within the cell. In contrast, more stationary and 
persistent ER sheets might be more suitable for protein synthesis 
and quality control or other ER functions. The functional importance 
of ER network transformation is an important research question for 
the future.

MATERIALS AND METHODS
Cell culture, constructs, and transfection
Huh-7 (JCRB0403; Japanese Collection of Research Bioresources 
Cell Bank, Osaka, Japan) and HeLa (C3005-1; BD Biosciences 
Clontech, Palo Alto, CA) cells were cultured as previously described 
(Kuokkanen et  al., 2007; Puhka et  al., 2012). ssGFPKDEL and 
mCherry-actin were described previously (Kuokkanen et al., 2007; 
Vartiainen et  al., 2007). ssHRP-KDEL, Hsp47-GFP-KDEL, LifeAct-
RFP, and 2FLAG-C1 were described previously (Connolly et  al., 
1994; Kano et al., 2005; Riedl et al., 2008; Dopie et al., 2012), and 
provided by the respective laboratories. Mouse myo1c coding se-
quence was amplified by PCR using NIH 3T3–derived cDNA and 
subsequently cloned into XhoI and BamHI restriction sites of pGFP-
C1 (Clontech), resulting in myo1c-EGFP-C1. EGFP sequence of 
pEGFP-N3 (Clontech) was replaced with 2xFLAG (DYKDDDDK), 
resulting in 2FLAG-N3 vector, which was used as a backbone for 
cloning myo1c coding sequence at XhoI and BamHI restriction sites, 
resulting in myo1c-2FLAG-N3. GFP in Hsp47-GFP-RDEL was 

lateral movement is subsequently accompanied by increased sheet 
transformation.

DISCUSSION
Although the interplay between ER tubules and MTs has been well 
described, the maintenance of the other abundant ER subdomain—
sheets—and the role of the actin cytoskeleton on ER structure have 
been obscure. Dreier and Rapoport (2000) reported in vitro forma-
tion of a reticular ER network independent of MTs and actin; how-
ever, it is unknown whether ER sheets were present. Furthermore, 
the interaction of actin cytoskeleton with ER has mainly been shown 
in specialized cells and functions. Here we found that the interplay 
between ER and actin cytoskeleton is essential for the persistence of 
ER sheets in cultured mammalian cells and thereby for the mainte-
nance of overall ER network architecture. ER tubules represent the 
dynamic part of the ER, whereas sheets are persistent, and the bal-
ance between the structures contributes to the characteristic ER net-
work architecture.

ER responds to actin depolymerization readily, as 15-min latrun-
culin A treatment led to decreased sheet–tubule ratio and unevenly 
distributed ER network. The effect was strong in a hepatoma cell 
line that has abundant sheets but was also observed in another 
commonly used epithelial cell line, HeLa. ER sheet dynamics was 
subjected to quantitative analysis. Results showed that actin depo-
lymerization led to increased sheet fluctuation and transformations 
and, based on 3D-EM, consumption of large sheets into sheet rem-
nants. However, actin depolymerization did not induce changes in 
the directionality or velocity of sheets, indicating that sheets do not 
move along the actin cytoskeleton as tubules move in conjunction 
with growing MTs, but instead that sheet repositioning to another 
area of the cell is likely to occur through new sheet formation. We 
propose that the role of interaction between sheets and actin fila-
ments is to provide stability to sheets and control sheet 
transformations.

On the basis of live-cell imaging, we suggest that actin foci and 
filament arrays are the same structures at different stages of poly
merization, as the foci could transform into actin filament arrays and 
vice versa, although some of the observed foci might, in fact, re-
semble actin filament arrays observed perpendicular to the imaging 
plane. Although the dynamic actin filament arrays responded read-
ily to all actin manipulations, the foci were remarkably resistant to 
the treatments. Whether actin foci simply resemble actin-polymer-
ization initiation sites remains to be resolved. Further identification 
of ER-associated actin filaments and foci was challenging not only 
because actin is the most abundant protein in the cell cytoplasm 
and >250 actin-binding proteins are known, but because actin 
filaments poorly endure EM sample preparation (Svitkina, 2013). 
We could exclude stress fibers because ER-associated actin filament 
arrays are dynamic, relatively short (<5 μm), and did not colocalize 
with commonly accepted stress fiber markers, as well as cortical ac-
tin because of its restricted localization at cell cortex. We identified 
two actin-binding proteins that associate with the actin filament ar-
rays, namely myosin 1c and cortactin.

Myo1c is one of the eight members of the myosin 1 family of 
unconventional motor proteins and was previously reported to be 
involved in actin cytoskeleton dynamics and membrane protein an-
choring in B lymphocytes (Maravillas-Montero et al., 2011) and to 
have a role in multiple signaling pathways (Bond et al., 2013). In ad-
dition, it has been shown that myo1 and actin filaments provide 
mechanical stability to microvillar ER (Pollard et al., 1991). Here we 
describe a novel role for myo1c in regulating ER-coupled actin fila-
ment arrays. Myo1c depletion or expression of EGFP-myo1c∆ABL 
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Myo1c depletion
The myo1c target–specific shRNAs were obtained from the 
Genome Biology Unit, Biocenter Finland (www.biocenter.helsinki 
.fi/bi/gbu/kd/). The sequences of the shRNAs were CAACCTGAC-
CGGAATCTC, TCCATCAACGACAAGAGT, and TCAAAGAATC-
CCATTATG. Huh-7 and HeLa cells were grown on class coverslips 
and cotransfected at a 1:4 ratio (wt/wt) with Hsp47-GFP and an 
inert plasmid (pCMV-Tag1; 211170; Agilent Technologies) or 
the pooled three myo1c target–specific shRNAs (1:1:1 ratio) for 
24–48 h. For analysis of the effects of myo1c depletion on the actin 
cytoskeleton, the cells were then fixed and stained with phalloidin. 
For myo1c siRNA depletion experiments, a 10 nM pool of three 
target-specific 20- to 25-nt myosin1c siRNAs (sc-44604; Santa Cruz 
Biotechnology) and the corresponding concentration of nontar-
geting control siRNA with at least four mismatches to any human 
gene (ON-TARGET plus, D-001810-10-20; Thermo Scientific, 
Waltham, MA) were transfected with INTERFERin (Polyplus-trans
fection, Illkirch-Graffenstaden, France) according to manufacturer’s 
instructions for 24 h, followed by transfection of Hsp47-GFP with 
FuGENE HD for additional 24 h.

Light microscopy
The live wide-field images were taken using a TILL imaging system 
equipped with PLANAPO 60×/1.45 oil objective with additional 
1.6× magnification in an IX-71 inverted microscope (Olympus, 
Tokyo, Japan) and iXon 885 camera and Imago QE (Andor, Oxford 
Instruments, Abingdon, UK) with heating (37°C) and CO2 supply. 
Time-lapse videos were acquired with either TILL Photonics (FEI 
Company, Hillsboro, OR) or TILL Vision software, focusing at the cell 
lamella. Live-cell confocal images of Huh-7 were taken with an in-
verted TCS SP5II HCS A confocal (Leica, Solms, Germany) using an 
HCX PL APO (Leica) lambda blue 63.0×/1.2 W Corr/0.17 CS (water) 
objective, HyD detector (Leica) with either standard or BrightR de-
tection mode, red (HeNe 633 nm/12 mW) and blue (Ar 488 nm/35 
mW) laser lines, and DD 488/561beam splitter. Cells were grown on 
glass-bottom dishes (MatTek, Ashland, MA) and kept in their growth 
medium at 37ºC in 5% CO2 environment during imaging. Time-
lapse videos were acquired from a single optical plane focusing at 
the cell lamella and recorded with LAS-AF software (Leica) using bi-
directional scanning with 1000–1400 Hz speed, zoom 12, and line 
averaging 1–2, resulting in 80 × 80 nm–pixel size in the xy-direction 
and 0.600-μm pixel size in the z-direction. Wide-field images of 
fixed cells were taken with an upright Zeiss (Oberkochen, Germany) 
AxioImager M2 482 epifluorescence microscope equipped with 
63×/Plan-Apochromat/1.40 oil/M27 and 483 AxioCam HRm camera 
(Zeiss). Images were acquired with AxioVision4 software (Zeiss). Live 
confocal stack of Huh-7/LifeAct-RFP was acquired with an SP2 AOBS 
(Leica) as described (Puhka et al., 2007).

Quantification of sheet–tubule ratio
The relative proportion of ER sheets and tubules was quantified 
from wide-field LM images of control and nocodazole- and latruncu-
lin A–treated and fixed Huh-7 cells (n = 1172, 518, and 1510 struc-
tural hits from 10 cells, respectively) immunolabeled against endog-
enous calreticulin. Images were quantified by using the intersection 
method. Analysis was done for the ER residing at the cell lamella, 
where the network resides in one plane. A 4-mm-line grid was 
placed over pictures printed at 150× final magnification, and the 
number of intersections of sheets and tubules with lines was counted. 
The relative proportion of sheets and tubules was calculated as 
Nintersections in category/Ntotal intersections and presented as a percentage 
of total intersections. This procedure was performed in a blinded 

replaced by mCherry by using PCR and subcloning into BamHI-NotI 
sites, creating Hsp47-mCherry. Cells were transfected with FuGENE 
HD (Roche, Indianapolis, IN; and Promega, Madison, WI) according 
to the manufacturer’s instructions and incubated for 24–48 h. For 
cotransfection of two plasmids, a 1:2 (wt/wt) ratio was used. For 
cotransfection of four plasmids, 1:1:1:1 (wt/wt/wt/wt) was used. To 
obtain myo1c construct with abolished actin binding, we replaced a 
short stretch of Myo1c polypeptide chain spanning residues 323–
330 (IIAKGEEL) with the flexible tripeptide AGA. Based on findings 
by several other groups (e.g., Sasaki et al., 1999), deletion of this 
region, termed the “myopathy loop,” leads to disruption of essen-
tial hydrophobic interactions between actin filaments and myosin 
head domain, thus preventing them from binding to each other. 
EGFP-myo1cΔABL was prepared by means of an overlap-extension 
PCR method using a pair of partially overlapping mutant oligonucle-
otides and primers flanking the myo1c coding sequence. The PCR 
product carrying the mutation was subsequently cloned into pEGFP-
C1 vector using BamHI and XhoI restriction sites.

Antibodies and cytoskeleton manipulations
All reagents are from Sigma-Aldrich (St. Louis, MO) unless otherwise 
stated. Antibodies against calreticulin (PA3-900; Affinity BioReagents, 
Golden, CO), β-tubulin (2128; Cell Signaling, Danvers, MA), moesin 
1 (3150; Cell Signaling), myosin1c (SC-130177; Santa Cruz Biotech-
nology, Dallas, TX), calponin (sc-28545; Santa Cruz Biotechnology), 
MHCIIA (PRB-440P; Covance, Princeton, NJ), MHCIIB (PRB-445P; 
Covance), cortactin (p80/85, clone 4F11/05-180; Millipore, Billerica, 
MA), α-actinin1 (A5044; Sigma-Aldrich), acetylated tubulin (clone 
6-11B-1, T7451; Sigma-Aldrich), FLAG-tag (F1804; Sigma-Aldrich), 
tropomyosin (T2780; Sigma-Aldrich), vinculin (V9131; Sigma-Aldrich), 
caveolin (C 4490; Sigma-Aldrich) and anti-myosin Iβ (M3567-2000UL; 
Sigma-Aldrich) were used as primary antibodies. Secondary antibod-
ies were rhodamine red-X–conjugated AffiniPure goat anti-mouse 
immunoglobulin G (IgG) + IgM (115-295-04; Jackson Immuno
Research, West Grove, PA) and goat anti-rabbit IgG (111-295-144; 
Jackson ImmunoResearch). The 1.4-nm nanogold anti-mouse IgG 
(2002) for immuno-EM labeling was from Nanoprobes (Yaphank, 
NY), and goat anti-mouse and anti-rabbit horseradish peroxidase–
conjugated antibodies (ab20043 and ab6721, respectively) for 
immunoblotting were from Abcam (Cambridge, United Kingdom). 
The F-actin probes Alexa Fluor 568 (A12380) and 488 (A12379) phal-
loidin and G-actin probe DNaseI Alexa 594 (deoxyribonuclease I, 
Alexa Fluor 594 Conjugate, D12372) were from Invitrogen (Carlsbad, 
CA). MT and actin cytoskeleton manipulations were done before 
fixation with 10 μM nocodazole (M1404-10MG; Sigma-Aldrich) for 
30 min, 125 nM trichostatin A (T8552; Sigma-Aldrich) for 90 min, 
1 μM latrunculin A (L12370; Invitrogen) for 15 min for cells to be fixed 
and 15–45 min for live-cell imaging, and 0.5 μM jasplakinolide 
(J7473; Molecular Probes, Eugene, OR) for 60 min.

Immunofluorescence staining and immunoblotting
Cells grown on glass coverslips were fixed with 4% paraformalde-
hyde (PFA; Electron Microscopy Sciences, Hatfield, PA), 0.1 mM 
MgCl2, and 0.1 mM CaCl2 in phosphate-buffered saline (PBS), 
quenched with 50 mM NH4Cl, permeabilized with 0.1% Triton X-100, 
and then blocked with 1% bovine serum albumin in PBS. When ap-
propriate, the cells were then incubated consecutively with primary 
and secondary antibodies, diluted in blocking solution, or stained 
with phalloidin according to manufacturer’s instructions. Samples 
were mounted in Mowiol (4-88) supplemented with Dabco (D-2522). 
Immunoblotting was done with indicated antibodies according to 
manufacturer’s instructions and by using standard protocols.
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next day, siRNA-containing medium was removed, and cells were 
transfected with GFP-tagged, siRNA-resistant myo1c constructs, 
myo1c-EGFP or myo1c ΔABL, using Lipofectamine 2000 (Life 
Technologies, Carlsbad, CA). After 5 h of incubation, siRNA-contain-
ing medium was added back to the cells, and culturing continued 
for additional 24 h, after which the cells were fixed with 4% PFA 
for 15 min, permeabilized with 0.1% Triton X-100 for 5 min, and 
stained with antibody against calreticulin.

Persistence and center-of-mass analysis
To study the actin dependence of ER sheet transformations, the 
naturally occurring relocation or loss of polygonal actin filament 
arrays was mimicked with latrunculin A treatment, using nocoda-
zole treatment as a control. Sheet persistence and lateral move-
ment of the sheets and the sheet lifetime were assessed from 
60-s-long wide-field videos (1 frame/s). The sheet lifetime and 
persistence were calculated by randomly selecting individual 
sheets from the first acquired frame and scoring the sheet dy-
namics according to the following characteristics and require-
ments. A persistent sheet was to stay connected to other sheets 
and/or tubules and not undergo any of the following transforma-
tion events: 1) sheet transformation to tubules—when the diam-
eter of the observed sheet reached the diameter of tubules; 
2) sheet fission—when the observed sheet split into two, with at 
least 30% of its area leaving, resulting in two sheets with clear 
boundaries; and 3) sheet fusion—when a connection larger than 
the diameter of a tubule was created between the observed sheet 
and another sheet. The sheet lifetime (seconds ± SEM) represents 
the average lifetime of a sheet during the 60-s acquisition and 
does not represent the total lifetime of sheets. The lifetime was 
calculated by observing individual sheets from first acquired 
frame until any of the transformation events occurred. The rela-
tive proportion (percentage) is shown as an average of 22 cells for 
control cells (n = 56 sheets), 31 cells for latrunculin A treatment 
(n = 50 sheets), and 11 cells for nocodazole treatment (23 sheets) 
in Huh-7, and of 28 cells (n = 81 sheets) for control and 24 cells 
(n = 50 sheets) for latrunculin A treatment in HeLa cells. All of the 
persistent Huh-7 sheets were further subjected to center-of-mass 
analysis: the outlines of individual sheets having branch points 
with other sheets and/or tubules were manually traced through-
out the 60-s acquisition (MatLab; MathWorks). Shapes were used 
to calculate the coordinates of the center of mass (i.e., the cen-
troid; value given by centroid property of the regionprops-func-
tion of MatLab). These coordinates were then used to calculate 
and the average velocity of the sheets (μm/s ± SD) and the cen-
troid’s average distance (μm ± SD) related to the initial centroid 
position (x ) and trace the centroid movements (n = 50 sheets 
in 16 cells for trichostatin A treatment). Significance between 
control versus treated (latrunculin A or trichostatin A) was ana-
lyzed using nonparametric Mann–Whitney U test (PASW Statistics 
18 software; SPSS, IBM, Chicago, IL). Trichostatin A treatment did 
not induce statistically relevant changes.

Specimen preparation for EM, microscopy, image analysis, 
and modeling
SB-EM samples were prepared as described previously (Puhka et al., 
2012). The SB-EM images were acquired with an FEG-SEM Quanta 
250 (FEI Company, Hillsboro, OR) equipped with a microtome 
(3View; Gatan, Pleasanton, CA) for serial imaging of block faces 
using a backscattered electron detector (Gatan). The cells were 
imaged with 2.5-kV beam voltage, spot size 3, and 0.3-Torr pressure. 
The images were processed and the models segmented using 

manner, and the results of each condition were averaged. Error bars 
are presented as SD.

Fluorescence intensity measurements
The effect of latrunculin A treatment on actin filaments and free mo-
nomeric actin was monitored by phalloidin and DNaseI staining. 
The relative fluorescence intensity of phalloidin and DNaseI was 
analyzed from randomized wide-field LM images (constant expo-
sure time) of control and 15-min latrunculin A–treated Huh-7 and 
HeLa cells (n = 100 cells in each). The mean gray intensity of the 
staining and the background was measured with the MatLab 
im_browser Intensity-function (MatLab, MathWorks, Natick, MA). 
The normalized results present average values of the intensities with 
background reduction. Error bars are shown as SEM.

To quantify the total amount of ER, the relative fluorescence in-
tensity of calreticulin in control, nocodazole, and latrunculin A treat-
ments (n = 75 cells in each) was measured from randomized wide-
field images of fixed HeLa cells (constant exposure time) with the 
Photoshop CS5.1 (Adobe, San Jose, CA) mean gray intensity tool. 
The results are shown as average ± SEM.

Quantitation of myo1c and cortactin-positive actin arrays
The percentage of actin filaments positive for myo1c (n = 579 from 
10 cells) was quantified from Huh-7 cells transiently expressing 
myo1c-2FLAG-N3, immunostained with an antibody against FLAG, 
and stained with phalloidin–Alexa 568. The percentage of actin fila-
ments positive for cortactin (n = 791 structures from 10 cells) was 
quantified from wide-field images of fixed Huh-7 immunolabeled 
against endogenous cortactin and stained with phalloidin–Alexa 
568. Images were taken as described. A 25-μm2 area of the cell was 
randomly selected, and the total number of actin filaments and/or 
foci <5 μm was counted by using the PhotoShop CS5.1 count tool, 
after which the number of actin filament and/or foci positive either 
for cortactin or myo1c was calculated. Actin filaments >5 μm were 
omitted. The numbers are presented as percentage ± SD of actin 
filaments and/or foci positive for either cortactin or myo1c.

Endocytic assays
The efficiency of non–receptor-mediated endocytosis in Huh-7 con-
trol and myo1c-depleted cells was quantified by following the up-
take of 0.05 μg/μl dextran–Alexa Fluor 594 (D-22913; Molecular 
Probes). Cells were transfected with Hsp47-GFP and CMVTag1 or 
three pooled myo1c shRNAs for 48 h. Cells were incubated for 5 
min at 37ºC in 5% CO2 atmosphere, after which they were fixed and 
mounted. To quantify the rate of receptor-mediated endocytosis in 
Huh-7 control and myo1c-depleted cells, we measured the transfer-
rin–Alexa Fluor 647 (T-23366; Molecular Probes) uptake as described 
previously (Bertling et al., 2004), with the exception that cells were 
not starved and the pulse time was 5 min before fixation and mount-
ing. To estimate the efficiency of non–receptor-mediated and recep-
tor-mediated endocytosis in control and myo1c-depleted cells (n = 
50 in all samples), randomized wide-field images were collected 
with constant exposure time, images were changed into grayscale 
8-bit format, and mean gray intensity was measured with ImageJ 
(MacBiophotonics, Bethesda, MD).

Rescue experiments
Myo1c-depletion phenotype rescue experiments were set up as 
follows. Huh-7 cells were transfected with either Cy5-tagged, 
human myo1c–targeted siRNA (AACCCGUCCAGUAUUUCAACA) 
or Qiagen AllStar negative control siRNA (1027281; Venlo, Limburg, 
Netherlands) at 20 nM concentration using INTERFERin. On the 
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SDS–PAGE and Western blotting with myo1c-specific antibody (as 
previously described). The myo1c depletion efficiency was 60–65% 
(quantitation not shown). To measure protein synthesis and secre-
tion rates, lysate and medium samples were subjected to SDS–
PAGE. Total cellular proteins were visualized by staining gels with 
Instant Blue (Expedeon, Cambridge, UK), and radiolabeled proteins 
were visualized by phosphorimaging. For phosphorimaging, gels 
were dried and exposed to clean phosphorimaging plates and de-
velop the exposures after 10 d using an image analyzer equipped 
with lasers for detection of radioactive isotopes (FLA-8000; Nachoi-
Fujikoshi, Greenwood, IN). Protein synthesis rates were assessed 
from cell lysate samples and calculated as the ratio of radiolabeled 
protein signal intensity measurements versus total protein. Densi-
tometry analysis of raw files was performed using ImageJ software 
(National Institutes of Health, Bethesda, MD). Before the compari-
son, both sets of measurements were normalized to the control, 0-h 
time point. Protein secretion rates were calculated as a ratio of in-
tensity quantifications of individual lanes between medium and cell 
lysate samples. Densitometry analysis of raw files from phosphorim-
aging scan was performed with use of AIDA image analysis software 
(Raytest, Langenzersdorf, Austria). Before the comparison, the cell 
lysate samples were normalized to the control, 0-h time point. Sha-
piro–Wilk test and F-test were used to compare the distribution of 
data with normal distribution and SDs between examined popula-
tions, respectively. Depending on the results, Student’s t test 
or Mann–Whitney U test was used. Statistical significance cutoffs: 
*p ≤ 0.05, **p < 0.01, and ***p < 0.001. All statistical analyses were 
performed using Statistica software (Statsoft, Tulsa, OK).

Microscopy Image Browser, a self-developed program under the 
MatLab environment. The visualization of models and rendering of 
videos were done in Amira (VSG; FEI Company). The videos were 
encoded using an H.264 encoder with Adobe Photoshop. The pre-
sented 3D models of ER and NE are shown in perspective view, and 
the bars apply to the center point of the image. In Figure 2, voxel 
size is 14.3 × 14.3 × 30 nm in A and 17.3 × 17.3 × 40 nm in B, and 
areas are 14.9 × 14.8 × 1.3 and 16.0 × 13.0 × 1.3 μm, respectively. 
In Figure 6D, voxel size is 14.6 × 14.6 × 30 nm, and area is 16.0 × 
17.8 × 0.7 μm.

Statistical analysis and image processing
Statistical analysis of centroid distance relative to initial centroid po-
sition between Huh-7 control (n = 35) and latrunculin A–treated 
(n = 7) or trichostatin A–treated (n = 19) cells used nonparametric 
Mann–Whitney U test (PASW Statistics 18 software). The data were 
not normally distributed (confirmed with SPSS Boxblot). The two-
tailed p value for latrunculin A treatment compared with control was 
0.045 and was nonsignificant for trichostatin A. Brightness and con-
trast of fluorescent images were adjusted with Photoshop CS5.1, 
and all of the live confocal images, as well as the wide-field images, 
were Gaussian filtered (rotationally symmetric low-pass filter, hsize = 
[3; 3], σ = 0.6). Magenta and green pseudo coloring was used as 
indicated.

The screen against actin-binding proteins
The screen was performed using an shRNA-based knockdown li-
brary against 208 human genes for functional actin-binding proteins 
(Genome Biology Unit, Biocenter Finland). Depletion conditions 
were validated with the BCH Knockdown Setup Kit (www.biocenter 
.helsinki.fi/bi/gbu/kd/setupkit.html). For the screen, Huh-7 cells 
were grown on glass-bottom, removable chambered coverglass, 
16-well format (Invitrogen), and cotransfected at 1:4 ratio (wt/wt) 
with Hsp47-GFP and an inert plasmid (pCMV-Tag1; 211170; Agilent 
Technologies) or the three pooled shRNAs (1:1:1 ratio). Individual 
targets of the shRNA-based knockdown library were depleted one 
by one for 48-h transfections with FuGENE HD). The ER dynamics at 
the cell lamella was studied using a wide-field TILL imaging system 
described earlier, collecting 5–10 videos of each sample (1 frame/s 
for 60 s). Controls and depletions (parallel) samples were then fixed 
and stained with phalloidin–Alexa 568 according to manufacturer’s 
instructions. Fixed samples were screened for changes in ER mor-
phology or actin cytoskeleton.

Analysis of protein synthesis and secretion rates
Huh-7 cells were transfected with CMVTag1 (control) or pooled 
myo1c shRNA for 48 h or treated with 1 μM latrunculin A (pretreat-
ment for 15 min and during pulse and chase). After methionine/
cysteine starvation for 20 min by incubation with methionine/
cysteine-free medium supplemented with 2 mM l‑glutamine (Invit-
rogen), newly synthesized proteins were radiolabeled for 20 min at 
37°C using methionine/cysteine-free medium supplemented with 
2 mM l-glutamine and EasyTagT EXPRESS [35S]methionine/cysteine 
labeling mix (>1000 Ci/mmol; NEG772014M; PerkinElmer, Waltham, 
MA). Subsequently, cells were incubated in the chase medium con-
taining an excess of unlabeled methionine/cysteine for 0, 1, or 4 h 
at 37°C. Cells were lysed on ice with PBS containing 0.5% Triton 
X-100, and secreted proteins in medium were concentrated by pre-
cipitation with trichloroacetic acid and resuspended in SDS sample 
buffer. Protein concentration of the cell lysates was measured using 
bicinchoninic acid protein assay (Thermo Scientific). The efficiency 
of myo1c depletion was assessed from separated cell lysates by 
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