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Abstract

During interphase, recycling endosomes mediate the transport of internalized cargo back to the 

plasma membrane. However, in mitotic cells, recycling endosomes are essential for the 

completion of cytokinesis, the last phase of mitosis that promotes the physical separation the two 

daughter cells. Despite recent advances, our understanding of the molecular determinants that 

regulate recycling endosome dynamics during cytokinesis remains incomplete. We have 

previously demonstrated that Molecule Interacting with CasL Like-1 (MICAL-L1) and C-terminal 

Eps15 Homology Domain protein 1 (EHD1) coordinately regulate receptor transport from tubular 

recycling endosomes during interphase. However, their potential roles in controlling cytokinesis 

had not been addressed. In this study, we show that MICAL-L1 and EHD1 regulate mitosis. 

Depletion of either protein resulted in increased numbers of bi-nucleated cells. We provide 

evidence that bi-nucleation in MICAL-L1- and EHD1-depleted cells is a consequence of impaired 

recycling endosome transport during late cytokinesis. However, depletion of MICAL-L1, but not 

EHD1, resulted in aberrant chromosome alignment and lagging chromosomes, suggesting an 

EHD1-independent function for MICAL-L1 earlier in mitosis. Moreover, we provide evidence 

that MICAL-L1 and EHD1 differentially influence microtubule dynamics during early and late 

mitosis. Collectively, our new data suggest several unanticipated roles for MICAL-L1 and EHD1 

during the cell cycle.
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Introduction

The goal of mitosis is to uniformly segregate replicated DNA between two daughter cells. 

The equal distribution of DNA to each daughter cell is required for proper development and 

the maintenance of homeostasis in adult tissues. Indeed, the failure to accurately complete 

mitosis is a possible mechanism for promoting cellular transformation and oncogenesis(1-3). 

Recent studies have revealed essential roles for endocytic membrane trafficking pathways in 

the regulation of mitotic events(4). In particular, endocytic recycling is required for the 

successful completion of cytokinesis, the final stage of mitosis that generates two diploid 

daughter cells each containing a single nucleus(5, 6). Once chromosomes have been 

segregated to each centrosome, signals derived from the tubulin-rich central spindle 

orchestrate a series of events that promote the formation of an actino-myosin ring around the 

middle of the central spindle. This marks the site at which the cleavage furrow, and 

eventually, the midbody, is generated. Increased RhoA activity leads to myosin-based 

furrow ingression and the squeezing of the central spindle into a thin structure known as the 

intercellular bridge (ICB). Cytokinesis concludes with abscission, a poorly understood 

process that leads to the severing of the ICB and the separation of the two daughter cells(7).

Cumulative data from a number of laboratories suggest that recycling endosomes regulate 

cytokinesis mainly by two mechanisms: 1) Delivery of membranes to the ingressing furrow 

and then the ICB, thereby stabilizing these structures. 2) Controlling the transport of 

regulatory proteins that influence cytoskeletal and lipid dynamics to the furrow and ICB. 

Initial studies in Drosophila embryos demonstrated that endocytic regulatory proteins such 

as the GTP-binding protein Rab11 and its interacting partner Nuclear Fallout (the 

Drosophila homolog of the mammalian Rab11 Family Interacting Proteins 3, FIP3) are 

required for cellularization(8), a process akin to cytokinesis. In mammalian cells, depletion 

of Rab11 or FIP3 results in cytokinesis failure, leading to the accumulation of tetraploid 

cells with multiple nuclei(9).

A key component of endocytic trafficking is the tethering of endosomes at their target 

organelles. The exocyst, an octameric protein complex that mediates the tethering of 

secretory vesicles to the plasma membrane during cytokinesis(10), is also required for the 

tethering of Rab11/FIP3 endosomes at the ICB(11). FIP3 interacts with both Rab11 and the 

GTP-binding protein Arf6, forming a tertiary complex. Arf6 mediates the tethering of FIP3 

endosomes to the ICB by interacting with the exocyst component Exo70. Expression of a 

dominant-negative GDP-locked Arf6 or siRNA-depletion of Exo70 impairs FIP3 

recruitment to the ICB and thus disrupts cytokinesis(11). Additionally, Syntaxin 16, a 

soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) protein, has been 

implicated in vesicle fusion during cytokinesis(12).

Recent studies have shed new light on additional factors that recruit FIP3 to the ICB and the 

role of FIP3 endosomes in regulating ICB actin dynamics. For example, FIP3 directly binds 

to Cyk-4/MgcRacGAP(13). Cyk-4 is a Rho GTPase-activating protein (GAP) and a 

component of the centralspindlin complex along with the microtubule bundling kinesin-like 

protein, MKLP1(14). Somewhat counterintuitively, Cyk-4 promotes activation of RhoA, 

presumably through its binding and activation of Ect2(15), a Rho guanine nucleotide 
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exchange factor (GEF), which coordinates actino-myosin ring contraction during early 

cytokinesis. During late cytokinesis Cyk-4 acts as a tether for FIP3 containing endosomes 

and is required to prevent FIP3 endosome displacement from the ICB(13).

Changes in microtubule stability are also required for FIP3 localization to the ICB. 

Microtubule bending and depolymerization precede FIP3 endosome fusion at the ICB(16), 

which enhances ICB plasma membrane dynamics leading to secondary ingression, a rapid 

constriction of the ICB from a thickness of approximately 1-2 μm to 0.1 μm. While 

decreases in microtubule content are required for thinning of the ICB, depolymerization of 

cortical actin filaments is also required for both ICB thinning and abscission. FIP3 

endosomes mediate the delivery of p50RhoGAP/ARHGAP1 and SCAMP2/3, which 

coordinate actin depolymerization at the ICB, allowing for secondary ingression (17) and 

eventually, abscission. Currently, there are two separate, but likely inter-connected models 

regarding the molecular machinery that mediates the abscission(18). Prekeris and colleagues 

suggest that FIP3 endosome-dependent secondary ingression mediates ICB thinning that 

creates a structure wherein the Endosomal Sorting Complex Required for Transport 

(ESCRT) is able to assemble and mediate abscission via a mechanism analogous to its 

function in membrane scission during multivesicular body formation or retroviral budding. 

(19-21). CEP55, a centrosomal protein that localizes to the midbody, binds to ESCRT 

component tumor susceptibility gene 101 (TSG 101) and the ESCRT accessory protein Alix 

and recruits them onto the midbody. Alix and TSG101 then recruit ESCRT III component 

CHMP4B, which mediates membrane constriction and abscission. Alternatively, FIP3 

endosomes may not be required for the terminal event of abscission. The ESCRT complex 

alone, through CHMP4B polymerization into long spiral filaments(22), may mediate 

abscission. Thus, abscission may be ESCRT-dependent or recycling endosome-dependent. It 

is likely that the two models are not mutually exclusive(18).

In addition to Rab11/FIP3 endosomes, Rab35 recycling endosomes are also required for 

abscission(23, 24). Rab35 binds to the phosphoinositide phosphatase OCRL and regulates its 

delivery to the ICB(25). OCRL dephosphorylates phosphatidylinositol-4,5-bisphosphate, 

thereby causing actin depolymerization on the ICB likely through decreased Arp 2/3 

activity. SiRNA-mediated depletion of Rab35 or OCRL impairs abscission, leading to 

daughter cells that remain connected by abnormally long and stable ICB with increased actin 

content.

Given the importance of recycling endosome delivery in controlling cytokinesis, it is crucial 

to understand the roles of regulatory proteins involved in recycling endosome dynamics 

during cytokinesis. Our lab has demonstrated that the protein Molecule Interacting with 

CasL-Like1 (MICAL-L1) acts as a membrane hub on tubular recycling endosomes (TRE) 

that emanate from the perinuclear region and is required for the recycling of several clathrin-

dependent and clathrin-independent cargos(26, 27). MICAL-L1 interacts with and recruits 

membrane bending and vesiculating proteins such as Syndapin2 and the C-terminal Eps15 

homology domain proteins 1 and 3 (EHD1/3) to TRE, thus regulating TRE dynamics(28, 

29). Given the established role of MICAL-L1 and EHD1 in regulating recycling during 

interphase and the necessity of recycling endosome delivery to the ICB for the completion 

of cytokinesis, we hypothesized that MICAL-L1 and EHD1 are required for cytokinesis. We 
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found that depletion of MICAL-L1 and EHD1 in HeLa cells resulted in cytokinesis failure 

and the generation of bi-nucleated and multi-nucleated cells. MICAL-L1 and EHD1 are 

required for the delivery of recycling endosomes to the ICB during late cytokinesis. 

Moreover, MICAL-L1 and EHD1 also regulate pre-cytokinetic events such as mitotic 

spindle orientation, chromosome alignment and microtubule dynamics, findings that 

supports recent studies by Doxsey and colleagues that implicate Rab11 and recycling 

endosomes in these pre-cytokinetic processes(30). Thus, we establish MICAL-L1 and EHD1 

as novel regulators of mitosis and cytokinesis.

Results

MICAL-L1- or EHD1-depletion in HeLa cells impairs normal cell cycle

To test if MICAL-L1 and EHD1 are required for normal cell division, we used siRNA to 

deplete HeLa cells of MICAL-L1 and EHD1. By immunoblot analysis, we demonstrated 

>90% depletion of MICAL-L1 (Figure 1A) and EHD1 (Figure 1B) after 48 and 72 h of 

transfection. The MICAL-L1- and EHD1-depleted cells were then grown on glass 

coverslips, and stained with tubulin and DAPI to assess nuclear morphology (Figure 1C-H). 

In contrast to nearly all control-siRNA cells that contained a single, oval shaped nucleus 

(Figure 1C, and D), MICAL-L1-depleted cells displayed several abnormal nuclear 

phenotypes including bi-nucleation (Figure 1E and F; red arrow) and micro-nuclei/nuclei 

separated by ‘chromatin bridges’ (Figure 1E and F; purple arrows). EHD1-depletion led to a 

significant increase in bi-nucleated and multi-nucleated cells (Figure 1G and H; red arrows). 

We classified cells based on 5 nuclear/morphological phenotypes and quantified the number 

of cells corresponding to each phenotype in control, MICAL-L1-depleted, and EHD1-

depleted cells (Figure 1I and J; for simplicity, quantitation of multi-nucleation and 

micronuclei are shown. Detailed phenotypic and statistical analysis is found in Supplemental 

Figure 1A). By quantifying nuclear area, we observed that MICAL-L1-depleted cells 

contained a significantly smaller nuclear area than control nuclei. On the other hand, EHD1-

depleted cells often contained one or more large nuclei and thus had a significantly larger 

nuclear area/cell (Figure 1J; representative images exported from Image J are shown in 

Supplemental Figure 1 B-G).

To rule out potential off-target effects for the pooled siRNA oligonucleotides, we depleted 

MICAL-L1 using two different individual oligonucleotides and found that both efficiently 

depleted MICAL-L1 (Supplemental Figure 2A). As shown, both MICAL-L1 siRNA 

oligonucleotides significantly increased the number of bi-nucleated and micro-nucleated 

cells compared to control-siRNA cells (Supplemental Figure 2B-E). The increase in bi/

multi-nucleated cells was also specific to EHD1-depletion, as introduction of a siRNA-

resistant EHD1 construct partially but significantly rescued the bi-nucleation phenotype 

induced upon EHD-depletion (Supplemental Figure 2 F-M; quantified in L). As an 

additional control, we analyzed the impact of EHD2-depletion. EHD2 is a paralog that 

displays ~67% amino acid identity to EHD1, but localizes to the plasma membrane(31) and 

regulates caveolar motility rather than membrane recycling(32-34). As demonstrated, 

EHD2-depletion did not induce bi-nucleation (Supplemental Figure 3A-D). Overall, these 

data indicate a role for MICAL-L1 and EHD1 in the regulation of cell cycle.
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MICAL-L1 and EHD1 are required for cytokinesis and transport of recycling endosomes to 
the ICB

To determine at which stages MICAL-L1 and EHD1 are required in the cell cycle, we 

monitored control cells, MICAL-L1-depleted cells, and EHD1-depleted cells by live 

imaging analysis. Cells were imaged between 24-48 h post-transfection to observe the first 

rounds of cell division after efficient siRNA-mediated down-regulation (Figure 2). Control 

cells entered mitosis and completed cytokinesis in approximately 2-3 hours (Figure 2A; see 

Supplemental Video 1). MICAL-L1-depleted cells also entered mitosis, but these cells 

typically remained attached via their ICB for ~5 hours (Figure 2B; arrow; see Supplemental 

Video 2), and in some cases, remained connected until the next mitotic division and failed 

cytokinesis (Figure 2C; arrows at 60 min. mark the daughter cells from distinct mitoses that 

fuse to form a single bi-nucleated cell at 540 min.; see Supplemental Video 3). EHD1-

depleted cells also displayed abnormal cytokinesis. Many cells displayed asymmetric cell 

spreading early in cytokinesis (Figure 2D; asterisks), a phenotype previously documented in 

Rab11-depleted HeLa cells(30). EHD1-depletion also led to cytokinesis failure resulting in 

bi-nucleated cells (Figure 2D; arrow).

Given that MICAL-L1 and EHD1 are required for cytokinesis, we hypothesized that these 

two proteins localize to the ICB during cytokinesis. To test this notion, fixed HeLa cells 

were labeled with antibodies against endogenous EHD1 and MICAL-L1 to assess their 

localization during cytokinesis. As demonstrated, both proteins localized near the ingressing 

furrow during early cytokinesis, and to the ICB during late cytokinesis (Figure 3A-F; yellow 

arrows; see insets). Importantly, this localization is specific to the recycling regulator, 

EHD1, as EHD2 is excluded from the ICB (Supplemental Figure 4A-C). MICAL-L1 also 

partially co-localized with Rab11 on the ICB during late cytokinesis (Figure 3G-I). 

Interestingly, we noted that MICAL-L1 (and EHD1) and Rab11 frequently localized to 

tubules during late cytokinesis, with Rab11 tubules concentrated in the perinuclear region 

and MICAL-L1 tubules extending outward to the cell periphery. Lastly, MICAL-L1 is 

required for recruitment of EHD1 to the ICB, as MICAL-L1-depletion impaired EHD1 

localization to the ICB during late cytokinesis (Supplemental Figure 4D-K).

The delivery of recycling endosomes, containing marker proteins such as transferrin (Tf), to 

the ICB appears to be essential for cytokinesis(9). Since MICAL-L1 and EHD1 are both 

required for efficient recycling of transferrin and several other cargo proteins during 

interphase(27), we assessed the localization of fluorescently labeled Tf during cytokinesis in 

MICAL-L1- and EHD1-depleted cells. In agreement with previous data, we found that 

Tf-568 localized to the ICB during late cytokinesis in control cells (Figure 3J-L; yellow 

arrows; see inset). These Tf-labeled endosomes localized distal to a narrowing of the ICB, 

known as the site of secondary ingression (Figure 3L; asterisks). A number of studies 

support the notion that recycling endosome delivery to the distal ICB is required for 

secondary ingression, and ultimately abscission(16, 17). Depletion of either MICAL-L1 or 

EHD1 caused Tf-endosomes to be retained at the base of the ICB (Figure 3M-R; red arrows; 

see insets). Typically, during late telophase, MICAL-L1- and EHD1-depleted cells were 

characterized by a thick ICB lacking secondary ingression. This supports a role for each 
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protein in mediating transport of recycling endosomes to the ICB, a process that is required 

for secondary ingression and the completion of cytokinesis.

We also assessed the effect of MICAL-L1 and EHD1-depletion on the localization of the 

Golgi apparatus (Supplemental Figure 5A-C) and early endosomes (Supplemental Figure 

5D-F) during cytokinesis. During late cytokinesis, in control cells and MICAL-L1-depleted 

cells the Golgi was observed in two discrete areas: 1) at the base of the bridge, and 2) behind 

the nucleus, presumably near the centrosomes (Supplemental Figure 5A and B, asterisks). 

However, EHD1-depletion resulted in altered Golgi localization during late cytokinesis, 

predominantly to the base of the bridge with no peri-centrosomal staining observed in most 

of cells (Supplemental Figure 5C; yellow arrows). While the functional significance of this 

altered localization is unclear, we speculate that Golgi localized near the centrosome is 

required for delivery of exocytic vesicles to the plasma membrane opposite of the ICB, thus 

impairing cell spreading of EHD1-depleted cells during cytokinesis (Figure 2D, asterisk). 

Lastly, early endosome localization was not grossly affected by either MICAL-L1- or 

EHD1-depletion (Supplemental Figure 5D-F), although EHD1-depleted cells did display a 

more compact early endosome staining pattern at the base of the ICB and the peri-

centrosomal areas. Our findings support a model in which MICAL-L1 recruits EHD1 to the 

ICB, which then facilitates the release of recycling endosomes from the base of the ICB.

Recruitment of MICAL-L1 to ICB is independent of EHD1, Rab11 and Rab35

Although MICAL-L1 and EHD1 are required for the completion of cytokinesis and the 

transport of Tf-containing endosomes to the ICB (this study), Rab11/FIP3 (9) and 

Rab35(24) have been previously implicated in the regulation of cytokinesis. How MICAL-

L1/EHD1, Rab11 and Rab35 coordinate membrane recycling is not well understood, 

although EHD1 does directly bind to FIP2(35), a Rab11 effector that is not required for 

cytokinesis. Rab35 binds to MICAL-L1 through the MICAL-L1 C-terminal coiled-coiled 

domain. Studies in HeLa cells as well as neuronal cells suggest that MICAL-L1 acts as a 

membrane hub for Rab35 and other GTP-binding proteins to coordinate recycling during 

interphase(26, 36, 37). To address the relationship between MICAL-L1, EHD1, Rab11 and 

Rab35 during cytokinesis, we tested if EHD1-, Rab11- or Rab35-depletion impaired the 

recruitment of MICAL-L1 to the distal ICB during late cytokinesis. Immunoblot analysis 

demonstrated the specificity and efficacy of each siRNA treatment (Figure 4A). 

Surprisingly, Rab11-depletion decreased the protein levels of MICAL-L1, although it did 

not affect the localization of MICAL-L1 to the ICB (see below; Fig. 4E) or interphase 

tubular membranes. In control cells, MICAL-L1 localized to the distal ICB (Figure 4B). 

MICAL-L1-depletion resulted in a loss of MICAL-L1 signal at the ICB, demonstrating the 

specificity of the MICAL-L1 antibody (Figure 4C). EHD1-, Rab11, or Rab35-depletion did 

not appear to affect the recruitment of MICAL-L1 onto the ICB (Figure 4D-F) although all 

knockdowns affected MICAL-L1 distribution, likely because the depletion of each affects 

the morphology of the ICB.

Given that MICAL-L1 localizes to the ICB independently of EHD1, Rab11 and Rab35, we 

next asked if MICAL-L1 is required for Rab11 or Rab35 recruitment onto the ICB. In 

control cells, endogenous Rab11 was found throughout the ICB but concentrated at the 
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distal end of the ICB near the midbody (Figure 4G), in agreement with previous findings(9). 

However, in MICAL-L1-depleted cells, Rab11 recruitment onto the distal parts of the ICB 

was impaired (Figure 4H). MICAL-L1-depletion also impaired the recruitment of over-

expressed FIP3-GFP to the distal ICB (data not shown). Due to technical difficulties, we 

could not assess the localization of endogenous Rab35, thus, we used GFP-OCRL as a 

marker for Rab35 endosomes, as its localization to the ICB is dependent on Rab35(25). 

Under these conditions, MICAL-L1-depletion did not drastically impair the recruitment of 

GFP-OCRL to the distal ICB(Figure 4I and J).

Overall, we stress that our evaluation of the relationship between each recycling protein 

must be interpreted with caution. Without a mechanistic link between MICAL-L1 and 

Rab11, we cannot conclude if MICAL-L1-depletion directly impairs Rab11 localization to 

the ICB (see Discussion). Moreover, our analysis was done on fixed cells. While we staged 

cells in cytokinesis based on previously reported morphological traits(13), the use of live-

cell imaging will be crucial to assess the temporal recruitment of each recycling protein to 

the ICB.

EHD1- but not MICAL-L1-, Rab11- or Rab35- depletion affects central spindle formation

Our live cell imaging analysis demonstrated that EHD1-depletion frequently resulted in 

asymmetric cell divisions (Figure 2D; asterisk), suggestive of a defect during the furrowing 

process. Given that the centralspindlin complex, comprised of Cyk-4/MgcRacGAP and 

MKLP1, is key to regulating the site of RhoA-mediated contraction during the early parts of 

cytokinesis (14), we performed immunofluorescence analysis of MKLP1 localization during 

early cytokinesis in EHD1-depleted cells.

In control cells, punctate MKLP1 staining was observed in a narrow zone at the center of the 

central spindle (Figure 5A). While EHD1-depletion did not impair the localization of 

MKLP1 to central spindle microtubules, it did result in a drastic widening of MKLP1 

staining (Figure 5B). Importantly, this phenotype is specific to EHD1-depletion, as MICAL-

L1-, Rab11- or Rab35-depletion did not significantly impair MKLP1 localization (Figure 

5C-E), which is in agreement with previous studies showing that Rab11/FIP3 and Rab35 are 

required for the later stages of cytokinesis rather than early cytokinesis(9, 13, 24, 25). We 

found similar localization patterns for other central spindle components such as Aurora B 

and Polo-Like-Kinase 1 (Supplemental Figure 6A-J). Using Structured Illumination 

Microscopy (SIM), we observed that MKLP1 puncta are found at the terminal ends of 

microtubules at the center of the central spindle (Figure 5F; single 0.110μm z-section 

shown; we refer reader to Supplemental Video 5 for entire z-stack). Also note the highly-

ordered and bundled morphology of the central spindle microtubules. In EHD1-depleted 

cells, the central spindle microtubules are unorganized and do not appear to have ends that 

terminate at the center of the central spindle (Figure 5G; see also Supplemental Video 6). As 

a consequence, MKLP1 staining is elongated. This phenotype is reminiscent of KIF4-

depletion (38). Further work is required to discern if EHD1 is directly involved in 

microtubule plus end dynamics or if EHD1 regulates the localization of KIF4 or other 

microtubule regulators to the central spindle. We speculate that the abnormal furrowing 

phenotype we observed upon EHD1-depletion is an indirect result of the elongated 
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centralspindlin localization, which would likely broaden the RhoA activation zone. In 

support of this hypothesis, we found that bright cortical actin staining is concentrated at the 

ingressing furrow in control cells (Supplemental Figure K; white arrow), however, EHD1-

depleted cells displayed uniform cortical actin along the plasma membrane (Supplemental 

Figure 6L).

EHD1 and Rab35 regulate mitotic spindle orientation while MICAL-L1 controls spindle 
length

While there is considerable evidence supporting a role for recycling endosomes in the 

completion of cytokinesis, new data also implicates Rab11 recycling endosomes in 

controlling pre-cytokinetic events such as microtubule dynamics, chromosome alignment 

and spindle orientation during metaphase(30). Accordingly, we used a well-characterized 

assay(39) to test if MICAL-L1, EHD1 and Rab35 are also required for spindle orientation 

(Figure 6). Control-, MICAL-L1-, EHD1- and Rab35-depleted cells were plated on 

fibronectin-coated coverslips for 48 h and then arrested in metaphase using MG132 for 2 h. 

Cells were then fixed and the centrosomes were labeled using anti-pericentrin antibodies. 

Confocal microscopy was used to acquire 0.5 μm optical sections through metaphase cells 

(Figure 6A; XZ sections), and LSM5 Pascal imaging software was used to measure the 

angle between centrosomes (Figure 6B and C; α-angle) and the distance between 

centrosomes (Figure 6D; pole-pole distance). Note that only bipolar cells with congressed 

chromosomes were analyzed and that the presence of other centrosomes in the XZ images 

are from surrounding interphase cells. While the majority of control cells and MICAL-L1-

depleted cells had spindle angles of less than 5 degrees (Figure 6B and C), EHD1- and 

Rab35 depleted cells displayed a drastic increase in the number of cells with spindle angles 

greater than 10 degrees. The significant increase in spindle angle for EHD1-and Rab35-

depleted cells suggests a general role for recycling proteins in regulating spindle orientation. 

Unexpectedly, whereas MICAL-L1-depletion did not affect spindle orientation, it did 

significantly increase the length of the mitotic spindle (Figure 6D). EHD1- and Rab35-

depletion led to a small, but significant decrease in spindle length.

Effect of MICAL-L1-, EHD1-, and Rab35-depletion on kinetochores, inter-kinetochore 
tension and kinetochore fibers

Doxsey and colleagues recently demonstrated that Rab11 is required for chromosome 

alignment(30). In unsynchronized cells, control cells with congressed chromosomes (as 

assessed by DAPI staining-not shown) had an inter-kinetochore distance of 1.02 +/- 0.013 

μm (Figure 7A; quantified in 7E). MICAL-L1-depleted metaphase cells with congressed 

chromosomes had significantly shorter inter-kinetochore distances compared to control cells 

0.89 +/- 0.015 μm (Figure 7B). Interestingly, EHD1-depleted cells had significantly wider 

inter-kinetochore distances (1.25 +/- 0.017 μm) compared to control cells (Figure 7C) while 

Rab35-depletion had no significant effect (1.05 +/- 0.012 μm; Figure 7D). Lastly, 

endogenous MICAL-L1 localized to detergent-resistant microtubules (see Materials and 

Methods) during metaphase and anaphase in both HeLa cells (Figure7F and G; see insets) 

and BJ human foreskin fibroblasts (Figure 7H and I; see insets).
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Inter-kinetochore distance is maintained by dynamic interactions between kinetochores and 

microtubules(40, 41). We hypothesized that the effects of MICAL-L1- and EHD1-depletion 

on inter-kinetochore distance might be a result of altered kinetochore fiber stability. We 

used a high calcium buffer to depolymerize all non-kinetochore microtubules(42). Figure 8A 

is a representative image of microtubules and kinetochores prior to calcium induced 

depolymerization in a cell treated with control-siRNA. Control, MICAL-L1-, EHD1-, or 

Rab35-depleted cells were then subjected to high calcium buffer for 10 min. prior to fixation 

and processing for immunofluorescence (Figure 8B-E). Single 0.2 μm optical sections were 

acquired by confocal microscopy and kinetochore fiber length was measured by manually 

drawing a line from the CREST labeled kinetochore to the end of the tubulin fluorescence at 

the spindle pole (Figure 8F). Compared to control cells, which had an average kinetochore 

fiber length of 3.05 +/- 0.06 μm, MICAL-L1-depleted cells had significantly longer 

kinetochore fibers (4.3 +/- 0.08 μm) while EHD1-depleted cells had significantly shorter 

kinetochore fibers (2.73 +/- 0.05 μm). Rab35-depleted cells did not display a significant 

difference in kinetochore fiber length (3.25 +/- 0.05 μm). We also found that MICAL-L1-

depletion significantly increased cold-stable microtubules in the metaphase mitotic spindle 

(Supplemental Figure 7A-H). Using SIM, we found that MICAL-L1-depletion leads to 

abnormal chromosome attachments. In control cells treated with calcium buffer as described 

above, punctate kinetochore structures localized to the ends of kinetochore fibers in an ‘end-

on’ orientation (Figure 8G; white arrow). However, in MICAL-L1-depleted cells, 

kinetochores were often connected to microtubules from both spindle poles (Figure 8H; 

merotelic attachments, yellow arrows). Lastly, we also observed lateral kinetochore 

attachments where microtubules failed to terminate at kinetochores (Figure 8H; white 

arrowheads).

Accordingly, our data provide support for the notion that MICAL-L1 is required for 

kinetochore microtubule dynamics, and that the depletion of MICAL-L1 can lead to a 

variety of mitotic aberrations, including longer and more stable kinetochore fibers, improper 

microtubule attachments to kinetochores and lagging chromosome strands (data not shown).

Discussion

The timing and precision of mitotic progression is paramount to insure genetic stability. 

Endocytic pathways are well suited to provide stringent spatiotemporal control over 

localization of mitotic regulators during each phase of mitosis. A variety of endocytic 

regulatory proteins control the steps of mitosis, and proteins such as Rab11/FIP3, Rab35, 

Arf6, ARH and dynamin are crucial for the successful completion of cytokinesis(9, 11, 23, 

24, 43, 44). Rab11/FIP3, Rab35, and Arf6 are all regulators of membrane recycling, and by 

interacting with and localizing tethering proteins such as the exocyst, SNARES, or the 

Endosome Sorting Required for Transport (ESCRT) complex, influence membrane and 

cytoskeletal dynamics at the ICB.

We now provide evidence that the recycling proteins MICAL-L1 and EHD1 also regulate 

cytokinesis, as the depletion of either protein results in increased bi-nucleation and multi-

nucleation. Given that MICAL-L1 and EHD1 are required for transport of recycling 

endosomes to the ICB, we speculate that the MICAL-L1/EHD1 pathway is responsible for 
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the delivery of membranes and cytokinetic regulators to the ICB. We show that MICAL-L1 

localizes to the ICB independent of EHD1, Rab11 or Rab35. MICAL-L1-depletion impairs 

recruitment of Rab11 onto the ICB, while having no effect on the Rab35-dependent 

pathway, which is in agreement with studies in interphase cells showing that MICAL-L1 is 

downstream of Rab35(26). Further studies will be required to elucidate the molecular 

mechanisms of how MICAL-L1 affects Rab11 recruitment. We stress that without direct 

evidence for an interaction between MICAL-L1 and Rab11, the impaired recruitment of 

Rab11 to the ICB may be secondary to defective microtubule depolymerization on the ICB 

or the presence of lagging chromosomes. Indeed, siRNA-depletion of the microtubule 

severing enzyme Spastin increases ICB microtubule content and impairs FIP3 recruitment 

onto the ICB(16). As shown in Figures 3 and 5, MICAL-L1 (and EHD1)-depleted cells 

often had enlarged, abnormally formed ICB. Furthermore, abscission (and possibly the 

recruitment of endosomes to the distal ICB) is inhibited in cells with lagging chromosomes 

in an Aurora B-dependent manner (45, 46). Given that we frequently observed lagging 

chromosomes in MICAL-L1-depleted cells, it is tempting to speculate that Rab11 transport 

is inhibited by an Aurora B-dependent mechanism in the presence of lagging chromosomes.

Our live cell imaging and morphological analysis of microtubules and the centralspindlin 

complex suggests that EHD1 is required for proper central spindle formation (Figure 5). 

Currently, it is thought that central spindle microtubules emanate from non-centrosomal 

locations distal to the separating chromosomes(47). Recent work by Doxsey and colleagues 

suggests that recycling endosomes may serve as sites for central spindle microtubule 

nucleation(30). If EHD1-depletion affects recycling endosome localization during early 

cytokinesis, this may explain the abnormal morphology of the central spindle microtubules. 

Alternatively, we predict that EHD1 may regulate the localization of the kinesin protein 

KIF4. KIF4-depletion results in a similar early cytokinetic phenotype characterized by 

unorganized and improperly bundled central spindle microtubules and elongation of the 

central spindle components MKLP1, Aurora B and PLK1(38).

In addition to the new roles for MICAL-L1 and EHD1 in cytokinesis, we found that EHD1 

and MICAL-L1 are involved in pre-cytokinetic events. Why EHD1- and Rab35-depletion 

affects spindle orientation, whereas MICAL-L1-depletion elongates the mitotic spindle, 

presumably through stabilizing kinetochore microtubules (Figure 8), requires further study. 

At this point, we speculate that MICAL-L1 may perform ‘moonlighting’ or non-endocytic 

functions early in mitosis(4). Indeed, MICAL-L1 contains several modular domains such as 

a calponin homology (CH domain), a LIM domain as well as a coiled-coiled domain. It is 

noteworthy that these domains are often found on microtubule regulators (i.e., Nuf2, Hec1, 

NDC80, EB1) that affect the stability and/or dynamics of kinetochore microtubules(48). 

Given the frequency that we observed micronuclei and lagging chromosomes in MICAL-

L1-depleted cells, we speculate that MICAL-L1 affects microtubule de-polymerase activity 

at improperly attached kinetochores. Indeed, microtubule de-polymerases such as MCAK 

are recruited to merotelic kinetochores, thereby releasing the improperly attached 

chromosomes and allowing for correct or amphitelic chromosome attachment(49, 50). 

MCAK is also part of the machinery required to fix lateral kinetochore attachments(51), 

which we frequently saw in MICAL-L1-depleted cells. Without MICAL-L1, kinetochore 

fibers become hyper-stable and the cells are unable to resolve abnormal, merotelic 
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attachments, which occur frequently early in mitosis but are often corrected prior to the 

onset of anaphase(52).

Although the precise mechanisms by which MICAL-L1 and EHD1 regulate mitosis remains 

unclear, as do the exact functions of many endocytic proteins that affect mitosis, we provide 

evidence that both proteins affect cytokinesis and pre-cytokinetic events. We suggest a 

model whereby MICAL-L1 performs ‘moonlighting’ functions during early mitosis. At the 

transition from early-to-late cytokinesis, MICAL-L1 resumes its more typical function as an 

endocytic regulatory protein that controls the delivery of recycling vesicles to the ICB. 

MICAL-L1, which is likely directly attached to microtubules, would then recruit EHD1 to 

the base of the ICB. EHD1 would then promote the vesiculation and release of recycling 

endosomes from the base of the ICB. We propose that MICAL-L1 and EHD1 then transport 

these endosomes to the distal ICB, where they control the fusion of recycling endosomes to 

the plasma membrane. This is supported by recent work demonstrating that EHD1 interacts 

with Snapin(53), a SNARE protein with a well-described role in cytokinesis(10). 

Furthermore, EHD1 interacts with the exocyst (unpublished observations), which is also 

required for vesicle fusion at the ICB. Overall, our findings support roles for both EHD1 and 

MICAL-L1 at distinct steps of mitosis, widening their roles as cellular regulatory proteins.

Materials and Methods

Reagents and Antibodies

Fibronectin, monastrol and MG132 were purchased from Sigma. Transferrin conjugated to 

AlexaFluor 568, Phalloidin-568, DAPI, as well as all secondary antibodies used for 

immunofluorescence were purchased from Molecular Probes. The following primary 

antibodies were used: EHD1(54), MICAL-L1 (Novus Biologicals), affinity-purified rabbit 

polyclonal peptide antibody directed against the C-terminus of EHD2 

(VERGPDEAMEDGEEGSDDEA) (AnaSpec), α-tubulin (Molecular Probes), anti-human 

anticentromere (ACA; Antibodies Inc.), pericentrin, giantin, MKLP1 and PLK1 (Abcam), 

Pan-actin (Millipore), Rab11 (US Biologicals), Rab35 (Protein Tech), Aurora B (Abnova; 

generous gift from Dr. Jixin Dong) and EEA1 (Cell Signaling Technologies).

Cell Culture, siRNA Transfection and Rescue

Cervical cancer cell line HeLa cells (ATCC-CCL2) and Normal human foreskin fibroblasts 

(BJ; ATCC-2522) were grown in DMEM (high glucose) containing 10% fetal bovine serum, 

penicillin/streptomycin (Invitrogen) and 2 mM glutamine. All siRNA and plasmid 

transfections were done in the absence of antibiotics. Pooled and individual oligonucleotides 

targeting human MICAL-L1, EHD2, Rab11a, Rab35, custom EHD1 siRNA(27) and non-

targeting control siRNA were obtained from Dharmacon. HeLa cells were transfected with 

50 nM of SmartPool oligonucleotides (MICAL-L1, EHD2, Rab11a, Rab35) or 100 nM of 

individual oligonucleotides (EHD1) using Lipofectamine RNAiMAX (Invitrogen). 

Efficiency of protein knockdown was measured 48-72 h post-transfection by immunoblot or 

immunofluorescence. For EHD1 rescue experiments, HeLa cells at ~60% confluency were 

transfected with siRNA-resistant-GFP-EHD1 construct(29) using Lipofectamine 2000. After 

2.5 h, DNA complexes were removed and fresh antibiotic-free media was given to cells. 
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Cells were then transfected with EHD1 siRNA as described above for 48 h and processed 

for immunofluorescence or immunoblot as described below. Control and MICAL-L1-

depleted cells were transfected with FIP3-GFP or OCRL-GFP (generous gifts from Rytis 

Prekeris and Claudio Aguilar, respectively) 24 h after siRNA transfection using 

Lipofectamine 2000.

Immunoblotting

Cell lysates were prepared by washing cells two times in ice-cold PBS. Cells were then 

scraped off the plate with a rubber policeman into ice-cold RIPA buffer (50 mM Tris, 150 

mM NaCl, 5 mM EDTA, 1% Triton, 0.5% sodium deoxycholate, 0.1% SDS, 1.8 mg/ml 

iodoacetamide, 1 mM orthovanadate, 2.5 mM sodium pyrophosphate, 1 mM 

glycerophosphate, 1 μg/ml leupeptin, 5 μg/ml aprotinin, 1 mM PMSF). Lysates were then 

clarified by centrifugation at 13,000 RPM at 4°C. Protein levels were quantified using the 

BCA assay (Biorad) and 20-30 μg protein lysate/sample was separated by 8% SDS-PAGE. 

Proteins were transferred onto nitrocellulose membranes. Membranes were blocked for 1 h 

at room temperature in TBST (TBS +0.1% Tween) plus 5% dry milk (TBST-B) and then 

incubated overnight in primary antibody in TBST-B at 4 degrees Celsius. Membranes were 

washed with TBST and then incubated with HRP-conjugated goat anti-mouse (Jackson 

Research Laboratories) or donkey anti-rabbit (GE healthcare) secondary antibody for 1 h at 

room temperature. After three washes in TBST, membranes were incubated in SuperSignal 

West Chemiluminescent Substrate (Pierce) and developed using standard film-based 

techniques.

Immunofluorescence

Cells were treated as indicated in the text and then fixed in 3.7% paraformaldehyde in 

PHEM (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, pH 7.0) for 15 

minutes at room temperature. For MICAL-L1 kinetochore fiber staining, cells were pre-

extracted in PHEM buffer + 0.1% Triton-X (warmed to 37 degrees Celsius) for 1 minute. 

For calcium treatment, cells were incubated in calcium buffer containing 100 mM PIPES, 1 

mM MgCl2, 1 mM CaCl2, pH 7.0 for 10 minutes. Cells were then fixed as described above. 

Cells were rinsed three times in PHEM and permeabilized in 0.5% Triton-X/PHEM for 15 

minutes. The cells were incubated with primary antibody in PHEM/1% BSA/0.02% Triton-

X for 1 h at room temperature. After three washes in PHEM, cells were incubated with 

appropriate fluorochrome-conjugated secondary antibodies (Molecular Probes) plus DAPI 

for 1 h at room temperature. Cells were washed 3X in PHEM and mounted in Fluoromount 

G.

Single plane or z-stack (slice size indicated in text) confocal images were collected using 

Zeiss LSM5 Pascal laser confocal microscope with a Plan-Apochromat 63X/1.4 oil 

objective or Plan-Apochromat 100X/1.4 oil objective (for kinetochore images). For 

quantification, images were imported into ImageJ or LSM Pascal Image Examiner and 

quantified as described in text. Images presented in figures were imported into Adobe 

Photoshop CS, where they were re-sized and formatted to 300 dpi resolution with minimal 

image manipulation (whole-image adjustment of brightness was done using ‘levels’ 

function).

Reinecke et al. Page 12

Traffic. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Structured Illumination Microscopy (SIM)

Cells were fixed and immunostained as described for confocal microscopy, and mounted 

with Vectashield H-1000 mounting solution (Vector Laboratories). SIM images were 

collected with a Zeiss ELYRA PS.1 illumination system (Carl Zeiss MicroImaging) using a 

63X oil objective lens with a numerical aperture of 1.46 at room temperature. Three 

orientation angles of the excitation grid were acquired for each Z plane, with Z spacing of 

110 nm between planes. SIM processing was performed with the SIM module of the Zen 

BLACK software (Carl Zeiss MicroImaging).

Live cell imaging

Cells growing in 6-well plastic dishes were imaged in an environmental chamber (19% 

oxygen, 5% carbon dioxide, 37 degrees Celsius) using an Olympus 1×81 inverted 

microscope with a 20X objective (NA 0.45). Images were gathered using a Hamamatsu 

Orca-ER camera every 10 min. for 36 hours. Slidebook 5.5.2 was used for image acquisition 

and processing.

Statistics

Data from ImageJ or LSM 5 Pascal Image Examiner were imported into Microsoft Excel. 

Mean and standard error of the mean were calculated from data obtained from three 

independent experiments. Statistical significance was calculated by One-way ANOVA and 

Tukey test (when comparing more than two samples) or Student’s T-test using Vassar stats 

program (www.vassarstats.net).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Depletion of MICAL-L1 or EHD1 in HeLa cells causes cell cycle defects
(A and B) Immunoblots demonstrating the efficacy of MICAL-L1 (A) and EHD1 (B) 

siRNA-mediated knockdown. (C-H) HeLa cells were transfected with control-siRNA (C and 

D), MICAL-L1-siRNA (E and F) or EHD1-siRNA (G and H) for 72 h and stained with α-

tubulin (green) and DAPI (Blue). Purple arrows show micro-nucleation and bridged nuclei 

while red arrows mark bi-nucleated cells. (I and J) Quantification of nuclear phenotypes 

from three independent experiments (n=300/experiment) expressed as a percentage of cells/

experiment in each phenotypic category. (K) Nuclear area per cell was quantified using the 

ImageJ ‘analyze particles’ function. n=100 cells/experiment, from three independent 

experiments. One-way ANOVA *p<0.05, **p<0.01. Scale bar=10 μm.
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Figure 2. MICAL-L1- or EHD1-depletion leads to cytokinesis failure
(A-D) HeLa cells growing on plastic dishes were transfected with control-siRNA (A), 

MICAL-L1-siRNA (B and C) or EHD1-siRNA (D) for 24 h. Live cells were then imaged by 

phase contrast every 10 minutes for ~36 h to follow progression through mitosis. (B) An 

arrow marks delayed abscission while in C, arrows (C) mark cytokinesis failure in MICAL-

L1-depleted cells. In D, the asterisk denotes asymmetric division where there is unequal cell 

spreading during cytokinesis and the arrow points to cytokinesis failure in EHD1-depleted 

cells.
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Figure 3. MICAL-L1 and EHD1 are required for delivery of transferrin- containing recycling 
endosomes to the intercellular bridge (ICB)
(A-F) HeLa cells were co-stained with antibodies to endogenous EHD1 (green) and 

MICAL-L1 (red). EHD1 and MICAL-L1 localized near the ingressing furrow during early 

cytokinesis (A-C, yellow arrows; see inset) and on the ICB during late cytokinesis (D-F, 

yellow arrows; see inset). (G-I) Hela cells co-stained with MICAL-L1 (green) and Rab11 

(red) antibodies during late cytokinesis. (J-R) HeLa cells were pulse-labeled with 

transferrin-568 for 1 h to reach equilibrium, fixed and then stained with α-tubulin antibody 

to mark the ICB (green) and with DAPI to mark the nucleus (blue). In control-siRNA treated 

cells (J-L), transferrin-568 localized to the tubulin-rich ICB (yellow arrows in insets, 

asterisk in L marks secondary abscission). In contrast, depletion of MICAL-L1 (M-O) or 

EHD1 (P-R) caused transferrin-568 retention at the base of the ICB (red arrows in insets). 

Maximum projections of 1 μm optical sections are shown. Scale bar= 10 μm.
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Figure 4. Recycling regulatory protein requirements for their recruitment to the ICB
(A) Immunoblot analysis demonstrating efficacy and specificity of siRNA-knockdown of 

indicated recycling proteins. (B-F) HeLa cells were transfected with indicated siRNAs for 

48 h, fixed and stained with MICAL-L1 (red), tubulin (green) antibodies, and DAPI (blue). 

(G and H) HeLa cells were transfected with control or MICAL-L1-siRNA for 48 h, fixed 

and stained with Rab11 (green), tubulin (red) antibodies and DAPI (blue). (I-J) HeLa cells 

were transfected with control or MICAL-L1-siRNA for 24 h and then transfected with the 

GFP-OCRL construct and incubated for another 24 h prior to fixation and immunostaining 

with tubulin antibody (red) and DAPI (blue). Yellow arrows mark the position of midbody 

on the ICB and the region of interest some in the insets. Scale bar=10 μm.
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Figure 5. Depletion of EHD1 but not MICAL-L1, Rab11 or Rab35 affects central spindle 
formation
(A-E) HeLa cells were transfected with the indicated siRNA for 48 h and then fixed and 

stained with MKLP1 (green), tubulin (red) antibodies and DAPI (blue). Maximum 

projections of 0.5 μm optical sections are shown. (F and G) HeLa cells were transfected with 

control or EHD1-siRNA for 48 h and then fixed and stained with MKLP1 (green) and 

tubulin (red) antibodies and imaged by Structured Illumination Microscopy. Scale bar=10 

μm.
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Figure 6. Role of recycling proteins in regulating mitotic spindle orientation and length
(A-D) HeLa cells were plated onto fibronectin-coated coverslips and transfected with 

control-, MICAL-L1-, EHD1-, or Rab35-siRNA for 48 h. Cells were treated with the 

proteasomal inhibitor MG132 (10 μM) for 2 h to prevent metaphase-anaphase transition and 

then fixed and stained with pericentrin (red) to mark centrosomes and DAPI (blue). 0.5 μm 

optical sections were acquired through the entire depth of metaphase cells. LSM5 Pascal 

software was used to measure the α-spindle angle (B and C) and the distance between the 

two pericentrin labeled centrosomes (D, pole-pole distance). Results are from three 

independent experiments, 45 cells/experiment. One-way ANOVA **p<0.05.
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Figure 7. Role of recycling proteins in regulating inter-kinetochore tension
(A-D) Cells were transfected with indicated siRNAs for 48 h, fixed and stained with anti-

centromere/kinetochore antisera (CREST, green) and tubulin (red) antibody. A single 0.2 

μm optical section is shown for each condition. (E) Inter-kinetochore distance was measured 

in >100 kinetochores from 10 representative cells across three experiments. Asynchronous 

HeLa cells (F and G) or BJ human fibroblasts (H and I) were subjected to Triton X-100 

extraction prior to fixation (see methods) and then stained with anti-MICAL-L1 antibody 

(green) and DAPI (blue). Maximum projections of 1 μm optical sections are shown. One-

way ANOVA **p<0.01.
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Figure 8. MICAL-L1-depletion enhances kinetochore fiber length and leads to abnormal 
kinetochore-microtubule interactions while EHD1-depletion decreases kinetochore fiber length
(A) HeLa cell fixed and stained with CREST anti-sera (green) and tubulin antibody (red) 

demonstrating presence of kinetochore and interpolar microtubules. (B-E) HeLa cells were 

transfected with indicated siRNAs for 48 h, incubated in calcium containing buffer (Ca2+) 

for 10 min, fixed and stained with CREST (green) and tubulin (red; a single 0.2 μm optical 

section is shown for each condition. (F) Quantitation of kinetochore fiber length. >50 

kinetochore fibers were measured from 10 representative cells across three experiments. (G 

and H) Control and MICAL-L1-depleted cells were fixed and stained as above and analyzed 

by SIM. White arrow denotes ‘end-on’ attachment of microtubule to kinetochore. Yellow 

arrows in MICAL-L1-depleted cell shows abnormal kinetochore stretching while white 
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arrowheads show ‘lateral’ microtubule-kinetochore attachment. One-way 

ANOVA**p<0.01.
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