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ABSTRACT ELMOD?2 is a ~32 kDa protein first purified by its GTPase-activating protein
(GAP) activity toward ARL2 and later shown to have uniquely broad specificity toward ARF
family GTPases in in vitro assays. To begin the task of defining its functions in cells, we
deleted ELMOD2 in immortalized mouse embryonic fibroblasts and discovered a number of
cellular defects, which are reversed upon expression of ELMOD2-myc. We show that these
defects, resulting from the loss of ELMOD2, are linked to two different pathways and two
different GTPases: with ARL2 and TBCD to support microtubule nucleation from centrosomes
and with ARF6 in cytokinesis. These data highlight key aspects of signaling by ARF family
GAPs that contribute to previously underappreciated sources of complexity, including GAPs
acting from multiple sites in cells, working with multiple GTPases, and contributing to the
spatial and temporal control of regulatory GTPases by serving as both GAPs and effectors.
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INTRODUCTION

To carry out essential cellular processes, a cell requires diverse
cellular compartments to communicate and synchronize with one
another. Cell division alone requires DNA replication and condensa-
tion, nuclear envelope breakdown, mitochondrial fragmentation,
actin and microtubule cytoskeletal rearrangement, centrosome
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duplication and migration, ciliary resorption, and many other events
to be performed and timed correctly to facilitate the generation of
two new cells. It stands to reason that there must be signaling
network(s) to allow for these discrete processes to communicate.
Regulatory GTPases are strong candidates as keys to such commu-
nication and integration of cellular processes because of their ability
to act from multiple locations and with different partners and regula-
tors in the same cells. The ARF superfamily of regulatory GTPases (in
mammals represented by six ARFs, 22 ARLs (ARF-like proteins), and
two SARs [Sztul et al., 2019)) is one such example not only because
many of the members localize to diverse cellular compartments and
work with multiple different effectors, but also because they are an-
cient (most members found in eukaryotes were predicted to have
been present in the last eukaryotic common ancestor), very highly
conserved, and ubiquitous in eukaryotes (Li et al., 2004; Klinger
et al., 2016; Sztul et al., 2019).

While the ARFs are best known for their roles in the regulation of
membrane traffic (Kahn et al., 2005; D'Souza-Schorey and Chavrier,
2006; Jackson and Bouvet, 2014), ARF family GTPases are also criti-
cal regulators of a diverse array of essential cellular functions (Nie
et al., 2003; Burd et al., 2004; D'Souza-Schorey and Chavrier, 2006;
Gillingham and Munro, 2007; Donaldson and Jackson, 2011; Seixas
et al., 2013). In several instances, single members of this family
regulate multiple processes at distinct sites, making dissection and
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elucidation of each molecular pathway challenging (Francis et al.,
2016; Sztul et al., 2019). In other cases, multiple family members
share overlapping or redundant functionalities, making clear demon-
strations of the role(s) of any one a challenge (e.g., ARF1-3 all share
>96% identity, overlapping localization, and common binding part-
ners). A further complication to clear understanding of any one sig-
naling pathway is that the proteins tasked with turning off these
GTPases, the ARF GTPase-activating proteins or ARF GAPs, are also
almost always effectors, contributing to the propagation of the signal
from the GTPase to a biological response (Zhang et al., 1998, 2003;
Inoue and Randazzo, 2007; East and Kahn, 2011; Vitali et al., 2019).
While a challenge to researchers, the ability of one cell regulator to
act on multiple essential cellular processes and at distinct sites has
also been posited to provide an important means of communication
between those functions and between the distinct cellular locations
from which they act (East and Kahn, 2011; Sztul et al., 2019).

Multiplicity of functions at distinct locations is perhaps most
clearly demonstrated for ARL2. It is found predominantly in a cyto-
solic, heterotrimeric complex with TBCD and B-tubulin (Bhamidipati
et al., 2000; Shultz et al., 2008; Francis et al., 2017a) but also local-
izes to centrosomes (Zhou et al., 2006), mitochondria (Newman
et al., 2014, 2017a), and rods and rings (Schiavon et al., 2018). Ge-
netic screens in multiple model organisms identified ARL2 and
TBCD orthologues as key players affecting microtubules and cell
division (McElver et al., 2000; Radcliffe et al., 2000; Antoshechkin
and Han, 2002; Price et al., 2010). Stearns et al. (1990) identified
mutants in Saccharomyces cerevisiae of ARL2 (CIN4) and TBCD
(CINT) based on supersensitivity to benomyl, while a related screen
linked mutations in these same genes to increased chromosome
loss and defects in nuclear migration and nuclear fusion (Hoyt et al.,
1990). Nick Cowan’s group discovered five cofactors required for
tubulin heterodimer formation (termed tubulin-specific chaperones
A-E; TBCA-E [Tian et al., 1996]) and first posited a specific role for
ARL2 working with TBCD in a tubulin folding pathway (Tian et al.,
2010). An obligate role for ARL2 in the folding of the af-tubulin
heterodimer was later expanded upon with structural studies
(Francis et al., 2017a,b). Other studies suggest a role for ARL2 and
TBCD in microtubule polymerization, acting from centrosomes
(Zhou et al., 2006; Cunningham and Kahn, 2008). ARL2 was later
shown to mediate mitochondrial fusion from the inner membrane
space (Sharer et al., 2002; Newman et al., 2014, 2017a; Schiavon
et al., 2019). Still other studies have revealed roles for ARL2 in trans-
port of farnesylated cargoes to the transition zone of primary cilia
(Ismail et al., 2011; Watzlich et al., 2013), in STAT3 signaling in the
nucleus (Muromoto et al., 2008), and as a component of rods and
rings (Schiavon et al., 2018). That one protein regulates so many
pathways and from so many different locations highlights the com-
plexity involved in generating models of its actions at any one site.
Yet, it offers the promise of important insights into cell regulation
with better models of the mechanisms that drive interpathway
communication.

Another example of diversity in function by one ARF family mem-
ber is ARF6. This GTPase is found at the plasma membrane, cyto-
plasm, cleavage furrows, and Flemming bodies (D'Souza-Schorey
etal., 1995; Cavenagh et al., 1996; Hosaka et al., 1996). ARFé6 facili-
tates membrane and actin remodeling, and activated ARFé is re-
cruited to the cleavage furrow where it supports ingression in early
cytokinesis (Radhakrishna and Donaldson, 1997; D'Souza-Schorey
etal., 1998; Frank et al., 1998; Song et al., 1998). Depletion of ARF6
leads to failures in cytokinesis (Schweitzer and D’Souza-Schorey,
2002, 2005; Makyio et al., 2012; Ueda et al., 2013). Other studies
have revealed the importance of its binding to MKLP1 at the
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Flemming body in the completion of cytokinesis (Takahashi et al.,
2011; Makyio et al., 2012; Ueda et al., 2013; Hanai et al., 2016),
where it is predicted to either mediate the traffic of key factors to
and from the midbody to facilitate the proper docking of endo-
somes or to promote the recruitment of FIP3 (Takahashi et al., 2011).

Like the ARF superfamily, the family of ARF GAPs is also highly
conserved and ancient (Schlacht et al., 2013), with 24 genes/pro-
teins in mammals that all share the ARF GAP domain (Randazzo
etal., 2007; Spang et al., 2010; Donaldson and Jackson, 2011; East
and Kahn, 2011; Sztul et al., 2019; Vitali et al., 2019). However, these
ARF GAPs have consistently been shown to act only on the six ARFs
and not on the ARLs. In contrast, ELMOD2 was purified based on its
GAP activity toward ARL2 and later was shown to act in vitro on both
a number of ARLs and ARFs (Bowzard et al., 2007; lvanova et al.,
2014). There are three ELMOD family members (ELMOD1-3) in
mammals that share a common ELMO domain with the three ELMO
proteins (ELMO1-3), though only the ELMODs have GAP activities
for ARFs and ARLs (Bowzard et al., 2007; East et al., 2012). Thus,
ELMODs have uniquely broad substrate specificity that includes
several GTPases tested in the ARF family; these include ARL1, ARL2,
ARL3, ARF1, and ARF6 but not ARL13B (Bowzard et al., 2007;
Ivanova et al., 2014). The ELMOD family is also ancient, predicted to
have been present in the last eukaryotic common ancestor (East
et al., 2012), and linked to various pathologies; these include idio-
pathic pulmonary fibrosis (ELMOD2 [Hodgson et al., 2006]), deaf-
ness (ELMOD1 and ELMOD3 [Johnson et al., 2012; Li et al., 2018,
2019], intellectual disability (ELMOD1 and ELMOD3 [Miryounesi
et al., 2019; Loi et al, 2020]), and antiviral response (ELMOD2
[Pulkkinen et al., 2010]). The broad specificity of ELMODs for
GTPases in the ARF family in in vitro GAP assays increases the likeli-
hood that the ELMODs work with muiltiple (currently unknown)
GTPases in cells. This promiscuity makes teasing apart the biologi-
cal functions of ELMODs more complicated to dissect and makes
ELMODs more likely to serve key roles in multiple pathways.

The cellular functions and specificity of ELMODs as GAPs in cells
have not yet been characterized. These proteins are expressed only
to low levels, making their detection and quantification challeng-
ing. Of the three, ELMOD2 displayed the highest in vitro GAP
activities (lvanova et al., 2014) and has been localized to mitochon-
dria, the endoplasmic reticulum (ER), and lipid droplets. Yet, func-
tions at these locations have been shown for only ELMOD2 and
ARL2 acting from the intermembrane space to regulate mitochon-
drial fusion (Schiavon et al., 2019). Here, we used CRISPR-Cas9 to
generate frameshifting/null mutations of ELMOD2 in immortalized
mouse embryonic fibroblasts (MEFs). These lines not only proved
useful earlier for gaining mechanistic insight into ELMOD2's role(s)
in mitochondrial fusion (Schiavon et al., 2019), but they also re-
vealed a host of unexpected phenotypes that were not apparent
from previous knockdown or overexpression studies. Our data
highlight both the importance of this protein to two essential cel-
lular processes and the complexities involved in dissecting signal-
ing by ARF GTPases and their interactors.

RESULTS

With the goal of identifying cellular functions for ELMOD2, we gen-
erated cell lines specifically deleted for ELMOD2. We used CRISPR-
Cas9 genome editing to introduce frame-shifting mutations of both
alleles in MEFs, as described earlier (Schiavon et al., 2019). By tar-
geting close to the 5’ end of the open reading frame and upstream
of the sole, catalytic ELMO domain (Supplemental Figure S1A), we
expect that any protein fragments made from the mutated ELMOD2
gene will be inactive, as well as potentially rapidly degraded. We

ELMOD?2 regulates microtubules and cytokinesis | 2071



will refer to such lines herein as null or knockout (KO) lines, even
though a short N-terminal peptide might exist in cells. To strengthen
any conclusions drawn from characterization of these lines and spe-
cifically to protect against off-target effects that can occur from
CRISPR, we generated multiple cell lines from two different guide
RNAs. A total of 10 independently cloned KO lines was obtained
(Supplemental Figure S1B). Screening of cell lines was performed by
genomic DNA sequencing after PCR amplification of the region tar-
geted. We also generated a lentivirus that directs expression of
mouse ELMOD2 with a C-terminal myc epitope (ELMOD2-myc) and
used it to transduce our MEF lines to further strengthen the link
between any observed phenotypes and the loss of cellular EL-
MOD?2. Clones found to have no changes in the targeted exon are
referred to as “CRISPR WT" and are retained as controls, as they
have been through the same transfection, selection, and cloning
processes as the nulls. We narrowed down the number of test sam-
ples to include four KO lines (KO #4, 6, 8, and 10; see Supplemental
Figure S1), the same four KO lines after transduction with virus to
drive expression of ELMOD2-myc, two wild-type (WT) lines (one
parental population, one CRISPR WT), and the same two WT lines
expressing ELMOD2-myc. Hereafter, we will refer to these cells as
the “12 standard lines.” Finally, we note that every phenotype de-
scribed below was evident in all 10 KO lines when tested and dif-
fered only in the magnitude of the changes. These are typically
shown as the range, with more detailed analyses performed on the
12 standard lines.

We screened ELMOD?2 null lines using markers of various cellular
compartments both to assess potential global changes in organelle
morphology as well as to specifically look for changes in compart-
ments to which ELMOD2 had been localized (i.e., mitochondria and
lipid droplets). As predicted and demonstrated earlier, we observed
mitochondrial defects (fragmentation) consistent with ELMOD?2 act-
ing with ARL2 in mitochondrial fusion (Schiavon et al., 2019). In con-
trast, staining of WT and ELMOD2 null cells with BODIPY, either
untreated or after a 24 h exposure to 30 mM oleic acid, showed no
changes in the number or size of lipid droplets that might be as-
cribed to the deletion of ELMOD2 (Supplemental Figure S2). These
early, broad screens did reveal a number of other cellular changes to
result from deletion of ELMOD2 that we describe and analyze
further below.

ELMOD?2 null MEFs display multiple defects linked to
microtubules

During routine handling and culture of ELMOD2 null cells, we ob-
served some obvious differences from WT cells, for example, in cell
morphology. Cell rounding was evident in each of our 10 ELMOD2
null lines and appeared to correlate with time spent out of the 37°C
incubator, at room temperature, but was not seen in WT or rescued
lines. Cell rounding can result from defects in any of several different
processes. Given the established links between ELMOD2 and ARL2,
though, as well as the roles of ARL2 and its partner TBCD in tubulin
heterodimer assembly, microtubule stability, y-tubulin ring complex
(y-TuRC) recruitment, and links to chromosome instability, we
hypothesized that the cold sensitivity of ELMOD2 null MEFs was
tied to the changes in microtubules (Hoyt et al., 1990; Zhou et al.,
2006; Bowzard et al., 2007; Ivanova et al., 2014; Francis et al.,
2017a; Newman et al., 2017b).

A time course study revealed that changes in cell morphology
became evident within 1 min at room temperature, progressing and
persisting for at least 2 h. Approximately 50% of cells became
rounded within the first 15 min, and those that did not remained flat
for at least 2 h. We chose 15 min for more detailed analyses as a
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time at which changes were prominent in null cells but not in WT.
Cells were removed from the incubator and either fixed immediately
or after 15 min at room temperature (~22°C). Tubulin staining was
not obviously different in WT and null cells fixed immediately upon
removal from the incubator; microtubules fill the majority of the cell
body and are ordered in appearance (Figure 1A). Quantification re-
vealed that the percentage of cells with depleted microtubule net-
works was slightly increased in KO (17.1%) compared with controls
(3.3%; p < 0.05; Figure 1B). In contrast, within 15 min at room tem-
perature, ELMOD2 KOs displayed a pronounced loss of microtu-
bule staining compared with WT MEFs (77.8% in KO lines vs. 8.8%
in WT lines; Figure 1, A and B). This is evident from the loss of overall
microtubule staining and less frequent evidence of their organiza-
tion around a centrosome in the nulls (see Supplemental Figure S4
for details on binning of microtubule density). In marked contrast,
there was little or no evidence of changes in the microtubule net-
work of WT cells between the 0 and 15 min time points (Figure 1, A
and B). Quantification of loss of microtubule networks (Figure 1B)
included scoring of both rounded and flat cells, as rounded cells
were also depleted of microtubules. While both WT and null cells
display loss of microtubules and cell rounding at 4°C, these changes
are initiated more rapidly and are more evident in the null lines (un-
published data). Thus, ELMOD?2 nulls clearly display an increased
cold sensitivity for microtubules. Expression of ELMOD2-myc in
nulls resulted in the near complete rescue of cold sensitivity, in that
cell rounding and microtubule network densities each reverted to
near WT levels (Figure 1, A and B [KO+D2]). Expression of ELMOD2-
myc in WT cells had no apparent effect on either parameter
(Figure 1A).

Changes in microtubule sensitivity can also be assessed through
their response to drugs that act on microtubules, such as no-
codazole, as previously used in genetic screens in model organisms
(Hoyt et al., 1990; Stearns et al., 1990). Nocodazole sensitivity was
assessed in the 12 standard lines, grown to ~70% confluence, after
treatment with increasing concentrations of nocodazole (0-
100 ng/ml) for 2 h, followed by fixation and staining for o-tubulin, as
described under Materials and Methods. Cell rounding occurred in
response to nocodazole, and such cells lacked evidence of, or had
a greatly reduced, microtubule network. WT cells begin demon-
strating clear evidence of microtubule loss at 5-10 ng/ml no-
codazole and are most sensitive to changes in the drug at these
concentrations, under these conditions (Figure 1C). In contrast,
comparable loss of microtubules was evident in ELMOD2 KO cells
with as little as 2 ng/ml nocodazole (Figure 1C). At 5 ng/ml,
ELMOD2 KO cells have more than threefold more cells displaying
loss of microtubules (average of WT = 18.5%, range 13.5-23.5%;
average of KO = 63.1%, range 59.5-66.75%). The expression of
ELMOD2-myc in rescued lines reversed the nocodazole supersensi-
tivity of ELMOD2 null MEFs (average = 17.1%, range 15.75-18.5%)
but had no effect on WT cells. At 20 ng/ml, all 12 lines presented
with 100% of cells with microtubule loss (Figure 1C). Thus, the
absence of ELMOD?2 in MEFs causes the microtubule network to
become more sensitive to both cold and nocodazole.

ELMOD2 localizes to centrosomes, and its deletion causes
delay in the recruitment of -TuRC and in microtubule
nucleation from centrosomes

Microtubule network organization, regulation, and function(s) rely
on a variety of different factors. Increased sensitivity to cold and
nocodazole could be the product of increased microtubule
catastrophe, delays in microtubule nucleation, changes in pools of
polymerizable tubulin, altered microtubule anchorage, or other
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Loss of ELMOD2 leads to decreased microtubule stability. (A) Microtubules in ELMOD2 null MEFs display
increased cold sensitivity compared with WT cells. Cells grown at the same densities were fixed either immediately after
removal from the incubator (left panels) or after 15 min at room temperature (~23°C; right panels), before staining for
o-tubulin. Representative images collected via widefield microscopy at 100x magnification are shown. Scale bar =
10 pm. (B) Our 12 standard lines imaged as described in A and scored for obvious loss in microtubule densities, as
described under Materials and Methods. For each cell line, 100 cells were scored in duplicate and averaged. WT, N=2
lines; WT + D2 (WT cells expressing ELMOD2-myc), N = 2; KO (ELMOD2 nulls), N = 4; KO + D2 (ELMOD2 nulls
expressing ELMOD2-myc), N = 4. Statistical significance was assessed using two-way ANOVA; *** = p < 0.0001.

(C) ELMOD2 KO lines show increased sensitivity to nocodazole. The effects of increasing concentrations of nocodazole
(0-100 ng/ml) on microtubule networks are shown for the different cell lines. Cells were stained for a-tubulin and scored
for microtubule networks. Error bars represent the SEM, after scoring 100 cells in duplicate. Two-way ANOVA statistical
analysis reveals that KO cells have significantly (p < 0.0001) increased nocodazole sensitivity at 2 and 5 ng/ml. WT, N=2
lines; WT + D2 (WT cells expressing ELMOD2-myc), N = 2; KO (ELMODZ2 nulls), N = 4; KO + D2 (ELMOD2 nulls
expressing ELMOD2-myc), N = 4. (D) Aster formation is delayed in ELMOD2 null MEFs after nocodazole washout. Cells
were incubated with nocodazole (50 ng/ml) for 2 h, drug was washed out, and cells were fixed 30 s later and stained for
o-tubulin and y-tubulin (nunpublished data). Cells were imaged at 100x magpnification on a widefield microscope, and
images were taken of random fields of cells. A minimum of 50 asters were imaged for each of the 11 lines tested (N = 2
WT, 2WT + D2, 3 KO, 4 KO + D2) in duplicate. Aster diameters were measured with FlJI software. Note that differences
in KO lines are larger than they appear in this graph, as we did not score a-tubulin-negative centrosome staining at this
early time point after release from drug; these were clearly more numerous in KO lines. (E) Asters were imaged at either
30 s or 10 min after washout of nocodazole, as described in panel D. Asters are boxed and shown at higher
magnification for ready comparison. Statistical significance was assessed using one-way ANOVA; ** = p < 0.01.

Scale bar =10 pm.

means. To begin narrowing in on the role of ELMOD2, we used the
aster formation assay (Cunningham and Kahn, 2008) to assess the
rate of microtubule polymerization from centrosomes. We treated
cells with 50 ng/ml nocodazole (optimized to increase the number
of cells with complete microtubule loss while minimizing toxicity) for
2 h, before replacing the drug with fresh medium and monitoring
the formation of asters by staining fixed cells for tubulin. The cells
were fixed at time points up to 20 min after release from nocodazole;
the 30 s and 10 min time points are shown in Figure 1E. Cells were
stained for o~ and y-tubulin to track aster formation. Both WT and
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null cells showed at least some asters at the earliest time point (30 s
after nocodazole washout). However, the rate at which asters grow
or new asters appear was clearly slower in the null lines (Figure 1, D
and E; p < 0.001). Scoring of this assay is described further in Sup-
plemental Figure S5. We also noted the presence of more than two
asters in some ELMOD2 null cells, resulting from microtubule nucle-
ation from supernumerary centrosomes (see below). By 10 min, WT
cells have recovered microtubule arrays and cell morphology
comparable to untreated cells. ELMOD2 nulls also have restored
microtubule networks, though their networks are less ordered,
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emanate less obviously from centrosome-nucleated asters, and fre-
quently do not extend to the cell periphery (Figure 1E, 10 min
recovery).

The presence of microtubules but lack of an obvious microtubule
organizing center in many ELMOD2 null cells recovering from no-
codazole prompted us to ask whether nucleation of new microtu-
bule growth was specifically defective at centrosomes and perhaps
retained at other sites (e.g., Golgi or plasma membrane [Tassin
et al., 1985a,b; Chabin-Brion et al., 2001; Bugnard et al., 2005;
Efimov et al., 2007; Zhu and Kaverina, 2013; Rios, 2014; Petry and
Vale, 2015; Wu and Akhmanova, 2017]). Therefore, cells were incu-
bated on ice for 30 min to deplete the microtubule network and
then returned to 37°C for different times before fixation with 4%
paraformaldehyde (PFA), permeabilization with 0.1% Triton X-100,
and staining for a-tubulin and y-tubulin. At O min recovery from cold
exposure, both WT and ELMOD?2 null cells presented with a greatly
depleted microtubule network, showing little or no evidence of a
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centrosomal microtubule organizing center. Peripheral microtubules
were still present in both WT and null cells and at similar levels,
though the microtubules were clearly less organized than in un-
treated cells. At each time point of recovery from cold, peripheral
microtubules in both WT and null cells appeared to recover at indis-
tinguishable rates. Cells fixed immediately after cold exposure show
little to no y-tubulin—positive centrosomes. In both WT and KO cells,
the majority of the cells show background, punctate y-tubulin stain-
ing, but no obvious bright foci consistent with centrosomes (Figure
2A). This indicates that the cold treatment used here causes at least
partial changes in y-tubulin, and thus y-TuRC, at centrosomes, or
more specifically at the pericentriolar material (PCM). After 5 min of
recovery from cold, the vast majority (87.5%; range 83-92%; Figure
2B) of WT cells show the return of y-tubulin—positive centrosomes. In
contrast, our KO lines show delayed recovery, with an average of
only 21.3% (range 13-29%; Figure 2B) of cells showing y-tubulin at
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ELMOD2 nulls are slow to recruit y-TuRC, ARL2, and TBCD to centrosomes during recovery from cold. Cells
were incubated on ice for 30 min to deplete the microtubule network, and then returned to 37°C and fixed at different
times during recovery before being stained for y-tubulin to mark centrosomes. (A) Widefield images shown (100x
magnification) are representative of the number of cells displaying y-tubulin—positive centrosomes. (B) Scoring of the
percentage of cells with y-tubulin—positive centrosomes was performed, as described under Materials and Methods,
after 5 min recovery. Statistical significance was assessed using one-way ANOVA; *** = p < 0.0001. (C) Two WT, three
KO, and two rescued lines were fixed after 5 min of recovery from cold and stained for - and y-tubulin. Z-stacks were
collected. These images were analyzed using FlJI software, and the microtubules protruding from each centrosome

were manually counted from each layer of the z-stack. The cut-off for what was considered a microtubule (using the FlJI
measuring tool) was 0.5 pm. The z-section with the largest number of microtubules protruding from the centrosome was
recorded, and the average of these values for each cell line is shown, as described under Materials and Methods.
Statistical significance was assessed using one-way ANOVA; *** = p < 0.0001. (D-G) Cells were fixed using ice-cold
methanol and stained for centrin and ARL2 or TBCD, as described under Materials and Methods, at either 0 or 5 min of
recovery at 37°C from cold exposure. Widefield imaging was used to score for centrin (to mark centrosomes) and ARL2
or TBCD. (D, E) The standard 12 cell lines were scored in duplicate experiments with 100 cells per condition and
averaged. Statistical significance was assessed using two-way ANOVA; *** = p < 0.0001. (F, G) Representative widefield
images at 100x magpnification are shown. (H) Two WT and four ELMOD2 KO lines were transfected with either empty
vector (pcDNA) or the same vector directing expression of ELMOD2-myc, ELMOD2[R167K]-myc, ARL2 ARL2[V160A],
ARL3[L131A], ARF6[T157A]-HA, or ARF6[Q71L]-HA, as indicated. The next day, cells were maintained at room
temperature for 15 min prior to fixation and staining for a-tubulin and either myc, ARL2, ARL3, or HA to identify
transfected cells. Densities of microtubule networks of transfected cells were scored in duplicate and averaged, as
described under Materials and Methods. Statistical significance was assessed using one-way ANOVA; *** = p < 0.0001.
Scale bar = 10 pm. Only expression of ELMOD2-myc, ARL2, or ARL2[V160A] significantly reversed microtubule cold
sensitivity in KO cells.
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cells reversed this effect to near WT levels (82.6%; range 76-88%).
By 10 min, y-tubulin—positive centrosomes have recovered in practi-
cally all cells.

This loss or delay in y-tubulin recruitment to centrosomes after
cold was also accompanied by a decrease in the number of micro-
tubules emanating from them even after its return. We quantified
the number of microtubules at y-tubulin—positive centrosomes, as
described under Materials and Methods and illustrated in Supple-
mental Figure S6, at the 5 min time point. While WT cells had an
average of 12.4 microtubules (range 11.6-13.2) at y-tubulin-positive
centrosomes, the four KO lines had an average of 5.1 (range 5.0-
5.3) microtubules. These four rescue lines showed numbers ap-
proaching those seen in wild-type cells (average 9.5 microtubules,
range 9.4-9.6; Figure 2C). Note that in this assay we scored only
cells with y-tubulin—positive centrosomes and because we earlier
found that KO lines show loss or delay in return of y-tubulin to cen-
trosomes, these data underestimate the severity of the differences
in microtubules at asters during recovery from cold.

Taken together, these data point to a role for ELMOD?2 in the
recruitment of y-tubulin, and by extension y-TuRC, to centrosomes.
However, ELMOD2 has not previously been localized to centro-
somes. We had earlier generated rabbit polyclonal antibodies
directed against ELMOD?2 and used them to demonstrate localiza-
tion in mitochondria (Newman et al., 2017b). Others have reported
its presence at lipid droplets using proteomics or immunoblotting of
purified preparations as well as exogenous expression of tagged
protein (Bouchoux et al., 2011; East et al., 2012; Suzuki et al., 2015).
Previous immunofluorescence experiments with our ELMOD2 anti-
body used fixation with PFA and permeabilization with saponin or
Triton X-100, which are conditions often used to visualize antigens in
or on membranous compartments. However, protein dense struc-
tures like centrosomes and midbodies typically do not immunostain
well under those conditions. Rather, it is common to fix and permea-
bilize in cold methanol, as described under Materials and Methods.
WT MEFs were stained with our rabbit polyclonal antibody to
ELMOD?2 along with markers of microtubules (a-tubulin) and centro-
somes (y-tubulin) (see Figure 5A later in this article). These studies
revealed specific staining of ELMOD2 at both centrosomes and
Flemming bodies, though not at cleavage furrows or the intercellu-
lar bridge (ICB) of midbodies (similar to ARL2, which also localizes to
both centrosomes and Flemming bodies [Supplemental Figure S3]).
ELMOD2 staining was strongly decreased or completely absent
from centrosomes and midbodies when the primary antibody was
first incubated with purified GST-ELMOD?2 (i.e., antigen competi-
tion). In addition, staining of ELMOD2 at centrosomes and Flemming
bodies was not observed in KO lines. These two important controls
for immunostaining confirm the specific localization of endogenous
ELMOD2 to centrosomes and midbodies in MEFs and provide
novel potential sites at which it may act to alter microtubule dynam-
ics or cytokinesis (see below) when deleted.

Previous data from our lab revealed a role for ARL2 and its bind-
ing partner TBCD in y-TuRC anchoring (Cunningham and Kahn,
2008) and for ARL2 binding ELMOD2 (Bowzard et al., 2007; lvanova
et al., 2014). Thus, we also asked whether deletion of ELMOD2 af-
fected the localization/recruitment of ARL2 or TBCD to centrosomes
under cold stress. Using the same conditions for recovery from cold
described above, cells were costained for centrin (to mark centri-
oles) and for either ARL2 or TBCD, as described under Materials and
Methods. At each time point, centriolar staining of centrin is evident
in all our cell lines, suggesting that cold exposure does not disrupt
its localization to centrioles. In contrast, we observed loss of ARL2
and TBCD in response to cold stress in all cells, though this effect
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was more pronounced in the KO lines than in WT or rescued lines.
Upon 0 min recovery from cold, 20.8% of WT cells were positive for
TBCD staining at centrosomes (range 16-24%) and 27% were posi-
tive for ARL2 at centrosomes (range 21-35%). In contrast, 1.8% of
KO cells displayed TBCD staining at centrosomes (range 0-4%) and
4% had ARL2 (range 0-8%). The decreased TBCD and ARL2 recruit-
ment is reversed upon rescue with ELMOD2-myc, 21.3% (range
14-30%) and 25% (range 18-30%), respectively. After 5 min of re-
covery, 86.3% of centrosomes in WT cells were positive for TBCD
(range 85-88%) and 77.5% for ARL2 (range 74-81%), while only
31.1% of null cells had TBCD (range 24-40%) and 41.3% (range
38-47%) had ARL2. This decrease in ARL2 and TBCD recruitment in
ELMOD2 null cells, compared with WT, was reversed upon expres-
sion of ELMOD2-myc as we found 82.4% of null cells positive for
TBCD (range 77-89%) and 81.3% (range 73-88%) for ARL2. By
10 min of recovery from cold, both ARL2 and TBCD staining recov-
ered at centrosomes in both WT and KO cells. Thus, the loss of EL-
MOD?2 in MEFs causes instability in the binding of y-TuRC, ARL2,
and TBCD at centrosomes in response to cold stress and delays in
their ability to be recruited back to centrosomes during recovery
from cold. We noted a small but statistically significant (p < 0.01)
increase in the percentages of WT cells retaining centrosomal TBCD
after cold (0 min recovery) when expressing ELMOD2-myc, as well
as an elevated percentage of centrosomes retaining ARL2, though
the latter is not statistically significant. This is consistent with a
model in which ELMOD2 is a key component in regulating the re-
cruitment of these two other proteins, though clearly requires more
detailed study. Deletions of these other proteins or live cell imaging
and determining the kinetics of each of them under different stress-
ors may provide important insights into the ordering of recruitment
but was deemed beyond the scope of the current study. However,
because ELMOD2 was identified as an ARL2 GAP, we pushed our
analyses in this direction further, in efforts to assess 1) whether EL-
MOD?2 is acting as a GAP in these responses, 2) whether increasing
ARL2 activity can reverse effects seen in the absence of ELMOD?2,
and 3) if so, whether this effect is specific to ARL2.

Reversal of cold sensitivity by ELMOD?2 requires its GAP
activity or activated ARL2

Because ARF GAPs can function in cells as both terminators of
GTPase signaling and as effectors of those same GTPases, we
tested whether expression of the previously described (East
et al.,, 2012) GAP dead mutant, ELMOD2[R167K], rescues the
cold-sensitive phenotype that we described above. We note that
the mitochondrial fragmentation that occurs in MFN1 null MEFs
is reversed upon expression of either WT or GAP dead ELMOD?2,
which supports the model that ELMOD?2 acts as an effector of
ARL2 inside mitochondria (Schiavon et al., 2019). As seen in
Figure 2H, expression of ELMOD2-myc reverses the effects of
ELMOD?2 deletion on cold sensitivity of microtubules. Two WT
and four KO lines were transiently transfected with a pCDNA3.1-
based vector either “empty” (serving as negative control) or
directing expression of ELMOD2[R167K]-myc. The following day,
cells were fixed and stained for o-tubulin and myc both immedi-
ately after removal from the incubator and after a 15 min incuba-
tion at room temperature. No differences were found between
scoring of cold sensitivity—induced changes in tubulin staining in
untransfected cells (unpublished data), those transfected with
empty vector, or those expressing ELMOD2[R167K]-myc (Figure
2H). Thus, GAP activity appears to be required for the actions of
ELMOD2 that impact microtubule densities and cold sensitivity
of cell morphology.
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If the GAP activity of ELMOD2 is required for reversal of cold
sensitivity, we reasoned that increasing the activity of the GTPase
that it is working with in this pathway may also reverse the effects
resulting from ELMOD?2 deletion. Though ELMOD2 was purified as
an ARL2 GAP, it was later shown to be promiscuous and to act on
multiple ARF family GTPases (including both ARLs and ARFs) using
in vitro GAP assays (Bowzard et al., 2007; Ivanova et al., 2014).
Within the ARF family, only ARL2 and its closest paralogue, ARL3,
have been linked to microtubules (Zhou et al., 2006). We asked
whether cold sensitivity of microtubules could be rescued by
increasing the activity of either GTPase through expression of acti-
vating mutants. The dominant, activating mutant ARL2[Q70L] has
previously been shown to cause strong and irreversible effects on
microtubules and other structures in CHO cells (Zhou et al., 2006;
Newman et al., 2014). We saw similar strong effects of ARL2[Q70L]
in MEFs, with essentially complete loss of microtubules in all ex-
pressing cells (unpublished data). We were concerned that such
strong effects would prove difficult to sort out from those resulting
from loss of ELMOD2. This mutant is analogous to RAS[Q61L]
(Chipperfield et al., 1985; Adari et al., 1988) or ARF1[Q71L] (Zhang
et al., 1994), as each is activating as a result of the loss of GTP hy-
drolysis and thus cannot inactivate the GTPases. An alternative
means of generating activating GTPases is to increase the rate limit-
ing step in their activation (release of bound GDP) via mutation of a
conserved threonine. This residue lies in the nucleotide binding
pocket making direct contact with the guanine ring (Santy, 2002;
Aspenstrom, 2018) and is situated in the highly conserved “T(C/S)
AT" or G-5 motif. The site is T157 in ARF6 and is homologous to
V160 in ARL2 and L1371 in ARL3. Such mutants were first described
in RAS and RHO GTPases (Reinstein et al., 1991; Lin et al., 1997,
1999; Fidyk et al., 2006; Aspenstrom, 2018). Santy later demon-
strated the utility of analogous mutants of ARFé (Santy, 2002), and
this was later extended to other family members (Moravec et al.,
2012; D'Souza et al., 2020). These mutants increase the turnover of
the activation/deactivation cycle and are thus also referred to as
“fast cycling” activating mutants and, importantly here, remain
sensitive to GAPs. Therefore, they can be more informative than the
Q to L mutants, which are locked into only the activated
conformation, preventing cycling.

Expression of fast cycling ARL2 (ARL2[V160A]) in WT MEF lines
caused little or no changes to the microtubule network and thus of-
fered a means of attempting rescue with this activating mutant
(Figure 2H; average 19.5%, range 18-21%). The cold-sensitive mi-
crotubule loss in ELMOD2 null lines (Figure 2H; average 89.8%,
range 84.5-95%) was strongly reversed upon expression of
ARL2[V160A] in each of the four KO lines assayed (Figure 2H; aver-
age 31.9%, range 29.5-36.5%, p < 0.0001) to almost the same ex-
tent as seen with ELMOD2-HA. Even wild-type ARL2 has a small
ability to reverse the loss of microtubules (p < 0.01). In contrast, ex-
pression of activating mutants of other ARF family GTPases (ARL3
[ARL3[L131A]], ARF6 [ARF6[T157A]], and the dominant activated
ARF6 [ARF6[Q71L]]) had no effect on the microtubule defects in
ELMOD2 KO lines (Figure 2H). Thus, ARL2 is uniquely capable of
rescuing the microtubule defects seen in ELMOD2 null MEFs. This
result is consistent with ELMOD2 and ARL2 acting in a single
common pathway, or perhaps two parallel pathways, that influence
microtubule stability.

KO lines are multinucleated and polyploid and have
supernumerary centrosomes

While performing the experiments described above, it was evident
that other things were aberrant in our KO lines that seemed to point
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to dysfunction in some aspect of cell division. These included appar-
ent increases in the number of centrosomes, evident when staining
for y-TuRC or centrin, and multinucleation, evident from Hoechst
staining. So, we next set out to quantify these effects and test
whether they are consequences of the changes in microtubules,
described above, or separate pathways that may also have a re-
quirement for ELMOD2.

We saw no consistent differences in rates of cell proliferation cor-
relating with genotype while cloning the KO lines or during routine
maintenance of them. However, simply staining for DNA (with
Hoechst) revealed a large increase in the incidence of multinucle-
ation in ELMOD2 KO lines. All 10 KO lines were analyzed (technical
triplicates of 100 cells counted per line) for nuclear number, and we
found that an average of 17.1% (range of 10 lines 10.0-20.3%) of
ELMOD?2 KO cells have two or more nuclei, compared with 1.6% of
WT cells (range 1.3-2.0%; Figure 3A). This experiment was scored in
triplicate but was repeated many times with consistent results, as we
routinely stain for Hoechst in immunocytochemistry experiments.
Although we use the term multinucleation, the clear majority of mul-
tinucleated cells are binucleated.

Multinucleation was largely reversed upon expression of
ELMOD2-myc (Figure 3A; p < 0.0001). While the average percent-
age of multinucleated cells in our standard KO lines was 20.6%
(range 20.0-21.3%), this was reduced to 5.0% (range 3.3%-6.7%)
after expression of ELMOD2-myc. Because lentivirus infection effi-
ciency was between 70 and 90% (positive for myc staining), scoring
was performed for all cells. As a result, the presence of at least 10%
of cells in the culture that do not express ELMOD2-myc is expected
to at least partially account for the incomplete rescue. Thus, it is evi-
dent that multinucleation is a common phenotype observed in cells
lacking ELMOD2 that is reversed upon its reintroduction.

To assess DNA content, we used flow cytometry with propidium
iodide staining of DNA. The 12 standard lines were each analyzed in
technical triplicate. The six other null lines were each analyzed at
least once, with none displaying results that deviated clearly from
the data summarized here. Even without cell synchronization, null
lines often presented with an increased G2/M (4N) peak compared
with WT cells, and often also displayed 8N peaks (Figure 3B). These
results are consistent with a subpopulation of null cells being either
multinucleated or polyploid. To better assess the nature of the
lesion, cells were synchronized using a double thymidine block fol-
lowed by nocodazole to maximize the number of cells in G2/M (4N),
as described under Materials and Methods. After synchronization,
an 8N population of cells emerged in all null lines and was quite
prominent in several of them (Figure 3B). Because the apparent per-
centage of cells with 8N is clearly in excess of the percentage of
multinucleated cells (~20%; Figure 3C), we conclude that polyploidy
is not occurring exclusively in mononucleated cells. While multinu-
cleation was reversed upon expression of ELMOD2-myc in KO lines,
this was not the case for polyploidy. Reversal of polyploidy may re-
quire more time than does multinucleation, as cells do not have a
known mechanism for removing excess DNA. All the data reported
herein use low passage numbers (<10) to minimize the impact of
phenotypic drift over time.

Multinucleation is often the result of failure in cytokinesis and
frequently is associated with an increased incidence of supernumer-
ary centrosomes. To examine centrosome numbers, cells were
plated at ~70% confluence, fixed the next day, and stained for two
markers of centrosomes: y-tubulin and centrin. The two WT lines
displayed an average of 98.9% of cells having one or two centro-
somes, or 1.1% having more than two centrosomes (Figure 3C). In
marked contrast, in the 10 KO lines, an average of 25.0% of cells
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FIGURE 3: Deletion of ELMOD?2 causes multinucleation, supernumerary centrosomes, and polyploidy.

(A) Multinucleation was assessed by plating cells from four WT, two WT lines expressing ELMOD2-myc (WT+D2), 10 KO,
and four KO lines expressing ELMOD2-myc (KO + D2), fixing the next day, staining for Hoechst to mark nuclei, and
scoring the number of cells with two or more nuclei. Percent multinucleation was quantified in triplicate (100 cells per
replicate) for all lines analyzed, with data being graphed as box-and-whisker plots. Statistical significance was assessed
using one-way ANOVA; *** = p < 0.0001. A representative confocal (100x magpnification, z-projection) image of
ELMOD2 null (KO) cells is shown on the right. Inset shows higher magnification and grayscale to highlight the two nuclei
in the cell shown. Scale bar = 10 pm. (B) DNA content is increased in cells deleted for ELMOD?2. Flow cytometry was
used to quantify DNA content in at least 10,000 cells per condition, after staining with propidium iodine, as described
under Materials and Methods. Both unsynchronized (left panels) and synchronized (double thymidine plus nocodazole
block) (right panels) were analyzed. DNA content from WT (top panels) and three different KO lines are shown as graphs
in the left set of panels. The panels on the right show the DNA content of the same four lines after transduction with
ELMOD2-myc. Graphs were generated using FloJo software, as described in Materials and Methods. (C) Cells plated at
approximately 70% density were assessed for centrosome numbers after staining for y-tubulin, centrin, and Hoechst.
Averages of tri plicate determinations for each of the lines tested are shown. Statistical significance was assessed using
one-way ANOVA; *** = p < 0.0001. An image from a KO line, taken via confocal microscopy at 100x magnification,

z-projected, is shown on the right. Scale bar = 10 pm.

had more than two centrosomes (Figure 3C; range = 14.3-29.3%; p
< 0.0001). The majority of these cells have three to four centro-
somes, though some cells had as many as 20 centrosomes. All mul-
tinucleated cells displayed supernumerary centrosomes, but not all
cells with supernumerary centrosomes were multinucleated. The
number and arrangement of centrosomes appeared to vary widely
from cell to cell (e.g., there was no obvious trend in centrosomes
being clustered, and there was no obvious preference for even num-
bers of centrosomes). This phenotype was largely reversed upon
expression of ELMOD2-myc in all four KO lines tested, as the aver-
age in these four lines dropped from 27.1% to 5.3% post-transduc-
tion. Because both these phenotypes are reversed upon expression
of ELMOD2-myc, multinucleation and centrosome amplification
result from the loss of ELMOD2 and not from potential off-target
effects of CRISPR-Cas?.

ELMOD2 null cells display higher rates of cytokinesis failures
Multinucleation, polyploidy, and centrosome ampilification can each
result from defects in cell division. We sought to determine whether a
specific stage in cell division is compromised in cells lacking ELMOD?2.
Our 12 standard lines were imaged by brightfield microscopy over
24 h at 37°C, capturing z-projections every 10 min (Figure 4A). We
observed no failures in cell division in WT cells. In contrast, ELMOD2
null cells frequently displayed defects in the later stages of cell divi-
sion that included late failure in cytokinesis: the cells generated a mid-
body, but they were incapable of completing abscission (Figure 4A,
top row). We also noted common instances in which cells complete
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cytokinesis with apparently normal nuclear division, but the cells take
a markedly prolonged time to complete cytokinesis (Figure 4A,
bottom row). To gain a better perspective, as well as increase the
numbers of cells analyzed at specific points in the cell cycle, we con-
tinued these studies using fixed synchronized cell populations.

Cells were treated with the CDK1 inhibitor RO-3306 (7.5 ug/ml) for
18 h to block cells at the beginning of mitosis. The drug was removed,
and cells were fixed at time points up to 5 h before staining for a-
tubulin, y-tubulin, and Hoechst to track mitotic indices and cell divi-
sion (see Materials and Methods and Supplemental Figure S7). WT
cells displayed a wave of cell divisions with clearly increased mitotic
indices within 10 min of drug removal, peaking at 20 min at an aver-
age of 42.5% mitotic cells, followed by lower mitotic indices (9-16%
on average) throughout the remainder of the 5 h imaging window
(Figure 4B). ELMOD2 nulls had a similar onset of increased mitotic
index and achieved a maximum average of 51.3% 30 min after re-
lease from inhibitor. In contrast to WT cells that had a short-lived peak
in mitotic indices, this level plateaued and was sustained at >40% of
cells throughout most of the 5 h time course in KO lines. Mitotic indi-
ces of ELMOD2 nulls never returned to the levels seen in WT MEFs,
even 5 h after release from CDK1 inhibitor (32.5%). Thus, the lack of
ELMOD?2 results in long delays in completion of cytokinesis. This re-
sult is consistent with the live cell imaging data, as the most common
defects observed were either stalling or failure at late cytokinesis.

Consistent with delays in completion of cytokinesis, both
synchronized and unsynchronized ELMOD2 null lines display a
higher percentage of cells with midbodies (as visualized by a-tubulin
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FIGURE 4: ELMOD2 null cells display a prolonged cytokinesis and both early and late cytokinesis defects. (A) Panels
from time-lapse imaging collected from unsynchronized cells reveal cytokinesis defects in ELMOD2 nulls. Phase-contrast
images at 40x magnification were collected every 10 min using a Lionheart FX (BioTek) microscope. Images were
selected to highlight defects observed, with time points indicated in the bottom left. (B) Cells were synchronized by
treatment with CDK1 inhibitor (RO-3306; 7.5 pg/ml) for 18 h; the drug was washed out, and cells were fixed at the time
points indicated in the graphs. Cells were stained for a-tubulin, y-tubulin, and Hoechst and visualized via widefield
microscopy to track cells during stages of the cell cycle. Cells were binned into prophase, metaphase, anaphase,
telophase, or late cytokinesis, as described in Materials and Methods (see Supplemental Figure S7). These experiments
were performed in triplicate, 100 cells per replicate, using the standard 12 lines. Ranging from 40 to 120 min after
release from CDK1 inhibitor, KO cells show significantly (p < 0.0001) increased mitotic indices compared with WT. This
increase in mitotic indices persists even up to 300 min after release (p < 0.05, measured by one-way ANOVA). (C) The
same samples described in panel B were scored for the presence of midbodies as markers of late cytokinesis, consistent
with stalling late in cell division. Starting at 40 min after release from CDK1 inhibitor, KO lines have significantly

(p < 0.01) higher percentages of cells with midbodies than do WT (by one-way ANOVA).

staining). At no time point after washout of the drug did WT MEFs
have more than 6.5% of cells with a midbody throughout the 5 h
imaging window. In contrast, the average of the four KO lines was a
maximum of ~20% of cells with midbodies, and this is maintained
throughout the 5 h imaging window (Figure 4C). The increased
fraction of cells displaying midbodies was also accompanied by an
increase in the number of very long midbodies and midbody rem-
nants (residual midbodies that persist after abscission). Remarkably,
there were also instances in which one cell was attached to two oth-
ers via distinct midbodies. These were each uncommon (estimated
at 1% but not rigorously quantified), though never observed in WT
lines. Expression of ELMOD2-myc in WT lines had little to no effect
on the percentage of cells with midbodies at any time point but was
sufficient to return the percentage of cells with midbodies in EL-
MOD?2 null lines nearly to WT levels (Figure 4C). Together, these
data support a role for ELMOD2 in late cytokinesis, though defects
at other stages have not been excluded.

ELMOD2 null MEFs have reduced recruitment of ARF6 to
midbodies

The later stages of cytokinesis, including abscission, require the se-
lective recruitment of multiple regulatory proteins to key sites
(including centrosomes, cleavage furrows, recycling endosomes,
and midbodies) via mechanisms that are often incompletely under-
stood (Agromayor and Martin-Serrano, 2013; Nakayama, 2016;
Nahse et al., 2017; Peterman and Prekeris, 2019). Such proteins may
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traffic to the mitotic spindle or cleavage furrow during metaphase
and anaphase, and later to specific parts of the midbody to facilitate
abscission. Some inconsistency in terminology exists in the literature.
So, to be clear, we refer to the entire structure that bridges two divid-
ing cells as the midbody, which consists of two ICBs on either side of
a central Flemming body. We sought to better define potential sites
and mechanisms of ELMOD2 action to tease apart its role(s) in cyto-
kinesis. We monitored the recruitment and retention of a number of
other components at these sites at different stages in the cell cycle,
with the aim of determining whether ELMOD2 can be linked to any
known cytokinesis pathways. We focused on both markers of the key
compartments/processes as well as on proteins previously linked to
ARF family GTPases. Sixteen endogenous proteins were localized in
WT and ELMOD2 null MEFs (plated at the same density) using cold
methanol fixation and specific antibodies directed against ARLT,
ARL2, ARL3, ARFs (monoclonal 1D9), ARF6, RHOA, RAB11, RAB11-
FIP3 (hereafter termed FIP3), MKLP1, o- and y-tubulin, acetylated
tubulin, centrin, BART/ARL2BP, TBCD, and ELMOD?2, as described
under Materials and Methods. A summary of localizations observed
for these proteins in MEFs is shown in Figure 5B.

Almost all previously described markers of the Flemming body
(e.g., MKLP1, RHOA, and FIP3 [Supplemental Figure STA]) and ICB
(o-tubulin, y-tubulin, acetylated tubulin, and RAB11 [Supplemental
Figure S3B]) localize indistinguishably in WT and ELMOD2 null cells.
We have previously shown ARL3, TBCD, and BART to localize to the
Flemming body, and these, too, were unaltered in ELMOD2 null
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ARF6, RAB11, and FIP3 are specifically altered in localization in ELMOD?2 null cells. (A) Localization of
ELMOD?2 at centrosomes (top panels) and midbodies (bottom panels) was identified via immunocytochemistry after
methanol fixation (see Materials and Methods). Cells were stained for y-tubulin (red), ELMOD?2 (green), and Hoechst
(blue). Antigen competition (WT + D2 competition) involved prior incubation of the ELMOD2 antibody with purified
ELMOD?2 protein, as described under Materials and Methods, and is shown in the center panels. Specificity of ELMOD2
staining at these sites was further supported as staining is lost in null cells, shown in panels on the right. (B) Summary of
the 16 different markers of centrosomes, midbodies, Flemming bodies, and endosome clusters tested is shown. Black
arrows indicate either increases or decreases in staining of these markers, and a black asterisk indicates a novel
localization of the protein at the site indicated. (C) Widefield images (100x magnification) of methanol-fixed cells stained
for ARF6 and y-tubulin reveal that ARF6 staining at midbodies is lost in null cells but is recovered upon rescue with
ELMOD2-myc. Scale bar = 10 ym. (D) The number of ARFé-positive Flemming bodies was quantified for two WT, two
WT + D2, four KO, and three KO + D2 lines in duplicate (50 midbodies per replicate). The duplicates for each line were
averaged, and results were tabulated in box-and-whisker plots in GraphPad Prism. Statistical significance was assessed

using one-way ANOVA; *** = p < 0.0001.

MEFs compared with WTs. ARL2 has not previously been localized
to the Flemming body, but it also is unaltered in staining in both WT
and null MEFs (Supplemental Figure S3C). ARL2, ARL3, and TBCD
staining at centrosomes appears unchanged in null versus WT cells,
though as noted above, cold stress does promote the release of
ARL2 and TBCD to a greater extent in KO than WT cells.

In marked contrast, ARF6 is no longer found at the Flemming
body of ELMOD?2 nulls (Figure 5, C and D). This loss of ARF6 stain-
ing is reversed upon expression of ELMOD2-myc. We examined
four KO lines, and ARF6 was absent from Flemming bodies in each
case, while staining of ARFé was restored in every case upon expres-
sion of ELMOD2-myc (Figure 6D; p < 0.0001). Thus, the loss of EL-
MOD?2 in cells and from Flemming bodies is accompanied by the
specific loss of ARF6 from Flemming bodies.

ELMOD2 nulls show reduced RAB11 and increased ARF6
recruitment to FIP3-GFP-positive endosomes

To begin to test the model that ELMOD?2 is acting with ARFé to
mediate cytokinesis, we next checked to see whether other factors
in this pathway were disrupted by loss of ELMOD?2. Prior to their
recruitment to midbodies, ARF6, RAB11, and FIP3 are each re-
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cruited to recycling endosomes adjacent to centrosomes (Prigent
et al., 2003; Schiel et al., 2012). From there, ARF6 traffics to the
cleavage furrow to facilitate furrow ingression, and later to the Flem-
ming body during cytokinesis. RAB11 and FIP3 are recruited to the
ICB. Just before abscission, it is thought that FIP3 moves from the
ICB to the Flemming body, where ARF6 has already been recruited
(Schiel et al., 2012). Their location at the Flemming body is critical
for the final stages of abscission. To visualize these processes, we
used FIP3-GFP expression to identify the relevant recycling endo-
somes and to follow changes in localization of these key proteins at
these sites, as previously described (Schiel et al., 2012).

Expression of FIP3-GFP in WT cells results in bright staining
(Figure 6A, top panel) of a cluster that was shown previously to be
recycling endosomes adjacent to or surrounding the centrosome
(Schiel et al., 2012). In a small subset (<10%) of WT cells, we also
observed evidence of a diffuse GFP signal as well as a mixture of
clustered and diffuse staining, quantified in Figure 6B. Cells express-
ing FIP3-GFP were also stained with antibodies to FIP3 and yielded
the same results, arguing against GFP being cleaved from FIP3 and
confusing interpretations. The FIP3-GFP recycling endosomal
clusters also stained strongly for RAB11, though cytosolic staining of
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ARF6 at recycling endosome clusters. (A) Standard lines were transfected with FIP3-GFP (green) to visualize recycling
endosome clusters. Cells were fixed with methanol and stained for Hoechst (blue), as described in Materials and
Methods. Fluorescence images were collected via widefield microscopy at 100x magnification. Note the loss of
clustering (one more complete than the other) in the two cells expressing FIP3-GFP shown in the middle panel and the
phenotypic reversal with expression of ELMOD2-myc (bottom panel). (B) The experiment described in panel A was
scored in triplicate (100 cells each); results were binned into either complete clustered, partial clustered/partial diffuse,
or completely diffuse staining of FIP3-GFP. Error bars represent the SEM of the cell lines scored for each genotype.
Two-way ANOVAs show that complete and partially diffuse FIP3-GFP staining are increased in null lines compared with
WT (p < 0.0001). (C-F) Representative images of 100x magnification widefield images were collected to determine
colocalization of RAB11, ARF6, and FIP1/5 (each shown in red), with FIP3-GFP (green)-positive clusters. Scale bar =
10 pm. (G, H): GAP dead ELMOD2 cannot reverse the cytokinesis defects in ELMOD2 null cells but activated ARF6
specifically does. Cells from two WT and four KO lines were transfected with either empty vector or the same vector
directing expression of ARL2[V160A], ARL3[L131A], ARF6-HA, ARF6[Q71L]-HA, ARF6[T157A]-HA, ELMOD2-myc, or
ELMOD2[R167K]-myc. The next day, samples were fixed with methanol and stained for myc, y-tubulin, and Hoechst.
Multinucleation (G) and supernumerary centrosome (H) were scored in transfected cells, as described under Materials
and Methods. These experiments were performed and analyzed in triplicate (100 cells per replicate), and the averages
of each are shown, with lines representing the SEM. Statistical significance was assessed using one-way ANOVA. Only
the following were found to be statistically significant: ARL3[L131A] increased multinucleation, ARL2[V160A] decreased
supernumerary centrosomes, ARF6[Q71L]-HA increased both multinucleation and centrosome numbers in WT cells and
decreased both in KO cells, and ARF6[T157A]-HA reversed both phenotypes; *** = p < 0.0001.
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RAB11 was also always evident (Figure 6C). We repeated this ex-
periment several times with different WT lines and always obtained
the same results. We also investigated ARFé localization to recycling
endosomes. WT cells expressing FIP3-GFP display ARF6 staining
that is diffuse/cytosolic, with little to no evidence of enrichment at
FIP3-positive clusters over background (Figure 6D).

In contrast, FIP3-GFP staining was much more diffuse in all four
ELMOD2 null lines analyzed (Figure 6, A and B). A subpopulation
(<30%) of these cells retain a strong GFP signal at clusters with little
diffuse staining, while another ~30% show retention of a clear clus-
ter but with obvious, diffuse staining. The remainder (~40%) have
only diffuse GFP signal (all quantified in Figure 6B). In ELMOD2 null
lines, there is a uniform and pronounced loss of RAB11 staining at
recycling endosomes, regardless of whether FIP3-GFP is clustered
(Figure 6C). This effect is quite strong, though occasionally a weak
RAB11 signal can still be seen to costain FIP3-GFP clusters. The
partial or complete loss of FIP3-GFP clustering and of RAB11
costaining at recycling endosomes was reversed upon expression of
ELMOD2-myc in all four rescued lines.

All members of the FIP family (RAB11-FIP1 through 5) bind to
and are recruited to endosomes in concert with RAB11, though only
FIP3 and FIP4 bind to ARFé6 (Hickson et al., 2003; Fielding et al.,
2005; Wilson et al., 2005; Horgan and McCaffrey, 2009). As a test of
the specificity of FIP family members being sensitive to the loss of
ELMOD2, we immunostained FIP3-GFP transfected cells for FIP1 or
FIP5. FIP3-GFP—positive clusters in WT cells stain positive for both
FIP1 and FIP5 (Figure 6, E and F), and this staining was not altered
upon deletion of ELMOD?2. Furthermore, even in ELMODZ2 null cells
with diffuse FIP3-GFP staining, FIP1 and FIP5 are still recruited to
clusters. This suggests that FIP1 and FIP5 localization to endosomes
is unaffected by the loss of ELMODZ2, and thus the effect is specific
to the ARF6 binder FIP3.

In contrast to WT cells, in which ARFé staining at FIP3-GFP clus-
ters was either faint or not evident, our ELMOD2 nulls displayed
uniformly strong ARFé staining at recycling endosome clusters
(Figure 6D). This increased ARF6 staining was reversed upon expres-
sion of ELMOD2-myc in KO lines. Thus, loss of ELMOD2 results in
compromised FIP3-GFP clustering, no changes in FIP1 or FIP5 clus-
tering, (near) complete loss of RAB11, and strong increases in ARFé
at that site. These data lead us to propose a model in which RAB11
and ARF6 compete for the binding of FIP3 at recycling endosomes
(see Discussion).

ELMOD?2 GAP activity is required for rescue of
multinucleation and centrosome amplification

Having identified a novel role for ELMOD?2 in cell division, we next
sought to understand the mechanism(s) by which ELMOD2 medi-
ates cytokinesis. To determine whether ELMOD?2 is acting as a GAP
in cytokinesis, we transfected the standard two WT and four KO
lines with a plasmid directing expression of ELMOD2[R167K]-myc to
determine whether it could reverse supernumerary centrosomes
and multinucleation, as shown previously for ELMOD2-myc (see
above). Cells were transfected, fixed 48 h later, and stained for myc,
y-tubulin, and Hoechst, as described under Materials and Methods.
WT MEFs expressing the GAP-dead ELMOD2 appeared normal in
morphology (e.g., mononucleated, one to two centrosomes) with
only an average of 1.5% of cells being multinucleated and 1.2% of
cells having supernumerary centrosomes (Figure 6, G and H). KO
lines that express ELMOD2[R167K] display comparable levels of
multinucleation (22.7%) and supernumerary centrosomes (27.4%) as
empty vector controls (19.3% and 27.6%, respectively) or untrans-
fected ELMOD2 nulls (17.1% and 25.0%, respectively). Because we
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showed above that ELMOD2-myc reverses multinucleation and cen-
trosome amplification but the GAP dead point mutant shows virtu-
ally no such rescue, we conclude that, in contrast to ELMOD2's role
with ARL2 in mitochondrial fusion (Schiavon et al., 2019) but like its
role in microtubules, GAP activity is required for its function(s) in
these processes.

Expression of activated ARF6-HA rescues cytokinesis
defects seen in ELMOD2 null MEFs

Given the prior evidence demonstrating effects of ARF6 mutants on
endosomes and cell division (e.g., (D'Souza-Schorey et al., 1998;
Donaldson and Radhakrishna, 2001), we hypothesized that ELMOD2
may act as a GAP to inactivate ARFé at recycling endosomes to
mediate cytokinesis. This could explain the accumulation of ARF6 at
FIP3-GFP-positive endosome clusters, if inactivation of ARF6 is re-
quired for its release from that site. To begin to address such a
model, we expressed ARF6-HA, dominant activating point mutant
(ARF6[Q67L]-HA), or empty vector control into the standard 12 cell
lines. Cells were fixed 48 h later, stained, and scored for multinucle-
ation and centrosome amplification, as described in Materials and
Methods. Neither transfection controls (empty vector) nor expres-
sion of ARF6-HA resulted in changes in the extent of multinucleation
(2.0% and 3.3%, respectively) or centrosome amplification (2.3%
and 3.3%, respectively) in WT cells (Figure 6, G and H, respectively).
In contrast, expression of ARF6[Q67L]-HA in WT cells led to large
increases in both multinucleation (average = 23.0%; Figure 6G;
p < 0.0001) and supernumerary centrosomes (30.8%; Figure 6H;
p < 0.0001), consistent with the consequences of excessive ARF6
activity to the cell cycle, as previously reported (Schweitzer and
D'Souza-Schorey, 2002). The effects of increased ARFé activity in
WT cells are comparable to the consequences of deletion of
ELMOD2 (17.1% multinucleation, range of 10-21.3%, and 25.0%
centrosome amplification, range of 14.3-33.3%, respectively
[Figure 6, G and H]).

Multinucleation and centrosome amplification in ELMODZ2 nulls
were unaffected by transfection (empty vector) or expression of
ARF6-HA (19.3% and 18.0% multinucleation; and 27.6% and 31.4%,
supernumerary centrosomes, respectively) (Figure 6, G and H). In
marked contrast, expression of ARF6[Q67L]-HA resulted in substan-
tial reversal of both multinucleation and supernumerary centrosome
defects in ELMOD2 nulls (8.4% multinucleation; 8.0% supernumer-
ary centrosomes [Figure 6, G and H]).

Though ARF6[Q67L]-HA can rescue the defects seen in ELMOD2
nulls, the fact that it causes multinucleation and supernumerary
centrosome defects in WT cells complicates interpretations. Similar
effects of ARF6[Q67L] on midbodies and cytokinesis have been re-
ported in Hela and Jurkat cells (Schweitzer and D’Souza-Schorey,
2002). To further examine the role of ARF6 in cells deleted for EL-
MOD2, we used the same rationale described above in use of fast
cycling ARL2 to rescue changes in microtubules. The corresponding
activating mutation in ARF6 is ARF6[T157A]-HA, and we compared it
to ARF6[Q71L] in both WT and KO lines. Interestingly, only
ARF6[Q71L]-HA caused increases in multinucleation in WT cells;
ARF6[V160A]-HA did not (multinucleation: average 1.75%, range
1.5-2.0%; supernumerary centrosome: average 2.25%, range 1.5-
3%) (Figure 6G). This is consistent with the ARF6[Q71L] mutant
“locking” its pathway in an activated state and preventing cycling. In
doing so, this mutant may actually be inhibiting the pathway, per-
haps analogous to that seen upon depletion of ARFé (Schweitzer
and D'Souza-Schorey, 2005). While ARF6[T157A]-HA does not cause
multinucleation in WT cells, it is as effective as ARF6[Q71L]-HA in
reversing the effects of ELMOD?2 deletion (Figure 6H; p < 0.0001),
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numbers in WT cells, despite reversing the
phenotype in nulls, while ARF6[T157A] had
no effect on WT cells, yielding a cleaner and
more readily interpretable result. Although
small effects of activated ARL2 or ARL3 were
seen in WT cells, they did not rise to the
level of statistical significance (p < 0.05) and
were well below that seen in ARF6[Q71L]-
HA expressing cells. We saw no effects on
centrosome numbers upon expression of
ARF6-HA or ARL3[L131A]. Interestingly, ex-
pression of ARL2[V160A] yielded a partial
reversal that was statistically significant (p <
0.01). Thus, only the two activating ARF6
mutants were found to strongly (essentially

| completely) reverse the increases in both
the percentages of cells with multinucle-
ation and supernumerary centrosomes;
each appeared to be comparable in
effectiveness.

These results demonstrate close func-
tional links between ARF6 and ELMOD2 ac-
tivities in MEFs with respect to their effects
on nuclear and centrosome numbers. This
stands in marked contrast to the specific

FIGURE 7: ELMOD2 nulls have higher mitotic index at high densities and increased anchorage-
independent growth. (A) Cells were grown to high density, at or near confluence, before fixing
and staining for a-tubulin and Hoechst, as described in Materials and Methods. Mitotic cells
were quantified in duplicate (100 cells per replicate), and averages were graphed as box-and-
whisker plots via GraphPad Prism. Statistical significance was assessed using one-way ANOVA;
** = p < 0.01. (B) Cells were prepared as described in panel A and imaged via confocal
microscopy at 100x magnification, collecting z-stacks and generating a z-projection using FIJI

functional ties between microtubule defects
and ARL2 in ELMOD2 null lines, suggesting
that ELMOD2 directs two different es-
sential cellular functions through distinct
GTPases.

ELMOD2 KO lines have lost contact

software. White arrows indicate mitotic indices identified by DNA condensation and
characteristic o-tubulin staining of mitotic spindles/midbodies. Scale bar = 20 pm. (C) The
standard 12 lines were plated (20,000 cells/well) in triplicate, and colonies were scored after

30 d of growth in soft agar. This experiment was performed twice. Colonies were quantified
using a stereomicroscope after fixing and staining with crystal violet (see Materials and
Methods). Statistical significance was assessed using one-way ANOVA; ** = p < 0.01.

(D) Colonies emerging after 30 d of culture, as described in panel C, were imaged by brightfield
at 4x magpnification. Images shown are representative of morphologies of colonies observed in

WT and null lines.

again demonstrating the utility of such fast cycling mutants in ARF
family members by avoiding irreversible or toxic effects of the
GTPase defective mutants (Santy, 2002).

Because of the roles we found for ELMOD2 in microtubules, we
did not want to exclude the possibility that at least part of the cell
cycle defects could be a product of an ARL2-related pathway. There-
fore, we also compared the effects of expressing the activating
ARL2[V160A] or ARL3[L131A] mutants on multinucleation and su-
pernumerary centrosomes. Neither appeared to have effects on
these phenotypes in WT cells. Neither ARL2[V160A] nor ARF6-HA
caused a significant change in the percentage of multinucleated
cells in KO lines, but expression of ARL3[L131A] led to a small in-
crease (from 22.0 to 27.5%; Figure 6G) in multinucleation in null
lines that was statistically significant (p < 0.05). Thus, two different
activating ARF6 mutants were highly specific, at least among this
small subset of ARF family members, in reversing the increased
nuclear number seen in ELMOD2 nulls.

Similar results were obtained upon scoring centrosome numbers
(Figure 6G) in that both activating ARFé mutants strongly reversed
the supernumerary centrosome phenotype in KO lines (p < 0.0001).
Like multinucleation, the ARF6[Q71L] caused increased centrosome
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inhibition and anchorage-independent
growth

During the course of the investigations de-
scribed above, we also noted two other
phenotypes linked to ELMOD2 deletion.
We include a brief description of them here,
not to focus on additional mechanisms but
simply to highlight the likelihood that
ELMOD2 plays additional roles in the cell.
We are still far from understanding all of its actions and how these
functions may be integrated.

If cells were allowed to reach high cell densities, at or approach-
ing confluence, we noted that ELMODZ2 null lines displayed a higher
percentage of cells undergoing cell division compared with wild-
type lines (Figure 7, A and B). This higher mitotic index in confluent
cultures is interpreted as evidence of the loss of contact inhibition.
The standard 12 lines were scored in technical triplicate (counting
500 cells/line) and revealed that an average of 11.5% of KO lines
were mitotic (ranging from 8.8% to 15.2%) while only 2.6% (range of
1.9-3.3%) of WT cells were dividing under these conditions (Figure
7, A and B). Expression of ELMOD2-myc resulted in reversal of this
phenotype in KOs, as the average of the four lines dropped from
11.5% to 3.7%, while the WT lines showed no difference after trans-
duction (2.6% vs. 2.9%). Thus, deletion of ELMOD2 in MEFs causes
reduced contact inhibition, and this phenotype is rescued by ex-
pression of ELMOD2-myc.

Loss of contact inhibition is a common feature of cell transforma-
tion, so we next assessed another such property: the ability to grow
in soft agar or anchorage-independent growth. We plated 2 x 10
cells in soft agar and monitored growth at 37°C over the course of
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30 d, as described under Materials and Methods. The 12 standard
lines were quantified in technical triplicate, with two biological rep-
licates (Figure 7, C and D). While WT and ELMOD2-myc expressing
WT cells had an average of 24 and 78 colonies, respectively,
ELMOD2 nulls had >10-fold more colonies than WT (average of four
lines = 379 colonies, range of 245-503 colonies) (Figure 7D). In ad-
dition, the few colonies seen in WT cultures were small (typically
containing only a few cells), round, and symmetric. In contrast, the
colonies from KO cultures were larger and often asymmetric in mor-
phology. Thus, the loss of ELMOD?2 in immortalized MEFs is accom-
panied by the acquisition of at least two phenotypes associated with
cell transformation: loss of contact inhibition and gain of anchorage-
independent growth. Neither of these phenotypes is predicted to
be secondary to the effects described above on microtubules or cell
division. Rather, these data are included simply to highlight the fact
that additional cellular roles for ELMOD2 are evident. With each
one, both the complexity and importance of this protein grow, as do
the challenges in developing strong models for each action.

DISCUSSION
The generation of null MEF lines has revealed novel roles for the
ARF GAP ELMOD2 in cytokinesis and microtubule stability and

nucleation that are in addition to its previously documented roles in
mitochondrial fusion (Newman et al., 2017a; Schiavon et al., 2019),
in lipase recruitment to lipid droplets (Bouchoux et al., 2011; Suzuki
etal., 2015), and in meiosis in oocytes (Zhou et al., 2017). Our initial
observations of cold sensitivity of cell morphology with loss of mi-
crotubules and multinucleation in ELMOD2 null cells were pursued
through the use of multiple cell-based assays targeting different po-
tential causes of these defects; our goal was to identify the sites and
mechanisms of action. These assays have revealed a host of changes
in cell functions resulting from the deletion of ELMOD2 that we be-
lieve can be traced back to fundamental defects in the recruitment
of -TuRC to centrosomes, with consequent microtubule instability,
and to the release of ARF6 from recycling endosomes resulting in
downstream defects/failures in late cytokinesis or abscission (Figure
8). We also provide evidence that the defects observed in ELMOD2
nulls are linked to pathways involving (at least) two different ARF
family GTPases: -TuRC recruitment with ARL2, and cytokinesis with
ARF6. While pathways involving distinct GTPases have been dem-
onstrated here, we cannot definitively rule out the possibility that
defects in one impact the others. For example, altered microtubule
stability or dynamics cannot be excluded from contributing to the
delay in cell cycle. Similarly, we believe that other essential cell
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FIGURE 8: Model of ELMOD2’s role in microtubules and cytokinesis. (A) We propose that the absence of ELMOD2
results in microtubule (cold and nocodazole) instability that is correlated with compromised retention and recruitment
(during recovery) of y-tubulin (and by extension y-TuRC), ARL2, and TBCD at centrosomes. The higher retention of ARL2
and TBCD than y-tubulin in all cells after cold treatment and effects of ELMOD2 overexpression (ELMOD2-myc) to
increase ARL2 and TBCD retention in WT cells are suggestive of a role for ARL2 and TBCD in the recruitment of y-tubulin
to the PCM to allow centrosomal nucleation of microtubules. (B) We propose that ELMOD?2 regulates cytokinesis through
the ARF6/FIP3/Rab11 pathway(s). We propose that the absence of ELMOD2 results in altered binding of FIP3
(decreased), RAB11 (decreased), and ARF6 (increased) to endosomes, consistent with the previously proposed
competition between ARF6 and RAB11 to bind FIP3. ARFé6 fails to recruit to midbodies in the absence of ELMOD2,
despite the presence of its binding partner MKLP1, contributing to delayed or failed cytokinesis/abscission. Whether
these two effects are directly linked is currently unknown, but we speculate that the action of ELMOD2 as an ARF6 GAP
at recycling endosomes may promote its dissociation at that site and may facilitate its recruitment to midbodies.
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processes are likely to be affected by the loss of ELMOD2, as evi-
denced by the loss of contact inhibition and gain of ability to grow
in soft agar. These two features of cell transformation were not
further explored mechanistically, but we believe that they speak to
the fundamental and far-reaching cellular roles of ELMOD2 and, by
extension, the GTPases with which it acts.

We interpret cold sensitivity and nocodazole supersensitivity of
the microtubule network in the ELMOD2 nulls as most consistent
with a decrease in the overall stability of the microtubule network.
The regulation of microtubules and their dynamics is incredibly
complex but, on the basis of our data, we predict that ELMOD?2 acts
with ARL2 at centrosomes at least in part to promote the recruit-
ment of the y-TuRC. We cannot exclude other possibilities for how
ELMOD2 may be working with ARL2, as ARL2 is also a critical player
in regulating the assembly of af-tubulin heterodimers through the
tubulin folding pathway (Bhamidipati et al., 2000; Radcliffe et al.,
2000; Beghin et al., 2007; Tian et al., 2010; Nithianantham et al.,
2015; Francis et al., 2016, 2017a,b). However, our data reveal delays
in y-tubulin, ARL2, and TBCD recruitment during recovery from cold,
leading us to propose a model (Figure 8) in which ELMOD?2 regulates
ARL2 activity and perhaps less directly TBCD and y-TuRC. Further-
more, the decreased aster size and number of microtubules ema-
nating from asters suggest that even when y-tubulin does recruit,
there is still a delay in microtubule growth (Figures 1 and 2). Further
studies into the ordering of recruitment of these components to
centrosomes and the mechanisms by which they work together to
regulate microtubule nucleation at centrosomes is warranted and
predicted to reveal further insights into the actions of each of these
proteins.

With our earlier focus on the role of ELMOD?2 inside mitochon-
dria, we used fixation and permeabilization methods optimal for
that organelle and missed the fact that ELMOD?2 also localizes to
centrosomes, or more specifically the PCM. After switching to the
most common fixative for looking at centrosomal proteins (cold
methanol), we were able to demonstrate the specific localization of
ELMOD?2 at that site, where we had previously shown ARL2 and
TBCD to be present (Zhou et al., 2006; Cunningham and Kahn,
2008). The greater cold induced release of all of these, along with
v-TuRC, and delays in their return in ELMOD2 null cells (compared
with WT) provide correlative evidence of them acting together.
Work from our and other labs have demonstrated direct interactions
between ARL2 and ELMOD2 and between ARL2, TBCD, and B-
tubulin, though not previously at centrosomes. The finding that res-
cue of the ELMOD?2 loss requires its GAP activity supports the con-
clusion that it is acting through ARL2 in this pathway. The fact that
fast cycling ARL2 (which is still sensitive to GAP action) rescues the
cold sensitivity is consistent with ELMOD2 regulating the cycling,
and thus the half-life, of activated ARL2 at centrosomes. Clearly
more work is needed to provide the molecular mechanisms by
which ARL2 and ELMOD? are acting at the PCM to influence y-TuRC
recruitment and microtubule growth/stability, but these initial find-
ings reveal novel roles for each that also will need to be dissected
from their other essential cellular roles.

Placing a population of ELMOD2 at centrosomes could also po-
tentially explain the effects of its deletion on the recruitment of FIP3,
RAB11, and ARF6 to recycling endosomes. Although we did not
detect ELMOD2 staining in the endosome clusters that are defined
by FIP3-GFP, their close proximity to centrosomes may suggest a
functional link. Deletion of ELMOD?2 caused defects that can be at-
tributed to either a delay or a failure in cell division late in the pro-
cess, perhaps immediately preceding abscission. The delay is most
evident from the extended stalling observed in time required to
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complete cytokinesis after removal of the CDK1 inhibitor (Figure 4B)
and the large increase in the percentage of cells having midbodies
(Figure 4C). Multinucleation, supernumerary centrosomes, and
polyploidy (Figure 3) typically result from failure in cytokinesis. In
efforts to identify a specific lesion present in cells lacking ELMOD?2,
we used immunofluorescence to monitor the localization of multiple
markers of cytokinesis that are recruited to specific sites (recycling
endosomes, midbodies, ICB, or Flemming body) at precise times
during cytokinesis. Most of these were unchanged between WT and
ELMOD2 null cells. In contrast, staining of ARFé is lost at the Flem-
ming body in ELMOD2 KO cells. MKLP1 binds to activated ARFs
and recruits ARF6 to the Flemming body (Boman et al., 1999; Van
Valkenburgh et al., 2001; Makyio et al., 2012). ARF6 is required for
completion of cytokinesis (Schweitzer and D’Souza-Schorey, 2002,
2005; Schweitzer et al., 2011). MKLP1 is still present in null cells
while ARF6 is not. We propose (Figure 8) that the lack of ELMOD2
causes a defect in the translocation of ARFé to that site, with conse-
quent increased failures in abscission. This might result from a de-
fectin the spatial and/or temporal activation of ARF6 that is required
for its functionality at that site- for example, a role for ELMOD?2 in
recruiting an ARF6 guanine nucleotide exchange factor (GEF) in a
GTPase network (Mizuno-Yamasaki et al., 2012). This is also consis-
tent with the finding that the fast cycling, activated ARF6 reverses
this defect upon expression in null cells (Figure 6, G and H). The
mechanism by which ELMOD2 plays a role in ARF6 recruitment to
the midbody (and how ELMOD? itself recruits to the midbody) re-
quires further exploration. Despite the lack of specific ELMOD2
staining at recycling endosomes, we cannot exclude the possibility
that it also can be recruited to recycling endosomes. As suggested
above, the close physical proximity of these recycling endosomes to
the PCM might allow for transient protein interactions that do not
survive fixation.

While RAB11 staining was reduced, we saw the opposite changes
in ARFé6 staining at FIP3—positive recycling endosomes in response
to deletion of ELMOD2; ARF6 was strongly increased (Figure 6). The
order and specific interactions involved in recruitment of FIP3,
RAB11, and ARFé to recycling endosomes are unresolved, though
FIP3 can bind to RAB11 and ARFé and potentially even at the same
time, based on in vitro binding assays (Fielding et al., 2005; Shiba
et al., 2006; Schonteich et al., 2007; Takahashi et al., 2011). Our data
support a role for ELMOD?2 in this process. Fielding et al. (2005) also
showed staining of ARFé6 at the ICB but not at the Flemming body.
In contrast, we found ARF6 at the Flemming body but not evident
at the ICB. Much (though not all) of the evidence that ARFé6 localizes
to the ICB in this earlier study was obtained using ARF6[Q71L] and
thus may result in trapping of the mutant that is incapable of cycling
between active and inactive conformations. Expression of FIP3-GFP
in WT cells allows visualization of the pericentrosomal pool of recy-
cling endosomes, and that stains strongly for RAB11 but not for
ARF6 (Figure 6). ELMOD?2 deletion hampers the recruitment of FIP3
to these endosome clusters, causes a severe loss of RAB11 staining
there, and is accompanied by large increases in ARFé6. However,
when FIP3 staining is diffuse and FIP3-GFP-positive endosomes are
no longer evident, ARFé also does not localize to endosomal clus-
ters. Thus, we interpret these findings as consistent with a model in
which ARF6 is recruited to recycling endosomes by FIP3 and com-
petes for this binding with RAB11. The presence of ELMOD2 in WT
cells at or nearby this site may result in rapid inactivation of ARF6
and favor the binding of RAB11 to FIP3.

Because the binding of RAB11 or ARF6 to FIP3 is dependent on
activation (GTP binding), there are two likely ways that ELMOD2
might increase RAB11 and decrease ARFé at recycling endosomes:
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it could recruit a RAB11 GEF or act as an ARF6 GAP. Given the es-
tablished activity of ELMOD2 as an ARF/ARL GAP, we clearly favor
the latter of these and conclude that the deletion of ELMOD2
causes ARFé6 to accumulate on recycling endosome by decreasing
the cell’s ability to inactivate the GTPase there. That increase in
ARF6 competes effectively with RAB11 for the binding to FIP3. It is
not clear whether ELMOD2 might have some additional effect re-
sulting in the loss in FIP3 recruitment to recycling endosomes. It
could be the case that FIP3 is more stably bound at this site when
complexed with RAB11 than to ARFé. The strong and specific ef-
fects of activated ARF6 to reverse the multinucleation and supernu-
merary centrosome phenotypes (Figure 6) in ELMOD?2 are consis-
tent with those phenotypes being linked.

Because of the central role of microtubules in the mitotic spindle
and cell division, we expected to find close ties between the cytoki-
nesis failure and the changes in microtubules observed, but instead
we interpret our findings as evidence of two different roles for
ELMOD?2 in cells and acting with two different GTPases. While ARF6
is capable of influencing actin at the cell surface (D’'Souza-Schorey
and Chavrier, 20006), there are no published links between ARF6 and
microtubules/tubulins. ARL2, though, has well documented roles in
assembly of the af-tubulin heterodimer and in altering microtubule
networks when overactivated- for example, upon expression of the
dominant activated mutant ARL2[Q70L] (Zhou et al., 2006). Indeed,
decreased stability of microtubules and increased sensitivity to mi-
crotubule destabilizing drugs were among the first phenotypes
found for mutants of ARL2 in multiple genetic model systems (Hoyt
et al., 1990; Stearns et al., 1990; Antoshechkin and Han, 2002;
Steinborn et al., 2002). The fact that we first purified ELMOD2 as a
GAP for ARL2 also prompted us to focus on this GTPase as likely to
be playing a central role in the microtubule defects seen in ELMOD2
null cells. The specificity of rescue by activated ARL2 but not ARL3
or ARFé further supports it acting with ARL2 here. We currently
model the actions of ELMOD2 in cells, specifically in microtubule
stability and cytokinesis, as acting in distinct pathways that use dis-
tinct ARF family GTPases. Consistent with this, we observed no clear
evidence of a defect in mitotic spindles or midbody bridge mor-
phology in the nulls, based on o-tubulin or y-tubulin staining, sug-
gesting that any cytokinesis defects we observe are not an overt
consequence of ELMOD2-related microtubule instability. Our re-
sults are similar to, though different, from those of Zhou et al. (2017)
in which they found aneuploidy in mouse oocytes knocked down for
ELMOD2 but with “severe abnormalities in spindle organization”
that we did not observe in null cells. Furthermore, fast cycling ARL2
only partially rescued cell cycle—related defects, and active ARF6 did
not rescue the microtubule defects. Thus, despite our original con-
jecture that the microtubule and cell cycle—related phenotypes may
result from a single lesion arising from the absence of ELMOD?2, our
data clearly argue for at least two distinct lesions, each of which can
be mitigated through increased activation of distinct GTPases.

This study also describes for the first time the use of multiple
“fast cycling” mutants for ARF family GTPases, first described by
Lorraine Santy for ARFé (Santy, 2002) and later employed by others
for multiple family members (D'Souza et al., 2020; Moravec et al.,
2012). This and structural studies have confirmed the conserved
function of homologous residues in the GTP binding pocket in mak-
ing direct contacts with the guanine base. Mutations that decrease
this interaction result in weakened affinity for GDP and thus increase
the rate-limiting step in GTPase activation: release of GDP. These
mutants provide an important adjunct to the common use of gluta-
mine mutants (e.g., Q70L in ARL2) that are also activating in cells.
The stronger Q to L mutants may be so strong as to generate
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phenotypes that obscure or make analyses of other actions unfea-
sible. This is particularly problematic when studying a regulator of
the GTPase that acts at multiple sites and with multiple GTPases.
We believe that this is the case with ARL2[Q70L], further demon-
strating the value of fast cycling mutants.

Similarly novel, and perhaps confusing, is the use of activated
GTPase mutants to rescue the deletion of a GAP. Clearly, in this use
the “rescuing GTPase” cannot be acting as the substrate for the
deleted GAP (ELMOD?2). In such a case where a GEF activates
the GTPase and the GAP silences that activity, one should not see
“rescue” by further increasing the activity of the GTPase in question.
Instead, we are speculating that rescue is achieved in one of two,
not mutually exclusive, ways. Our preferred hypothesis is that the
pathways in question are acting as GTPase networks such as those
described by Mizuno-Yamasaki et al. (2012). In this scenario, an acti-
vated GTPase recruits its own GAP and effectors, and one of those
effectors also possesses GEF activity for another GTPase acting
downstream of the first. Thus, if activated ARF6 or ARL2 rescues a
defect observed upon deletion of ELMOD2, we are not concluding
in either case that ELMOD2 normally acts as a GAP on the GTPase
in that pathway and location. Rather, we propose that those GTPases
share a common pathway with ELMOD2 but instead act down-
stream. Yet, we cannot exclude the possibility that the same GTPase
also acts upstream of ELMOD?2. For example, a number of the ARF
family GTPases that ELMOD?2 acts on in vitro (including ARF1, ARF3,
and ARF6) have been shown previously to regulate aspects of cyto-
kinesis and to localize to key sites in this process (e.g., centrosomes,
cleavage furrows, and midbodies [D’'Souza-Schorey and Chavrier,
2006; Hanai et al., 2016)). Further research should be devoted to
finding which GTPase(s) ELMOD2 acts with directly to mediate
these functions and identifying the mechanism by which it regulates
both cytokinesis and y-TuRC recruitment. The other possibility is that
the cell system under study involves parallel pathways, only one of
which involves ELMOD2 and the other is under regulation by the
rescuing, activated GTPase. Of course, these are not mutually exclu-
sive, pointing to the potential for complexities and the amount of
work left to do in deconvoluting mechanisms of regulation of these
essential cell processes (Sztul et al., 2019).

Two other issues that we considered as having the potential to
influence the interpretation of our data are the existence of two
other ELMOD family members and three other ELMO proteins (East
etal., 2012). Parallel studies using CRISPR-Cas? generated deletions
of ELMOD1 and ELMOD3 in MEFs have revealed none of the same
phenotypes described here for ELMOD?2, though they, too, are im-
plicated in multiple processes (unpublished data). Though quantifi-
cation of these three proteins is difficult because of their low abun-
dance, we used real-time quantitative reverse transcription PCR in
that study and found no evidence of up-regulation of other ELMOD
family members in response to deletion of any one. Thus, we do not
believe that the results described here are explained by changes in
activities of ELMOD1 or ELMOD3, though of course we cannot ex-
clude some level of functional redundancy or actions of either pro-
tein in microtubule dynamics or cell division. In addition, ELMO pro-
teins share the ELMO domain with the ELMODs and are found in
cells bound to DOCK proteins (e.g., DOCK180) that possess RAC/
RHO GEF activity (Gumienny et al., 2001; Brugnera et al., 2002; Lu
et al., 2004). Furthermore, ARF6 and its GEF ARNO (aka cytohesin 2)
activate RAC via ELMO1/DOCK180 (Santy et al., 2005), influencing
actin dynamics and cell motility. To date, there have been no studies
showing functional redundancies between ELMOD and ELMO pro-
teins. It is worth noting the existence of each, though, particularly as
they share some common pathway components (e.g., ARF6).
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In summary, this work provides evidence for essential roles for
ELMOD?2 in both cytokinesis and microtubule dynamics. To our
knowledge, this is the first evidence of one ARF GAP acting in cells
to influence pathways involving both ARF(s) and ARL(s). The previ-
ously described (lvanova et al., 2014) biochemical promiscuity of
ELMODs as GAPs makes them prone to even greater complexity in
serving as signaling hubs to bring together disparate, but highly
regulated, processes. Future studies into the mechanisms by which
ELMOD2 modulates cytokinesis and microtubule stability should
provide further insights into those processes as well as whether and
how apparently diverse pathways may communicate with one
another. When these results are considered together with those
demonstrating roles for ELMOD2 in mitochondrial fusion (Newman
et al., 2017a; Schiavon et al., 2019), in fat metabolism at lipid drop-
lets (Suzuki et al., 2015), and in anchorage-independent growth
(Figure 7), there is clearly a need for further study of these pathways
and their potential for interconnections. Together, these results
significantly extend the functions and locations at which ELMOD2
acts in cells, working with multiple GTPases to mediate these
processes.

MATERIALS AND METHODS

Reagents, antibodies, plasmids

The antibodies raised against the following proteins were purchased:
o-tubulin (Sigma; T9026), B-tubulin (Sigma; T4026), o-tubulin (Milli-
pore-Sigma; rat monoclonal; MAB1864), y-tubulin (Sigma; T6557),
Y-tubulin (Abcam; ab11317), centrin (Sigma; 04-1624), RAB11 (Trans-
duction Laboratories; R56320), myc (Invitrogen; R950-25), HA
(Covance; MMS-101P), and acetylated tubulin (Sigma; T6793-2ML).
The following rabbit polyclonal antibodies were generated against
their respective human proteins and have been described previ-
ously: ARL1T (Van Valkenburgh et al., 2001), ARL2 (Sharer and Kahn,
1999; Sharer et al., 2002), ARL3 (Cavenagh et al., 1994), BART (Sharer
et al., 2002), TBCD (Francis et al., 2017b), and ELMOD2 (Newman
et al., 2014). RHOA (Abcam; ab54835) and ARF 1D9 monoclonal
(Affinity Bioreagents; MA3-060 [Cavenagh et al., 1996)]) antibodies
were obtained commercially. We are grateful for the generous gifts
of other antibodies: ARFé polyclonal antibody from Jim Casanova
(University of Virginia), rabbit polyclonal antibodies directed against
FIP1 and FIP5 from Rytis Prekeris (University of Colorado), polyclonal
sheep-anti-FIP3 from Jim Goldenring (Vanderbilt University), and
mouse monoclonal antibodies against MKLP1 from Ryoko Kuriyama
(University of Minnesota) (Kuriyama et al., 1994).

The CRISPR-Cas? system used for transfection into MEFs was
obtained commercially from Addgene (pSpCas9(BB)-2A-Puro
(PX459) V2.0 (#62988)). Plasmids directing expression of
human ARL2, ARL2[Q70L], ELMOD2-myc, ELMOD2-HA, or
ELMOD2[R167K]-myc/his in pcDNA3.1 were described previously
(Zhou et al., 2006; Bowzard et al., 2007; East et al., 2012). The fol-
lowing plasmids were gifted to us by Rytis Prekeris: FIP1-GFP and
FIP5-GFP. Jim Goldenring gifted us with FIP3-GFP (Hickson et al.,
2003). Jim Casanova provided us with plasmids used for transient
expression of ARF6-HA, ARF6[Q71L]-HA, or ARF6[T157A]-HA. All
fast cycling point mutants were generated in pcDNA3.1 vectors
using site-directed mutagenesis. The following reagents were pur-
chased: nocodazole (VWR; 102515-934), thymidine (Sigma; T1895-
10G), RO-3306 CDKT1 inhibitor (Sigma; SML0569-25MG), and oleic
acid (Sigma; O1383-5G).

Cell culture
Cells used in this study were grown in DMEM supplemented with
10% fetal bovine serum (FBS) (Atlanta Biologicals; S11150) and
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2 mM glutamine at 37°C, 5% CO,. WT MEFs were obtained from
the American Type Culture Collection (ATCC) (CRL-2991). Antibiot-
ics are not used in routine cell culture, and cells are regularly checked
for mycoplasma contamination. All phenotypes described were
monitored in MEF lines maintained below passage 10, to avoid the
potential selection against cell cycle defects observed in ELMOD2
nulls. Cells with different genotypes were all maintained with careful
attention to ensure the same feeding, passaging, and plating den-
sity, though densities at plating may differ between assays. For all
experiments described below, we consider replicates of individual
lines repeated on different days as technical replicates, and the av-
erages of technical replicates performed for each line are consid-
ered biological replicates.

Generation of CRISPR null lines

WT (parental; ATCC CRL-2991) immortalized MEFs served as the
parental population for the ELMOD2 KO lines generated via
CRISPR-Cas?. Benchling software (www.benchling.com/academic/)
was used to design four 20 nt guides. To facilitate expression from
the U6 promoter, a “G" was substituted for the first nucleotide for
each guide RNA. Overlapping primers with Bbsl overhangs at the
5’-end were purchased from IDT based on the following templates:
5-CACC(N)20-3" and 5-AAAC(NR),0-3’, where (N),g and (NR),q refer
to the 20 nt protospacer sequence and its reverse complement, re-
spectively. The two complimentary oligos were annealed and cloned
into pSpCas?(BB)-2A-Puro (PX459) V2.0 vector (Addgene) at the
Bbsl sites. These guides were targeted close to the N-terminus of
the protein to optimize the likelihood of null alleles that yield little of
the ELMOD?2 protein. Our goal was to generate at least two differ-
ent clones from at least two different guides, each with frameshifting
mutations on both alleles.

Low-passage MEFs were grown to 90% confluence in six-well
dishes, transfected with a 1:3 ratio of DNA (guide RNA plasmids)
to Lipofectamine 2000 for 4 h in OptiMEM, and then replated
onto 10 cm plates for growth overnight. Puromycin (3 pg/ml;
Sigma #P8833) was added the next day and maintained for 4 d to
enrich for transfected cells. Individual clones were isolated via
limited dilution in 96-well plates, followed by expansion,
cryopreservation, and sequencing of genomic DNA around the
target site.

To ensure that any phenotypes we identified were solely the con-
sequence of a loss of ELMOD2, we used the following controls:
1) generated at least two different clones from at least two different
guides and 2) performed rescue experiments by expressing
ELMOD2-myc using lentivirus transduction into null cells, as well as
WT cells, which served as further controls. All phenotypes described
here were present in all 10 null lines, though varied in magnitude
when scored. Four of the 10 null lines were chosen at random for
more detailed studies and quantification.

Transfection of MEFs

For all other transfections of WT or ELMOD?2 null MEFs, polyethyl-
enimine (PEI) transfection was used instead of Lipofectamine as it
proved to be less toxic and yielded higher transfection efficiencies.
Cells were transfected with a 1:3 ratio of DNA to PEI for 24 h in
medium containing 2% serum before being replated onto cover-
slips. In most cases, 4 pg of DNA, 12 pg of PEI, and 100 pl of serum-
free medium per reaction were combined in an Eppendorf tube,
vortexed, and allowed to incubate for 20 min. The DNA/PEI mixture
was added dropwise to each respective well, and samples were re-
turned to 37°C to incubate overnight. The next day, cells were re-
plated as needed for different experiments.
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Lentiviral transduction

A lentivirus directing expression of mouse ELMOD2-myc was gener-
ated by Emory’s Viral Vector Core, using the pFUGW vector into
which the mouse ELMOD2-myc open reading frame was engi-
neered at the EcoRl and BamHI sites. About 10,000 cells were
plated into wells of a 24-well plate and were treated with lentivirus
2 h later. Medium was replaced after 48 h. The efficacy of lentiviral
transduction was checked using immunocytochemistry, staining for
myc expression. Transduction efficiency was estimated between 70
and 90% depending on the line. For all the following rescue experi-
ments, all cells were counted under the assumption that the majority
of the cells scored express ELMOD2-myc. This may account for the
heterogeneity in phenotypic rescue and may also result in underes-
timates of the magnitude of the rescue achieved.

Lipid droplet staining

Cells were plated onto Matrigel-coated coverslips and the next day
were treated with or without oleic acid (30 uM at 37°C for 24 h;
vortexed in solution with DMEM + 10% FBS + 1% bovine serum
albumin [BSA] prior to addition to cells) to increase lipid droplet
accumulation. Cells were fixed with 4% PFA for 15 min at 37°C and
permeabilized with 0.1% Triton X-100 for 15 min. To visualize lipid
droplets, cells were stained for 30 min with a 1:100 dilution of
BODIPY 493/502 (Invitrogen; D3922) (0.5 mg/ml stock) in phos-
phate-buffered saline (PBS). Brightfield (20x magnification) and
widefield fluorescence microscopy (100x magnification) were used
to assess lipid droplet numbers and sizes by visual inspection.

Scoring mitotic cells and high cell density

Cells were grown to high confluence (>90%) on glass coverslips and
fixed with 4% PFA in PBS (137 mM NaCl, 2.7 mM KCI, 10 mM
NazHPOy, 1.8 mM KH,PO4, pH 7.4). Cells were permeabilized with
0.1% Triton X-100, blocked with 1% BSA in PBS, and stained with
Hoechst (10 mg/ml stock in water; diluted 1:5000 in PBS and stained
for 4 min), tubulin, and y-tubulin to track mitotic indices. Five hun-
dred cells were scored per replicate. Cells were binned based on
the following features: DNA condensation at prophase, aligning of
DNA at the metaphase plate and mitotic spindle staining during
metaphase, separation of condensed DNA without cleavage furrow
formation during anaphase, cleavage furrow formation during telo-
phase, and midbody staining and DNA decondensation during late
cytokinesis.

Growth in soft agar

Anchorage-independent growth, or the ability to grow in soft agar,
was assessed as previously described (Borowicz et al., 2014). Briefly,
20,000 cells were plated in individual wells of a six-well dish in soft
(1 ml, 0.7%) agar over a base of 1 ml 1.0% agar in DMEM with 10%
FBS. Cells were monitored for 30 d, with the addition of fresh me-
dium dropwise every few days to prevent dehydration. Cells were
stained with 0.5 ml 0.005% crystal violet in methanol for 2 h at room
temperature before being rinsed three times with water. Colonies
that are positive for crystal violet and at least three cells in diameter
(>~10 cells) were scored using brightfield microscopy.

Nocodazole sensitivity

Cells were treated with a range of concentrations of nocodazole
(0-100 ng/yl) for 2 h. Cells were then fixed with ice-cold methanol
for 5 min at—20°C. They were then blocked and stained for a-tubulin
to identify microtubule networks and y-tubulin to identify centro-
somes. Cells were visualized via widefield microscopy and binned
by visual inspection based on whether they had intact versus
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defective microtubule networks. microtubule networks were de-
fined as “defective” if they had either an obvious decrease or a
complete loss of microtubule network compared with that seen in
WT cells (see Supplemental Figure S4, for example).

Cold sensitivity

Cold sensitivity was determined by removing cells from the incuba-
tor and exposing them to room temperature or putting them on ice
(as indicated in the text) for a defined period of time ranging be-
tween 0 and 30 min. Immediately after, the cells were fixed with pre-
warmed (37°C) 4% PFA and permeabilized with 0.1% Triton X-100.
Samples were stained for a-tubulin to denote microtubule networks
and y-tubulin to identify centrosomes. Like the nocodazole sensitivity
assay described above, microtubule network density was assessed
by visual inspection (see Supplemental Figure S4, for example).

For cold sensitivity recovery experiments, cells were removed
from the incubator and incubated on ice for 30 min. Afterward, cells
were returned to the incubator at 37°C and allowed to recover for a
range of time points extending from 0 min to 1 h recovery. Cells
were fixed either with 4% PFA and permeabilized with 0.1% Triton
X-100 to look at microtubules and y-tubulin or with ice-cold metha-
nol for 5 min to visualize centrin at centrioles. The latter condition
was also used to visualize ARL2 and TBCD at centrosomes. Cells
were visualized with either widefield microscopy for basic scoring or
confocal microscopy to generate z-projections to score microtu-
bules at asters.

Scoring microtubules at centrosomes after cold recovery
Cells were treated as described above for cold sensitivity recovery,
incubating the cells for the specified time points at 37°C to allow
partial regrowth of microtubules. Cells were fixed with 4% PFA for
15 min at 37°C, permeabilized with 0.1% Triton X-100 for 10 min,
and stained for y-tubulin to look at recovery at centrosomes and for
o-tubulin to look at microtubule formation at asters. Cells were
imaged using confocal microscopy (as described below) taking z-
projections with 0.37 um steps. These z-projections were processed
using FIJI software to look at individual slices of cells and to visualize
microtubules emanating from centrosomes. Microtubules were
scored if 1) one of the ends of the microtubule could be seen ex-
tending from a y-tubulin-positive centrosome, and 2) if the tubule
was at least 0.5 pm long, as determined using FIJI. The number of
microtubules emanating from that centrosome were scored in each
slice, and the slice with the highest number of microtubules was
used to score that aster. After analyzing cells from multiple repli-
cates, a total of at least 38 asters were scored per line.

Aster formation assay

The extent of aster formation as a function of time after removal of
nocodazole was used as a way to measure the rate of growth of new
microtubules at centrosomes, as previously described (Sankaran
et al., 2005; Tulu et al., 2006; Zhou et al., 2006; Cunningham and
Kahn, 2008). Microtubules were found to be eliminated, with mini-
mal cellular toxicity, by treatment with 50 ng/ul nocodazole for 2 h
at 37°C. The drug was then removed, cells were washed once, and
fresh prewarmed medium was added. Cells were fixed at 0, 0.5, 1,
2,5,7,and 10 min after release from nocodazole using 4% PFA and
0.1% Triton X-100 permeabilization. Cells were stained for a-tubulin
and y-tubulin, as described above. The size of asters as well as the
morphology of the growing microtubule network were then as-
sessed. To quantify aster size, the diameter of individual asters was
measured using FIJI imaging software’s measuring tool. For each
aster, the largest diameter was determined and then tabulated. At

ELMOD?2 regulates microtubules and cytokinesis | 2087



least 50 asters were quantified per line per replicate, and the aver-
age aster diameter was determined per line (see Supplemental
Figure S5, for example).

Scoring of cell phenotypes
To score numbers of nuclei, cells were plated onto glass coverslips at
50-60% confluence to facilitate scoring of individual cells. The next
day, cells were fixed with 37°C 4% PFA in PBS for 15 min at room
temperature. Cells were permeabilized for 10 min with 0.1% Triton
X-100 in PBS and blocked for 1 h with PBS with 1% BSA. Primary
antibodies were incubated at least 1 h to overnight. The next day,
cells were washed 4x with PBS and incubated with secondary anti-
body in PBS with 1% BSA. Cells were washed twice with PBS, stained
with 1:5000 Hoechst 33342 for 4 min, and washed twice again with
PBS before being mounted onto slides with 1:9 solution of PPD (p-
phenylenediamine dihydrochloride; ACROS Organics; 624-18-0) in
MOWIOL 4-88 Reagent (CALBIOCHEM; 475904). Cells were scored
in triplicate for each of the 21 lines studied, 100 cells per replicate.
Scoring of centrosomes was performed using immunofluores-
cence, after methanol fixation, using two centrosomal markers (cen-
trin and y-tubulin). At least 100 cells were scored per condition per
line, and this experiment was repeated at least three times.

Live cell imaging

Cells were plated on eight-well Ibidi glass-bottom slides (Ibidi
#80827) at medium density, and 24 h later medium was replaced
with imaging medium (phenol red-free DMEM with 25 mM HEPES,
10% FBS [Invitrogen #21063]). Cell cycle was tracked with phase-
contrast illumination at 40x magnification (0.60 NA) using a BioTek
Lionheart FX widefield microscope. Several fields of cells were col-
lected over a 24 h time course at 37°C, 5% CO, every 10 min. Z-
projections were generated to detect all cells, including those de-
taching from the plate during cell division. To track stages of cell
division, different aspects of cell morphology were noted, including
cell rounding (indicative of prophase/metaphase), cell elongation
and cleavage furrow formation (anaphase proceeding into telo-
phase), cleavage furrow narrowing into midbodies (cytokinesis), and
cells splitting apart during abscission.

Scoring of cell cycling and synchronization

Cells were grown on Matrigel-coated coverslips to ~50% density
and treated with the CDK1 inhibitor (RO-3306; 7.5 pg/ml) in DMEM
with 10% FBS. After 18 h, cells were rinsed once and grown in fresh
medium, taking time points after release from drug every 10 min for
2 h. Cells were fixed in 4% PFA in PBS for 15 min at room tempera-
ture, rinsed three times in PBS, and then permeabilized with 0.1%
Triton X-100 in PBS for 10 min, followed by blocking with 1% BSA in
PBS for 1 h. The cells were stained with antibodies directed against
o-tubulin (to mark mitotic spindles and midbodies) and y-tubulin (to
mark centrosome migration throughout the cell cycle and midbod-
ies), and Hoechst 3052 (diluted 1:5000 in PBS from 5 mM stock).
Cells were scored as mitotic if DNA was condensed and aligned
along the midplate and a mitotic spindle was evident, or if nuclear
envelopes had formed and the midbody was evident from the o-
tubulin staining. We use the term “mitotic indices” to indicate cells
bearing traits of anywhere from prophase to late cytokinesis, for ex-
ample, DNA condensation, mitotic spindle formation, cleavage fur-
rowing/ingression, and midbody formation.

Analyzing DNA content
Cell synchronization was performed using a double thymidine block
followed by nocodazole using the following protocol: cells at ~50%
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confluence were treated for 16 h in 2 mM thymidine, then allowed
to recover for 8 h in drug-free medium after 3x washes with PBS,
another 16 h thymidine block, followed by a 5 h recovery in drug-
free medium after 3x washes in PBS, and then 9 h in medium con-
taining nocodazole (20 ng/ml). Immediately after nocodazole syn-
chronization, cells were prepared for analysis by flow cytometry by
collecting cells, washing them with ice-cold PBS, and fixing them
with ice-cold 70% ethanol in PBS. Note that all cells were collected
and fixed at this stage to ensure a full representation of the cell
population. Immediately prior to cytometry, cells were washed twice
with phosphate citrate buffer (0.1 M citric acid in PBS, pH 7.8),
treated with RNase (100 pg/ml; Sigma; R5125), and stained with
propidium iodide (50 pg/ml; Sigma; P4170) to measure DNA con-
tent. The voltage was set based on WT cells for each run, centering
the G1 peak at 50 K. The same settings were applied to all subse-
quent samples run that day, to ensure that we accurately tracked
2N, 4N, and >4N peaks. Data were plotted using FloJo software.

Microscopy

For allimmunocytochemistry experiments, Matrigel (BD Bioscience)-
coated 18 mm glass coverslips (#1.5; Fisher Scientific; 12-545-81)
were used. Imaging was performed on a confocal microscope
(Olympus FV1000 and Olympus Fluoview v1.7 software; 100x mag-
nification [1.45 NA, oil]; 405, 488, and 543 laser lines used, 0.37 um
step size for zstacks) and a widefield microscope (Olympus 1X81
and Slidebook software; 100x magnification [UPlanFI, 1.30 NA oil],
as indicated in the provided figures. Images were processed (and
analyzed, in the case of aster formation assays) using FIJI imaging
software. For all data appearing in any one figure, the same acquisi-
tion, brightness, contrast, cropping, and other processing settings
were used across the experimental test group to ensure the accuracy
of comparisons.

Reproducibility/statistics

All experiments performed in this study were scored at least in
duplicate and performed at least in triplicate. Unless otherwise
stated, at least 100 cells were scored per sample. Error bars pre-
sented in the graphs indicate SEM, and box-and-whisker plots in-
dicate the range of the data along with the median and upper/
lower quartiles. One-way or two-way analysis of variance (ANOVA)
tests were used to determine whether there were significant differ-
ences between test groups. The number of stars indicates the level
of statistical significance: *p < 0.05; **p < 0.01; ***p < 0.0001. For
all experiments shown, we treated individual replicates (separate
samples from experiments performed on separate days) of each
individual line as technical replicates. We consider the individual
lines as biological replicates. Therefore, if we report that a sample
has an N = 4, this indicates that four different lines were scored in
duplicate, and the averages of those duplicates are presented in
the graphs.
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