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SUMMARY

Dynamic interactions between membrane-bound
organelles and the microtubule cytoskeleton are
crucial to establish, maintain, and remodel the inter-
nal organization of cells throughout the cell cycle.
However, the molecular nature of these interactions
remains poorly understood. We performed a
biochemical screen for microtubule-membrane
linkers and identified REEP4, a previously uncharac-
terized endoplasmic reticulum (ER) protein. Deple-
tion of REEP4 and the closely related REEP3 from
HeLa cells causes defects in cell division and a pro-
liferation of intranuclear membranes derived from
the nuclear envelope. This phenotype originates in
mitosis, when ER membranes accumulate on
metaphase chromosomes. Microtubule binding and
mitotic ER clearance from chromosomes both
depend on a short, positively charged amino acid
sequence connecting the two hydrophobic domains
of REEP4. Our results show that REEP3/4 function
redundantly to clear the ER from metaphase chro-
matin, thereby ensuring correct progression through
mitosis and proper nuclear envelope architecture.

INTRODUCTION

The internal spatial organization of cells is critically important for

their functions. This is illustrated by the characteristic positioning

of organelles in many differentiated cell types and by the reorga-

nization of the cellular interior upon polarization and division. In

recent years, progress has been made toward elucidating how

the positioning of lysosomes, Golgi complex, and the nucleus

is achieved (Rosa-Ferreira and Munro, 2011; Yadav et al.,

2012; Starr, 2007). Furthermore, organelle-shaping proteins

have been identified, most notably reticulon and DP1/REEP5

proteins that generate high-curvature endoplasmic reticulum

(ER) membranes (Voeltz et al., 2006). The microtubule cytoskel-

eton acts as a crucial organizing element, and a number of

organelle-microtubule linker proteins have been identified.

These include proteins that link organelles tomicrotubulemotors

such as golgin160 (Yadav et al., 2012), as well as proteins that

link to growing microtubule plus ends, like CLIP-170 and
Develop
STIM1 (Pierre et al., 1992; Grigoriev et al., 2008). However,

much is unknown about how the microtubule cytoskeleton

organizes membrane-bound organelles, in particular how cell-

cycle-dependent changes in organelle morphology and posi-

tioning are achieved and how these changes contribute to

proper cell division and organelle inheritance.

Dramatic membrane restructuring occurs upon nuclear enve-

lope breakdown (NEBD) during metazoan mitosis (Hetzer, 2010;

Puhka et al., 2007; Lu et al., 2009; Puhka et al., 2012). Microtu-

bules support this process and promote the removal of nuclear

envelope components from chromatin (Beaudouin et al., 2002;

Salina et al., 2002; Mühlhäusser and Kutay, 2007). After

NEBD, the nuclear membrane is resorbed into the ER, which

is absent from chromosomes and the area between the spindle

poles in early mitosis (Puhka et al., 2007; Anderson and Hetzer,

2008). Only in late anaphase do ER membranes establish con-

tact with the separated daughter chromatin masses to initiate

nuclear envelope reassembly. One mechanism that helps

prevent ER association with the spindle relies on mitotic phos-

phorylation of the ER membrane protein STIM1, which inhibits

binding of STIM1 to microtubule plus ends (Smyth et al.,

2012). But how mitotic chromosomes are maintained clear of

the ER membrane until the onset of nuclear envelope reforma-

tion is unknown.

We have used a biochemical approach to identify previously

uncharacterized proteins capable of linking organelles and

microtubules. Among the candidates obtained was REEP4, a

protein related to DP1/REEP5. Here, we show that REEP4 and

the closely related REEP3 are essential for sequestering nuclear

envelope components away from chromatin during metaphase,

thereby contributing to the fidelity of chromosome segregation

and to proper formation and architecture of the nuclear

envelope.

RESULTS

Identification of REEP4 as a Microtubule-Binding ER
Protein
To identify proteins that link cell organelles andmicrotubules, we

isolated total membranes from Xenopus laevis cytoplasmic egg

extracts by pelleting and flotation, extracted membrane proteins

by treatment with the detergent CHAPS, and incubated the

extracted proteins with Taxol-stabilized microtubules. Microtu-

bule-bound proteins were eluted with a high-salt buffer and

analyzed by mass spectrometry. We isolated a number of
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known organelle-microtubule linker proteins, including STIM1,

CLIMP63, and p22, validating our purification approach. Among

the candidates isolated was REEP4, an uncharacterized mem-

ber of the DP1/REEP5 family of ERmorphogenic proteins whose

closest-studied relative, REEP1, is a neuron-specific ER-

microtubule linker (Park et al., 2010).

We first determined REEP4’s subcellular localization. In agree-

ment with its similarity to the ER protein DP1/REEP5, endoge-

nous REEP4 and REEP4 tagged with a hemagglutinin (HA)

epitope at its amino or carboxyl terminus localized to the ER in

HeLa and COS-7 cells (Figure 1A; Figures S1A and S1B available

online; data not shown). Consistent with our original screening

approach, REEP4 copelleted with Taxol-stabilized microtubules

added to tissue culture cell lysates (Figure S1C). Thus, REEP4 is

an ER protein that binds to microtubules.

REEP3 and REEP4 Are Required for Proper Nuclear
Envelope Architecture
The fact that REEP4 binds microtubules while the more diver-

gent tubule-shaping protein REEP5 does not (Figure S1C;

Park et al., 2010) raised the possibility that REEP4 and the

closely related REEP2 and REEP3 perform distinct functions.

REEP2 messenger RNA (mRNA) could not be detected in

HeLa cells, and this protein was not studied further (data

not shown). When REEP4 and REEP3 were codepleted from

HeLa cells by RNA interference (RNAi), defects in nuclear enve-

lope structure were observed. In control cells, markers for the

ER (GFP-Sec61b) and the nuclear envelope (Lamin B1,

POM121-GFP) were almost exclusively restricted to the nuclear

rim, as expected, whereas REEP3/4-depleted cells contained

numerous intranuclear membrane structures positive for these

markers (Figure 1B; Figure S1E; Movie S1). We analyzed

REEP3/4 RNAi cells by electron microscopy and confirmed

the abundant presence of membrane structures in the nuclear

interior (Figures S1F and S1G). These structures contained

nuclear pores and are reminiscent of a previously described

nuclear envelope feature termed the nucleoplasmic reticulum

(Malhas et al., 2011).

We examined single confocal sections at the nuclear center

and found that in controls, 45% of them were free of internal

Lamin B1 label, 45% contained one to three Lamin-B1-positive

intranuclear structures, and 10% contained four or more such

structures. In contrast, 76% of confocal sections of nuclei in

REEP3/4-depleted cells contained four or more Lamin-B1-

positive intranuclear structures (Figure S2B). This phenotype

required depletion of both REEP3 and REEP4 (Figure S1H) and

could be rescued by the expression of RNAi-resistant, HA-

tagged versions of either protein, indicating that the two proteins

function redundantly (Figure 1C).

Depletion of REEP2–REEP4 also caused nuclear envelope

defects in ARPE-19 and U2OS cells, indicating their conserved

activity in establishing proper nuclear envelope structure

(Figure S1I).

REEP3/4 Clear the ER from Chromosomes during
Mitosis
In metazoans undergoing open mitosis, the nuclear envelope re-

forms from ER membranes following chromosome segregation

(Hetzer, 2010). To determine how REEP3/4 depletion caused
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nuclear envelope defects, we therefore examined ER distribution

in mitotic cells by live imaging. The ER was excluded from chro-

mosomes and the central spindle area in control metaphase cells

but, strikingly, was closely associated with mitotic chromo-

somes and the spindle in REEP3/4 knockdown cells (Figure 2A).

Moreover, the characteristic ER enrichment at spindle poles was

abolished in REEP3/4-depleted cells (Figures 2A and 2C).

Observation of nuclear envelope reformation in live cells ex-

pressing the ER marker GFP-Sec61b revealed that control cells

excluded ER from the segregating chromosomes throughout

anaphase. A distinct boundary between the nuclear interior

and the cytosolic ER network was created by the emerging

nuclear envelope late in anaphase (Figure 2B; see Movie S2 for

an overlay with the chromatin marker histone H2B-mcherry). In

REEP3/4 knockdown cells, however, ER membranes were

tightly associated with chromatin throughout anaphase and dur-

ing the course of nuclear envelope assembly. After nuclear enve-

lope reformation, ER membranes were gradually cleared from

the nuclear interior but features identical to the interphase intra-

nuclear membrane structures persisted (Figure 2B; Movie S2).

These observations indicate that interphase defects in nuclear

envelope structure following REEP3/4 depletion arise during

mitosis. In support of this notion, the interphase phenotype

was largely rescued when cell-cycle progression through S

phase and mitosis was inhibited in REEP3/4-depleted cells by

the addition of thymidine (Figures S2A and S2B). REEP3/4

mRNAs were depleted with equal efficiency in the presence or

absence of thymidine as judged by quantitative real-time PCR

(data not shown). REEP4 continued to colocalize with the ER in

mitotic cells (Figures S2C and S2D) and endogenous REEP4 co-

pelleted with microtubules in extracts from cells arrested in

metaphase (Figure S2E), consistent with a spindle-related func-

tion for REEP3/4.

Therefore, intranuclear membranes in REEP3/4 knockdown

cells arise during mitosis and are caused by perturbations in

nuclear envelope reformation that result from ER mislocalization

during metaphase.

ER Accumulates on Metaphase Chromatin
in REEP3/4-Depleted Cells
ER is targeted to chromosomes at the end of anaphase to

initiate nuclear envelope reformation. We hypothesized that

the association of ER membrane with metaphase chromosomes

in REEP3/4-depleted cells could be caused by premature tar-

geting of ER to chromosomes. To evaluate this scenario, we

imaged live cells expressing GFP-Sec61b during metaphase.

In control cells, ER was excluded from the chromatin

throughout metaphase (Figure 2C). In REEP3/4 knockdown

cells, however, ER invaded the chromatin region and accumu-

lated in the central spindle area over time. Quantification of

mean GFP-Sec61b fluorescence intensity at metaphase chro-

mosomes revealed that REEP3/4-depleted cells displayed an

increase in ER fluorescence at the metaphase plate in the

period leading up to sister chromatid separation in anaphase

(Figure 2D). The 24% increase observed likely underestimates

total ER accumulation, since in many cells the ER was already

associated with mitotic chromosomes at the beginning of the

analysis, 12 min before anaphase onset. These observations

suggest that REEP3/4-mediated sequestration of ER away
r Inc.



Figure 1. Depletion of REEP3 and REEP4 Causes Interphase Nuclear Envelope Defects

(A) Endogenous REEP4 stained with a specific antibody in HeLa cells stably expressing the ERmarker GFP-Sec61b. REEP4 nuclear envelope and ER staining are

apparent in control cells but not in REEP4-depleted cells. Intranuclear background staining of the antibody is present in both.

(B) HeLa cells expressing GFP-Sec61b stained for Lamin B1. In control cells, GFP-Sec61b and Lamin B1 label is restricted to the nuclear rim, whereas in REEP3/4

double-knockdown cells numerous GFP-Sec61b- and Lamin-B1-positive structures are visible within the nucleus.

(C) HeLa cells cotransfected with siRNA targeting REEP3/4 and plasmids encoding either mcherry or RNAi-resistant versions of HA-tagged REEP3 or REEP4 and

stained for HA and Lamin B1. Normal nuclear morphology is restored in cells expressing either REEP3 or REEP4.

Scale bars are 10 mm. See also Figure S1 and Movie S1.
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Figure 2. Nuclear Envelope Defects Arise in Mitosis

(A) HeLa cells expressing GFP-Sec61b and histone H2B-mcherry imaged live at metaphase. GFP-Sec61b is mostly excluded from the chromosome area in

control cells but shows extensive association with chromatin in REEP3/4 RNAi cells.

(B) Still images from time-lapse acquisitions of HeLa cells expressing GFP-Sec61b in mitosis. In control cells, GFP-Sec61b is excluded from chromatin until the

onset of nuclear envelope reformation. In REEP3/4 RNAi cells, GFP-Sec61b associates with chromosomes throughout anaphase and during nuclear envelope

reformation. It is subsequently gradually and incompletely cleared from the inside of the nucleus after nuclear envelope reformation, with some remnants

persisting (arrows). For REEP3/4 RNAi, a later final time point (39 min instead of 20min for the control) is shown to illustrate clearing of ER from the nuclear interior

and the persistence of intranuclear membranes. See also Movie S2.

(legend continued on next page)
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Figure 3. Depletion of REEP3/4 Impairs

Daughter Nuclei Separation and Leads to

an Increase in Chromosome Segregation

Defects

(A) Top panels: control and REEP3/4-depleted

cells in the late stages of cell division. Separation

between daughter cell nuclei in REEP3/4 RNAi is

reduced compared to controls. Bottom panel:

example of a chromosome segregation defect in

REEP3/4 RNAi cells. Scale bar is 10 mm.

(B) Quantification of daughter nuclei separation.

When the cleavage furrow had narrowed to %

1 mm, nuclei were separated by 12.5 mm in control

cells but only by 8.9 mm in REEP3/4 RNAi cells.

Data are mean ± SEM from three independent

experiments. In each experiment, at least 14

control and 22 REEP3/4 RNAi cells were analyzed.

Control and REEP3/4 RNAi are significantly

different (to p < 0.001; two-tailed, unpaired

Welch’s t test) in each experiment.

(C) Quantification of chromosome segregation

defects (anaphase bridges and lagging chromo-

somes). A total of 11.1% of control cells and

16.6% of REEP3/4 RNAi cells show chromosome

segregation defects. Data shown are mean ± SEM

from seven experiments. At least 50 cells were

analyzed per condition and experiment. Control

and REEP3/4 RNAi are significantly different

(to p < 0.03; two-tailed, unpaired Student’s t test).
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from chromatin prevents premature targeting of the ER to meta-

phase chromosomes.

REEP3/4-Depleted Cells Exhibit Mitotic Defects
Next, we asked whether aberrant chromatin association of ER in

REEP3/4-depleted cells affectedmitotic progression.We did not

observe obvious changes in cell proliferation, and mitotic
(C) Still images from a time-lapse acquisition of control and REEP3/4 RNAi HeLa cells expressing GFP-Sec61

both theGFP-Sec61b andH2B-mcherry signal. Below, the time series is shownwith only theGFP-Sec61b sign

cells, the chromatin area remains free of ER over the course of metaphase, but ER accumulates at the meta

(D) Quantification of ER accumulation at the metaphase plate in REEP3/4 RNAi cells as percentage change

anaphase onset. Mean pixel intensities for GFP-Sec61b fluorescence at the metaphase plate were measure

Means for each time point are significantly different from t =�12min (p < 0.05 for t =�8min and t =�4min; p <

two-tailed, unpaired Student’s t test).

Scale bars represent 10 mm. See also Figure S2.
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spindles formed normally following

REEP3/4 RNAi. However, daughter cells

were often abnormally close to one

another at telophase (Figure 3A). In late

mitosis, by the time the cleavage furrow

had constricted to 1 mm or less, REEP3/

4-depleted cells had separated their

nuclei to only �70% of the distance in

control cells (Figure 3B). Furthermore,

the fraction of cells showing anaphase

bridges and lagging chromosomes in

late anaphase and telophase increased

1.5-fold in REEP3/4 RNAi cells (Figures

3A and 3C). These observations suggest

that chromosomes need to be kept clear
of membranes in mitosis for spindle microtubules to properly

attach to and segregate sister chromatids.

Microtubule Association Is Important for REEP3/4
Function
Given that we identified REEP4 as an ER-microtubule linker pro-

tein, we asked whether its mitotic membrane-clearing function
b and H2B-mcherry. The initial frame is shown with

al tomake ER accumulation discernable. In control

phase plate in REEP3/4 RNAi cells.

compared to the initial frame taken 12 min before

d. Data are mean ± SEM from ten cells analyzed.

0.005 for t = 0min; p values were obtained using a

, August 12, 2013 ª2013 Elsevier Inc. 319



Figure 4. Microtubule Binding Is Important

for REEP3/4 Function

(A) Schematic representation of the REEP protein

family. Shaded regions represent the hydrophobic

domains. The sequences for the cytoplasmic

stretches connecting the hydrophobic domains

are shown.

(B) Western blot of samples from the microtubule

copelleting assay performed with HA-tagged

REEP4 and the REEP4/5 chimeric protein (REEP4

dMT). A total of 85% of wild-type REEP4-HA but

only 13% of REEP4 dMT-HA copellet with micro-

tubules.

(C) HeLa cells expressing GFP-Sec61b and

histone H2B-mcherry were imaged live at meta-

phase. Expression of RNAi-resistant wild-type

REEP4 restores ER clearance from chromosomes

in REEP3/4 RNAi cells, whereas expression of

RNAi-resistant REEP4 dMT does not rescue.

Scale bar is 10 mm.

(D) Total and metaphase plate GFP-Sec61b fluo-

rescence were quantified from images as in (C).

The fraction of cellular GFP-Sec61b fluorescence

at the metaphase plate is shown. Data are mean ±

SEM from three independent experiments. At least

ten cells were analyzed per experiment and con-

dition. Means for control and REEP3/4 RNAi (p <

0.002) as well as control and REEP3/4 RNAi +

REEP4 dMT-HA (p < 0.002) are significantly

different. The means for control versus REEP3/4

RNAi + REEP4-HA WT are not significantly

different (p > 0.4). The means for REEP3/4 RNAi

versus REEP3/4 RNAi + REEP4 dMT-HA are not

significantly different (p > 0.7). p values were

obtained using a two-tailed, unpaired Student’s

t test.

(E) Model depicting REEP3/4 function. In wild-

type cells, REEP3/4 transport ER toward micro-

tubule minus ends, thus clearing chromosomes,

opposing ER movement toward chromatin and

clustering ER at the spindle poles. Without REEP3/

4, ER clearance from chromosomes fails and ER

invasion of the chromosome area causes accu-

mulation at the metaphase plate.

WT, wild-type. See also Figure S3.
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required association with microtubules. To identify domains

potentially important for REEP4 interaction with microtubules,

we compared the sequences of the microtubule-binding

REEP1–REEP4 subfamily and the non-microtubule-binding

REEP5/6 subfamily. While REEP C termini are divergent and

longer in REEP1–REEP4 than in REEP5/6, we found that the

C-terminal 134 amino acids of REEP4 were not essential for

function (data not shown). The more conserved N-terminal

regions of REEP proteins contain two hydrophobic domains

required for membrane association (Voeltz et al., 2006). Interest-

ingly, the 17-amino-acid cytoplasmic stretch between these

hydrophobic domains is positively charged for the REEP1–

REEP4 subfamily but negatively charged for REEP5/6 (Fig-

ure 4A). Since positively charged residues frequently contribute

to microtubule binding, we replaced this putative microtubule-

binding sequence in REEP4 with the corresponding sequence
320 Developmental Cell 26, 315–323, August 12, 2013 ª2013 Elsevie
of REEP5. Given that REEP3 and REEP4 are highly similar, espe-

cially at their amino termini (67% similarity over the entire

sequence; 86% similarity and 74% identity over the N-terminal

130 amino acids), we expect similar results for both REEP4

and REEP3. We first assayed the C-terminally HA-tagged

REEP4/5 chimera for association with microtubules and found

that only 13% cosedimented with microtubules, compared to

85% of wild-type REEP4-HA (Figure 4B). This result shows that

the short and charged cytoplasmic region between the hydro-

phobic domains contributes significantly to microtubule binding,

and we therefore termed the chimeric protein REEP4 dMT to

indicate its deficiency in microtubule association.

Next, we tested whether REEP4 dMT was functional. In

a REEP3/4 RNAi background, HA-tagged, RNAi-resistant

REEP4 dMT showed the same localization as RNAi-resistant

REEP4-HA and was expressed at similar levels. In contrast to
r Inc.
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wild-type REEP4, however, REEP4 dMT could not rescue the

interphase nuclear envelope defects caused by REEP3/4

depletion (Figure S3A). To examine mitotic ER distribution, we

cotransfected REEP3/4 RNAi-treated cells expressing GFP-

Sec61bwith the chromatinmarker H2B-mcherry and the respec-

tive RNAi-resistant, HA-tagged rescue constructs. Whereas

11% of control mitotic cells showed association of ER with the

metaphase plate, this fraction increased to 88% upon REEP3/

4 depletion. Remarkably, this defect could be rescued to 14%

by expression of wild-type REEP4, but not by REEP4 dMT,which

yielded 84% of cells displaying ER association with mitotic chro-

mosomes (Figure 4C). Expression of REEP4 dMT alone did not

lead to ER accumulation on metaphase chromosomes (Fig-

ure S3B). As an alternative means to quantify rescue efficiency,

we plotted GFP-Sec61b fluorescence intensity at themetaphase

plate as a fraction of total cellular GFP-Sec61b fluorescence

(Figure 4D). In control cells, GFP-Sec61b intensity at the meta-

phase plate accounted for 2.9% of total cellular fluorescence.

In REEP3/4 RNAi cells, this fraction was 13.9% but could be

rescued to 2.4% by expression of wild-type REEP4. In contrast,

expression of REEP4 dMT did not rescue, as 13.2%of total GFP-

Sec61b fluorescence was associated with metaphase chromo-

somes (Figure 4D), corroborating the finding that wild-type

REEP4-HA was functional whereas REEP4 dMT was not.

These results show that a short cytoplasmic region that con-

nects the two hydrophobic domains of REEP4 is critical for

microtubule binding and essential for the function of REEP4 in

clearing ER from metaphase chromosomes and indicate that

REEP3/4 function through linking ER to microtubules.

DISCUSSION

Our findings indicate that REEP3/4 ensure proper cell division

and nuclear envelope reassembly by sequestering ER away

from chromosomes during mitotic metaphase (Figure 4E). Previ-

ous models for nuclear envelope reformation proposed that cell-

cycle-dependent phosphorylation/dephosphorylation events

regulate the association of nuclear envelope membrane with

chromosomes throughout mitosis (Foisner and Gerace, 1993).

We show here that an additional, microtubule-dependent mech-

anism acts during metaphase to ensure clearance of ER from

chromosomes before the onset of nuclear envelope formation.

Our results further indicate that clearance of ER from chromo-

somes is required for (1) proper chromosome segregation during

anaphase, potentially because membranes in the chromosome

area interfere with microtubule-kinetochore interactions and

chromosome movements; (2) correct separation of daughter

cells; and (3) the formation of an interphase nucleus free of

aberrant membranes.

Even though REEP3/4 RNAi had no obvious effect on the

growth and viability of HeLa cells grown in culture, it is conceiv-

able that insufficient separation of daughter cells observed after

REEP3/4 depletion could be detrimental to the generation and

maintenance of a well-organized tissue. In addition, the exces-

sive accumulation of nuclear envelope proteins in the nuclear

interior could impair nuclear transport and other nuclear pro-

cesses, which again may affect cells in an organism more than

cultured cells. Interestingly, REEP4 was identified in the Mito-

check genome-wide RNAi screen as a factor whose depletion
Develop
caused an increase in binucleate cells (Neumann et al., 2010).

While we did not observe more binucleate cells upon REEP3/4

knockdown, perhaps due to differences in culture conditions,

the phenotype reported by Neumann et al. is consistent with

our results and might be a manifestation of the daughter nuclei

separation defect we observed.

Our data strongly suggest that microtubule binding of

REEP3/4 is important for their role in clearing ER from chromo-

somes. Presumably, microtubule minus-end-directed transport

is needed for REEP3/4 to remove ER from the chromosomes

and to support ER focusing at spindle poles, where microtubule

minus ends are clustered. We do not yet know whether

microtubule binding of REEP3/4 is direct or mediated by

interaction partners (e.g., microtubule motors). If REEP3/4

bound directly, then they might harness microtubule flux

toward the spindle poles to transport ER to minus ends. If

REEP3/4 associated with microtubules indirectly through

binding to other proteins, then the microtubule minus-end-

directed motor dynein would be a likely candidate. We have

not been able to detect interactions of REEP4 and members

of the dynein complex (unpublished data), but further studies

on REEP3/4 binding partners and specifically the differences

between REEP3/4 and REEP4 dMT will shed light on these

questions.

In a recent paper, Smyth et al. showed that ER targets the

mitotic spindle when microtubule plus tip association of the ER

protein STIM1 persists duringmitosis (Smyth et al., 2012). Impor-

tantly, no accumulation of ER membrane at the metaphase plate

was observed under these conditions, indicating that solely the

aberrant presence of ER in the spindle region does not lead to

its premature association with chromatin. This supports a spe-

cific function for REEP3/4 in the timing of ER association with

chromosomes and nuclear envelope reformation.

While it seems intuitive that membrane-bound organelles

should be excluded from the spindle and chromosomes during

mitosis so that they do not interfere with chromosome segrega-

tion or are incorporated into newly forming nuclei, the exclusion

mechanism or mechanisms involved have remained unknown.

REEP3 and REEP4 play a key role in clearing organelle mem-

brane from metaphase chromosomes, and we predict that

further study of proteins that link organelles to microtubules

will considerably advance our understanding of the dramatic

cellular reorganization that occurs during mitosis.
EXPERIMENTAL PROCEDURES

Isolation of REEP4

Cytostatic factor (CSF)-arrested cytoplasmic extracts from Xenopus laevis

eggs were prepared as described previously (Hannak and Heald, 2006), and

8–10 ml of egg extract was used per purification. All Xenopus work was per-

formed with oversight by the Office of Laboratory Animal Care of the University

of California, Berkeley. Membranes were recovered by a high-speed spin

(200,000 3 g, 1.5 hr at 4�C), resuspended in extract buffer, and purified by

centrifugation through a sucrose cushion. The membrane pellet was resus-

pended and further purified by flotation over high sucrose buffer at

280,000 3 g for 18 hr at 4�C in a SW40 rotor. The purified membrane fraction

was treated with 25 mM CHAPS for 30 min at 4�C to solubilize membranes,

followed by a clarifying spin at 200,000 3 g for 1 hr at 4�C. The supernatant

was incubated with Taxol-stabilized microtubules for 30 min at room temper-

ature and the sample was centrifuged consecutively through three sucrose

cushions to remove contaminants. The final pellet was treated with elution
mental Cell 26, 315–323, August 12, 2013 ª2013 Elsevier Inc. 321
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buffer containing 1 M KCl. The eluate was precipitated by methanol-

chloroform and the pellet analyzed by MudPIT mass spectrometry.

REEP4 was isolated in four out of five purifications from CSF egg extracts.

Sequence coverage for REEP4 in these purifications was between 19%

and 39%.

For details on the mass spectrometry analysis, see Supplemental

Experimental Procedures.

Cell Culture and siRNAs

HeLa and HEK293T cells were cultured in Dulbecco’s modified Eagle’s

medium supplemented with 10% fetal bovine serum at 37�C in a humidified

5% CO2 incubator. For REEP3/4 depletion, Ambion small interfering RNA

(siRNA) s37271 was used. By quantitative PCR, this siRNA reduced

REEP3 mRNA by >95% and REEP4 mRNA by >90% within 72 hr after

transfection. Protein levels of REEP4 were reduced by 70% after 48 hr

(when most experiments were performed) as determined by western blot (Fig-

ure S1D). Control cells were transfected with Silencer Negative Control No. 1

siRNA (AM4611).

For a description of plasmids and transfection procedures used in this study,

see Supplemental Experimental Procedures.

Antibodies, Immunofluorescence, and Light Microscopy

Rabbit anti-REEP4 antibody was generated using a 6xHis-fusion protein of the

C-terminal 100 amino acids (aa) of REEP4 (aa 158–257) as antigen and the

serum obtained was affinity purified using the same fragment. Mouse anti-

HA antibody HA.11 (Covance) was used (1:100). Anti-LaminB1 antibody

ab16048 (Abcam) was used (1:500). Microtubules were stained with DM1a

antibody from Sigma (T9026) diluted 1:500. For immunofluorescence, cells

grown on coverslips were fixed 48 hr after siRNA transfection with 3%

formaldehyde/0.02% glutaraldehyde, quenched with 0.5 mg/ml NaBH4 and

permeabilized with 0.1% Triton X-100. For staining of endogenous REEP4,

cells were fixed in ice-cold methanol for 10 min. Live-cell imaging was per-

formed 36–42 hr after siRNA transfections. Imaging was performed on either

a Zeiss LSM 710 microscope or a Nikon eclipse Ti microscope equipped

with an Andor Clara CCD camera, Yokogawa spinning disk head, and diode

lasers with 488 nm and 561 nm laser lines. Both microscopes were equipped

with an environmental chamber.

Image Analysis and Quantifications

For quantification of daughter nuclei separation, cells late in cell division that

had constricted their cytokinetic furrows to 1.0 mm or less were chosen. A

straight line was aligned along the cytoplasmic bridge between the daughter

cells, and the distance between the daughter nuclei along this line was

measured using Lamin B1 staining as the border of each daughter nucleus.

Statistical significance was determined using a two-sided, unpaired Welch’s

t test.

For Figures 2D and 4D, GFP-Sec61b fluorescence intensity at the meta-

phase plate was quantified using the software program ImageJ by threshold-

ing the H2B-mcherry signal and thus identifying the region occupied by the

chromosomes. GFP-Sec61b signal in the metaphase plate region was

measured in the corresponding channel.

For the quantification of changes in ER amounts during metaphase (Fig-

ure 2D), mean pixel intensities for GFP-Sec61b fluorescence were determined.

Images were corrected for background and for bleaching that occurred over

the time frame of the acquisition. The initial frame (12 min before anaphase

onset) was chosen as a reference and the percent change in total GFP-fluores-

cence at themetaphase plate in the following frames relative to the initial frame

was calculated.

For the quantification of rescue efficiencies of RNAi-resistant REEP4 and

REEP4 dMT (Figure 4D), total GFP-Sec61b fluorescence was measured in

addition to the fluorescence intensity at the metaphase plate and the ratio of

fluorescence intensity at the chromosomes to total cellular intensity was

calculated.

To determine statistical significance, two-tailed, unpaired Student’s t tests

were performed on these data sets.

For the quantification of western blot signal to determine the fraction of

microtubule-bound REEP4-HA and REEPdMT-HA (Figure 4B), the digital

image of the developed blot obtained from a LI-COR (LI-COR Biosciences)
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scan was thresholded, the regions with signal identified, and the integrated

intensity measured. Intensity directly above and below the band of interest

was also measured, and the average of these two values was used to subtract

the background intensity from the measured signal.

Microtubule Copelleting Assays

For microtubule copelleting assays, HEK293T cells or HeLa cells were trans-

fected with the respective constructs 48 hr before the experiment, lysed by

passing 20 times through a 30G needle, and centrifuged for 15 min at

400 3 g. The postnuclear supernatant was treated with 0.5% Triton X-100

for 30 min at room temperature and centrifuged for 1 hr at 200,000 3 g at

25�C. The supernatant was supplemented with 1 mM GTP, split in two, and

incubated with either buffer or with Taxol-stabilized microtubules for 30 min

at room temperature. Samples were centrifuged through a sucrose cushion

for 30 min at 80,000 3 g at 25�C. Supernatants and pellets were adjusted to

equal volumes and equivalent amounts were analyzed for the presence of

REEP3, REEP4, REEP4 dMT, or REEP5 by immunoblotting and detection of

the HA tag or endogenous REEP4.
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