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Background
Nucleus free red blood cells are unique to mammals. During their terminal stage of differenti-
ation, mammalian erythroblasts exit the cell cycle and enucleate. We previously found that sur-
vivin, a member of the chromosomal passenger complex that is required for cytokinesis, is
highly expressed in late non-dividing cells. The role of survivin in enucleating erythroblasts is
not known.

Design and Methods
In order to identify the role of survivin in these late erythroblasts, we performed proteomic
analysis on survivin-bound protein complexes purified from murine erythroleukemia cells.
Various molecular and cell biological techniques were used to confirm the presence and func-
tion of this novel complex. Furthermore, we used survivinfl/fl mice to study the effect of loss of
survivin in enucleating erythroblasts. 

Results
We found that survivin failed to co-localize with its known partners’ inner centromere protein
or Aurora-B in enucleating erythroblasts but rather exists in a multi-protein complex with epi-
dermal growth factor receptor substrate15 and clathrin, two proteins that mediate endocytic
vesicle trafficking. As evidence for a direct role of this latter complex in enucleation, we found
that knockdown of the genes reduced the efficiency of enucleation of primary human ery-
throblasts. We also observed that loss of survivin in murine erythroblasts inhibited enucleation
and that survivin-deficient cells harbored smaller cytoplasmic vacuoles. Interestingly, vacuolin-
1, a small molecule that induces vacuole fusion, rescued the defective enucleation caused by
survivin deficiency. 

Conclusions
This study identified a novel role for survivin in erythroblast enucleation through previously
unknown protein partners.
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ABSTRACT



Introduction

Survivin, a 16.5 kDa member of the inhibitor of apopto-
sis (IAP) family of proteins, plays an essential role in cell
division as a component of the chromosome passenger
complex (CPC).1 The CPC, which comprises survivin,
aurora B kinase, INCENP (inner centromere protein) and
borealin, has essential functions at multiple points and
multiple locations during mitosis.2 This complex first
binds along the length of chromosomes, re-localizes to
centromeres, then migrates to the central spindle in
anaphase, and resides in the midbody and cleavage furrow
during cytokinesis. Loss of any of the CPC proteins results
in delocalization of the partner proteins and multiple cell
division defects. For example, knockdown or knockout of
survivin leads to G1 arrest, polyploidy, and death by
mitotic catastrophe.3 Apart from in normal proliferating
cells, survivin is also highly expressed in cancer cells
where it likely serves as an inhibitor of apoptosis.4 This
high expression level in tumors has encouraged
researchers to consider survivin as a molecular target to
treat cancer cells. 

We previously reported that survivin is abundantly
expressed in orthochromatic erythroblasts that have exit-
ed the cell cycle and are undergoing nuclear condensation
on the way towards enucleation.5 We were surprised to
find that survivin is highly expressed in these non-cancer-
ous, non-dividing cells. As evidence for a functional role of
survivin in red blood cell maturation, we observed that a
subset of survivin heterozygous mice exhibited a decrease
in the percentage of enucleated cells as compared to wild-
type littermates.6 Together, these findings led us to
hypothesize that survivin plays a novel role in enucleation
of erythroblasts. 

We recently showed that vesicle trafficking, specifically
the formation, movement and subsequent coalescence of
vacuoles at the junction of the nucleus and the cytoplasm
of erythroblast, contributes to enucleation.7 Here, we
show that survivin is required for erythroblast enucle-
ation, but instead of acting on cytokinesis via the CPC,
survivin contributes to enucleation through an interaction
with EPS15 and clathrin, two proteins that mediate endo-
cytic vesicle trafficking. We also demonstrate that survivin
overexpression is sufficient to induce enucleation of MEL
(murine erythroleukemia) cells, and that in primary ery-
throblasts it influences the formation of large cytoplasmic
vacuoles, which in turn promote the separation of the nas-
cent reticulocyte from the nucleus.

Design and Methods

Materials
For Western blot assays, rabbit polyclonal anti-survivin (R&D

Systems and Novus Biologicals), mouse monoclonal anti-EPS15
(BD Transduction Laboratories), mouse monoclonal anti-clathrin
heavy chain (clone TD.1 from Covance), mouse anti-HSC-70
(Santa Cruz), and rabbit polyclonal anti-INCENP (Sigma) antibod-
ies were used. For immunofluorescence, mouse monoclonal anti-
survivin (Cell Signaling), rabbit polyclonal anti-survivin (Novus
Biologicals), rabbit polyclonal anti-EPS15 (Covance), mouse mon-
oclonal anti-clathrin heavy chain (clone X22 from Abcam), rabbit
polyclonal anti-Aurora B kinase (Abcam), goat polyclonal anti-
lamin B (clone M-20 from Santa Cruz), and rabbit and mouse iso-
type IgG (Abcam) antibodies were used as primary antibodies.

Secondary antibodies used in immunofluorescence included Cy2-
conjugated F(ab’)2 fragment donkey anti-mouse and anti-rabbit,
rhodamine red X-conjugated F(ab’)2 fragment donkey anti-mouse
and anti-rabbit, and Cy5-conjugated F(ab’)2 fragment donkey anti-
goat (all purchased from Jackson Immuno Research Laboratories).
Rhodamine phalloidin, Syto 16, Syto 64, SytoX blue, SytoX red
and Slowfade Gold anti-fade reagents were purchased from
Molecular Probes. Annexin V-Cy5 was purchased from BioVision.
pEF1αBiotag and pEF1αBirA vectors were kind gifts of Dr. Alan
Cantor. Blebbistatin and vacuolin-1 were purchased from
Calbiochem (EMD Biosciences). Monensin was provided by Dr.
Piers Nash.

Further detailed information concerning study design and meth-
ods is available in the Online Supplementary Appendix.

Results

Survivin overexpression promotes enucleation 
of differentiating erythroblasts

In order to test our hypothesis that survivin plays a role
in enucleation, we utilized the murine erythroleukemia
(MEL) cell line to examine whether high survivin expres-
sion induced enucleation. MEL cells proliferate as proery-
throblasts, but can be induced to differentiate through the
orthochromatic stage by the addition of DMSO. This dif-
ferentiation is accompanied by proliferation arrest and
upregulation of erythroid genes such as β-globin (Figure
3A). Compared to primary human cells, which show per-
sistent survivin expression through late stages, MEL cells
show a striking reduction in survivin mRNA following
DMSO treatment (Figure 3A). Since the reduction in sur-
vivin expression is accompanied by a failure of DMSO-
induced MEL cells to enucleate, we asked whether ectopic
expression of survivin would be sufficient to promote enu-
cleation. We utilized an in vivo biotinylation strategy to
stably over-express biotin-conjugated survivin in MEL
cells. Multiple clones that over-expressed biotinylated sur-
vivin, or control clones that only expressed the biotag,
were selected (Figure 3B and Online Supplementary Figure
S2A) and subjected to differentiation. In the absence of
DMSO, both control and survivin over-expressing clones
failed to enucleate to an appreciable extent (Figure 3D and
F). In contrast, four days after the addition of DMSO, near-
ly 15% of the survivin over-expressing clones, but less
than 2% of the control infected clones, underwent enucle-
ation (Figure 3D-F). Even though survivin is known to play
a role in mitosis, its overexpression did not increase or
block proliferation of MEL cells (Figure 3C). We observed
a similar phenotype in multiple MEL cell clones engi-
neered to express untagged survivin or HA-tagged survivin
(Online Supplementary Figure S2B and C and data not shown).
These results reveal that overexpression of survivin pro-
motes enucleation of erythroblasts in a differentiation
dependent fashion.

EPS15 and clathrin are novel partners of survivin
Next, to gain insights into the mechanism of action of

survivin in late erythroblasts, we tried to identify its pro-
tein partners in erythroid cells. We utilized an in vivo
biotinylation strategy to stably over-express biotin-conju-
gated survivin in MEL cells and a proteomic approach to
identify survivin interacting proteins (Figure 2A). Prior to
large-scale purification of biotinylated protein complexes
from MEL clones that over-expressed biotinylated survivin
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or biotag-control, we first confirmed that biotinylated sur-
vivin formed the same complexes as endogenous survivin.
Whole cell extracts from these clones were separated by S-
200 gel filtration chromatography and subjected to
Western blot analysis or silver staining. This analysis
revealed that the endogenous and biotinylated forms of
survivin eluted in the same manner (Figure 2B, Online
Supplementary Figure S1), indicating that the biotin conju-
gation did not alter the ability of survivin to enter into its
endogenous complexes. 

To identify survivin partners in erythroid cells, we puri-
fied biotinylated survivin and its associated proteins from
MEL cell extracts by streptavidin affinity chromatography
followed by gel filtration chromatography. In order to
minimize the background, and to identify the specific pro-
teins that interact with survivin forming a supernumerary
complex of more than 600 kDa, we used a novel approach
of passing the purified survivin protein complexes through
S-200 gel filtration chromatography and pooled the eluted
protein that coincided with large and small molecular
weight survivin complexes. We then performed mass
spectrometry analysis on those fractions (Figure 2C) and
analyzed the proteomic data with Spectrum Mill and
Mascot (Online Supplementary Table S1). Our analysis
revealed that the top scoring peptides were derived from
EGFR-pathway-substrate-15 (EPS15), a protein that is
involved in endocytic vesicle formation, progression and
trafficking.8-11 Furthermore, our proteomic data analysis
showed that peptides derived from clathrin were also
present in the purified fractions. Neither of these proteins
was isolated from the control samples. Given that EPS15

interacts with clathrin adaptors, such as AP-1 and AP-2,
and is a component of clathrin-coated pits,9,11,12 our results
suggest that survivin associates with both EPS15 and
clathrin in erythroid cells. 

To confirm an endogenous interaction among survivin,
EPS15 and clathrin in human cells, we performed co-
immunoprecipitation studies in the K562 cell line and in
primary human erythroblasts. We found that antibodies
against EPS15 or clathrin heavy chain co-immunoprecipi-
tated endogenous survivin in human K562 cells that were
differentiated 72 h with 1 mM ara-C (Figure 2D). We also
detected an interaction between survivin and EPS15 in
undifferentiated K562 cells, but only when we used 2.5
times as much input lysates for the immunoprecipitation
(Figure 2E). Even though the interaction is less abundant,
it is important to note that survivin-EPS15 interaction also
exists in undifferentiated proliferating erythroblasts
(Figure 2E). It is worth mentioning here that an intact vesi-
cle trafficking pathway is essential for the completion step
of cytokinesis in addition to providing required membrane
for the dividing daughter cells,13,14 and that a role for sur-
vivin-EPS15-clathrin complex in this stage is possible in
dividing cells. Next, with respect to primary cells, we con-
firmed the survivin-EPS15 interaction by performing
endogenous EPS15 immunoprecipitation in lysates from
Day 12 primary human enucleating erythroblasts, a time
point at which more than 95% of the erythroblasts have
exited the cell cycle and are in a stage prior to enucleation
(Figure 2F). We therefore demonstrate that EPS15 and
clathrin are novel binding partners of survivin in erythrob-
lasts.

Role of survivn in erythroblast enucleation
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Figure 1. Survivin co-localizes with EPS15,
clathrin and actin in enucleating erythroblasts.
(A, B) Cultured human primary erythroid cells
were immunostained for survivin and lamin B
and either aurora B kinase (A) or INCENP (B),
and then imaged by confocal microscopy. A
dividing cell (left) and an enucleating cell (right),
from the same slide, are shown. (C, D) Erythroid
cells were stained with anti-survivin and anti-
lamin B, along with either anti-EPS15 or anti-
clathrin heavy chain antibodies, and then
imaged by confocal microscopy. A phase con-
trast image was shown in gray in the bottom
panels along with images showing merge of
channels. (E) Images of primary human ery-
throid cells undergoing enucleation immunos-
tained for survivin and lamin B and chemically
stained for actin by rhodamine phalloidin. A rep-
resentative z-section is shown for each cell.
Bottom left panels depict phase contrast
images, middle bottom panels show a merge of
blue, red and green channels, and bottom right
panels show a merge of red and green channels
in the blue background of phase contrast image.
Series of z sections for A-E are provided in Figure
S2. Scale bar: 2 mm. (F) Confocal images of the
immunofluorescence studies, including A-E,
were analyzed for co-localization as explained in
the Design and Methods section. This analysis
revealed that the co-localization of survivin with
EPS15, actin or clathrin is significantly higher
than that of either aurora B or INCENP in enucle-
ating erythroblasts. (G) The mean percentage
volume of survivin co-localization with various
proteins was calculated as described in the
Design and Methods section. This analysis
revealed that the co-localization of survivin with
EPS15, clathrin or actin was significantly greater
than that of survivin and aurora B (P=4.86E-6,
P=0.0012 and P=8.67E-6, respectively). 
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Survivin co-localizes with EPS15 but fails to co-localize
with CPC proteins in primary human enucleating cells

Since we did not detect aurora B kinase or inner cen-
tromere proteins (INCENP, proteins that partner with sur-
vivin in CPC) in the survivin-containing protein complexes
by proteomic analysis, and also since multiple attempts of
immunoprecipitation of endogenous aurora B kinase did
not co-precipitate survivin in erythroblasts (data not shown),
we decided to compare the localization patterns of survivin
with respect to aurora B kinase, INCENP, EPS15, clathrin
and actin in enucleating erythroblasts. To do this, we cul-
tured human primary CD34+ progenitors ex vivo under con-
ditions to generate enucleated reticulocytes.15 After 14 days
of culture, after which 30-40% of the cells are reticulocytes,
we stained cells with various fluorescently labeled antibod-
ies (against survivin, lamin B, aurora B kinase, INCENP,
EPS15 and/or clathrin) or phalloidin (that stains actin) and
studied the cells under confocal microscopy. In order to
obtain an unbiased calculation of the percentage of co-local-
ization between proteins, we used a software pluggin for
ImageJ called Co-localisation Threshold pluggin (Figure 1F
and G and Online Supplementary Appendix). The method
used for threshold identification of channel intensity and
quantification, and the validity, effectiveness and statistical
significance of this software has been reported by Costes et
al.16 As expected, survivin co-localized with INCENP and
aurora-B in dividing cells within the midbody region (Figure

1A and B). In stark contrast, survivin failed to co-localize
with either aurora B (19.5%) or INCENP (17.8%) in ery-
throblasts undergoing enucleation (Figure 1A, B, F and G
and Online Supplementary Figure S3A and B). Within enucle-
ating cells, survivin was largely restricted to the cytoplasm
where it co-localized with EPS15 (56.7%) and actin (60.6%)
(Figure 1C, E-G and Online Supplementary Figure S3C and E).
In addition, we also saw a partial overlap between the local-
ization of survivin and clathrin (37.2%). On the other hand,
aurora B and INCENP were localized within the nucleus
(enclosed within lamin B staining), or the nucleus and cyto-
plasm, respectively, in regions that did not overlap with sur-
vivin (Figure 1A and B and Online Supplementary Figure S3A
and B). These findings demonstrate that aurora B and
INCENP do not exist within the supernumerary protein
complex containing survivin, EPS15 and clathrin in enucle-
ating erythroblasts.

Survivin and EPS-15 are required for enucleation
siRNA mediated knockdown of clathrin inhibits enucle-

ation of primary human erythroblasts, supporting our
model that endocytic vesicle trafficking plays an impor-
tant role in this process.7 To evaluate the contributions of
survivin and EPS15 to enucleation, we knocked each gene
down in primary human erythroblasts derived from
CD34+ cells.15 In this system, the majority of cells have
reached the orthochromatic stage and exited the cell cycle
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Figure 2. EPS15 and clathrin, two pro-
teins involved in vesicle trafficking,
are novel binding partners of survivin.
(A) A schema showing the methodol-
ogy used to identify survivin binding
partner proteins. (B) Whole cell
lysates of MEL cells expressing in vivo
biotinylated survivin and of MEL cells
expressing only the biotag ligase were
passed through a Superdex s200 gel
filtration column. Fractions of eluted
proteins were analyzed for INCENP
and survivin by Western blotting. Note
that biotinylated survivin and endoge-
nous survivin co-fractionate in two
complexes: a large (L) complex (>600
kDa), which contains the majority of
endogenous INCENP, and a small (S)
complex (<600 kDa). (C) To purify the
survivin containing complexes, elu-
ates from the streptavidin mutein
matrix were separated by gel filtration
chromatography. Two sets of survivin
containing fractions, including a large
(>600 kD) complex and a small
(<600 kD) complex, were collected
and pooled. Aliquots from these two
fractions were loaded onto a SDS-
PAGE and stained with silver. (D)
Immunoprecipitation of endogenous
EPS15 or clathrin heavy chain from
72 h differentiated human ery-
throleukemia cells co-precipitated
endogenous survivin. Extracts from
twenty million cells were used in the
IP. N-IgG, normal IgG control. (E)
Endogenous EPS15 immunoprecipi-
tates endogenous survivin in unin-
duced K562 cells. Note that this co-
immunoprecipitation was performed
from lysates of 50 million cells. (F)
Survivin co-precipitates with endoge-
nous EPS15 in lysates of 10 million
Day 12 primary human erythroblasts. 
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by Day 12; by Day 14 approximately 30-40% of the cells
have enucleated. In the design and during this experiment,
we were careful not to expose proliferating erythroblasts
to survivin and EPS15 knockdown. We transfected ery-
throblasts on Days 10 and 11 of culture with siRNAs
against survivin, EPS15, or a control siRNA, measured the
extent of protein knock-down on Day 13, and quantified
the numbers of enucleated cells on Day 14 (Figure 4). Since
we transfect the siRNA on Days 10 and 11, we expect a
decrease in protein levels on Day 12, by which time more
than 95% of the erythroblasts have exited the cell cycle
and have reached the orthochromatic stage. We discov-
ered that knockdown of survivin or EPS15 significantly
inhibited enucleation without affecting the survival or dif-
ferentiation of erythroblasts (Figure 4). From these data,
we conclude that survivin and EPS15 are each required for
optimal human erythroblast enucleation.

Loss of survivin inhibits enucleation by disrupting 
formation of cytoplasmic vacuoles

To further demonstrate the requirement for survivin in

enucleation, we deleted survivin from primary murine
fetal liver erythroblasts and monitored enucleation. Fetal
liver erythroblasts were harvested from E14.5 survivin-
floxed (Surfl/fl) embryos and incubated with TAT-Cre
fusion protein, an unrelated TAT-scrambled protein, or
media alone (Figure 5A). After 36 h of culture, we quanti-
fied the extent of survivin gene excision and the level of
survivin protein in the different populations. We observed
a 27% reduction in survivin protein in the TAT-Cre treated
cells, an effect that was consistent with the 34% excision
of the survivin gene as determined by PCR analysis (Figure
5B). Neither the scrambled TAT, nor the media control
sample led to excision of the survivin gene. Next, after 48
h of culture, we determined the proportion of erythrob-
lasts that underwent enucleation by flow cytometry after
staining with Syto 64 and Ter119. We found that deletion
of survivin caused a significant decrease in the enucleation
of fetal liver erythroblasts, but did not affect cell number,
differentiation or nuclear condensation (Figure 5C and D
and Online Supplementary Figure S4). Furthermore, the
addition of 400 nM monensin, a lipid soluble Na+

Role of survivn in erythroblast enucleation
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Figure 3. Survivin overexpression promotes enucleation of murine erythroleukemia cells. (A) RT-qPCR analysis of survivin and β-globin
expression in MEL cells induced to differentiate with DMSO; 18S rRNA is used as reference control between samples. (B) Expression of
biotinylated and endogenous survivin in control and survivin over-expressing MEL clones. (C) Survivin over-expressing and control MEL clones
were counted for live cells by trypan blue exclusion and plotted. (D) Enucleation of MEL cells was measured by flow cytometry of Syto 16
and Annexin V stained cultures. Enucleated viable cells are contained within the Syto 16low/Annexin Vlow gate (small box), whereas dying cells
or expelled nuclei reside within the Syto 16high/Annexin Vhigh gate (large box). (E) Enucleated cells (small box) and nucleated cells shown were
collected by fluorescent activated cell sorting (FACS), cytospun onto glass slides, stained by May-Grunwald-Wright Giemsa and imaged by
light microscopy. (F) Overexpression of survivin resulted in a significant increase in enucleation of MEL cells. Bars show mean±standard devi-
ation (SD) for 3 independent experiments.
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ionophore that impairs vesicle trafficking through multi-
ple pathways,7,17 led to a further 30% reduction in the
extent of enucleation of Surfl/fl progenitors. These results
confirm that survivin is required for enucleation of pri-
mary murine erythroblasts. 

To investigate the mechanism by which loss of survivin
inhibits enucleation, we analyzed the morphology of
benzidine/hematoxylin stained cells collected from Surfl/fl

fetal liver cultures treated with TAT-Cre and TAT-Scr.
After 48 h of culture, we observed that the majority of
erythroid cells treated with TAT-Scr (control) harbored
relatively large vacuoles in their cytoplasm, whereas the
preponderance of cells treated with TAT-Cre did not
show similarly sized vacuoles (Figure 5E). To assess the
difference in vacuole size between the two groups, we
used ImageJ software and measured the area of the
largest vacuoles in 100 benzidine positive cells from each
condition. Using the benchmark of 100 pixels as the size
of a large vacuole, we found that the TAT-Cre culture had
40% fewer cells with 100 or more pixels vacuole when
compared to control (n=5, P=0.015). In addition, the aver-
age size of the vacuoles within cells was smaller after
TAT-Cre than control TAT protein. Loss of survivin, how-
ever, did not affect the average number of vacuoles per
cell (Online Supplementary Figure S5).

Electron microscopy confirmed that there were marked
differences in the composition of erythroid cells cultured
with TAT-Cre versus TAT-Scr (Figure 5F). The majority of

erythroid cells in the TAT-Scr conditions (~90%) harbored
multiple, large vacuoles in the cytoplasm. In contrast, only
half of the erythroid cells within the TAT-Cre cultures har-
bored vacuoles with a similar appearance. Furthermore,
approximately 40% of erythroid cells treated with TAT-
Cre harbored vesicles that were filled with undegraded
organelles resembling autophagosomes (Figure 5F). These
results demonstrate that the enucleation defect caused by
survivin knockout is associated with aberrant vacuole for-
mation and/or fusion.

Survivin knockout-induced enucleation defect 
is reversed by vacuolin-1

We then asked whether the enucleation block observed
in survivin deficient cells is genuinely due to its effect on
enucleation per se or to cell death and cell cycle arrest. We
previously reported that vacuolin-1, a chemical that
induces vacuole formation by homotypic fusion of endo-
somes and lysosomes,18,19 when added to the fetal liver
erythroblast culture at 36 h after plating, increases enucle-
ation of erythroblasts without affecting the cell cycle,
apoptosis or differentiation.7 If survivin knockout caused
cell death in erythroblasts, then adding vacuolin-1 at 36 h
would not rescue the phenotype. We found that vacuolin-
1 rescued the enucleation defect of Surfl/fl fetal liver ery-
throblasts deleted for survivin with TAT-Cre (Figure 6A).
Also, if vacuolin-1 can drive the erythroblasts towards
enucleation while bypassing a cell cycle block, it should
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Figure 4. Knockdown of survivin or
EPS15 block enucleation of primary
erythroblasts. (A) Human primary ery-
throid cells derived from CD34+ cells
were transfected with siRNAs against
survivin, EPS15 or a control siRNA on
Days 10 and 11. The knockdown effi-
ciencies were determined by Western
blot analysis on Day 13. Using Image J
software, we determined that survivin
and EPS15 knockdown conditions
showed a reduction of 42 and 47% of
protein levels, respectively. (B) The total
number of live cells in various siRNA
treated conditions were counted by try-
pan blue exclusion on Day 13 and the
mean ± standard deviation of 3 inde-
pendent experiments were plotted. (C)
Benzidine stained cytospin images of
14 days differentiated human erythroid
cells after treatment with various
siRNAs are shown (magnification: left
400X; right 1000X oil immersion
objective). Cells were collected on Day
14, washed, cytospun onto poly (L)
lysine coated slides and stained with
benzidine and hematoxylin.
Hemoglobinized erythroblasts and
reticulocytes stain positive for benzi-
dine (golden brown) and hematoxylin
stains the nuclei into blue color. Arrows
denote enucleated reticulocytes. (D)
Knockdown of survivin and EPS15,
each lead to a significant reduction in
enucleation of primary human ery-
throblasts. The percentages of enucle-
ated cells relative to the total number
of benzidine positive cells are shown
for 3 independent experiments.
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rescue enucleation efficiency in erythroblasts that are
blocked in cell cycle, for example blebbistatin, which
arrests dividing cells in cytokinesis.20 Indeed, vacuolin-1
failed to rescue the enucleation block caused by addition
of blebbistatin (Figure 6B). The fact that vacuolin-1 rescues
the enucleation block caused by survivin deletion, but not
the cytokinetic block induced by earlier addition of bleb-
bistatin, serves as further evidence that survivin partici-
pates in enucleation in a manner that is distinct from its
cell cycle function. 

Discussion

Enucleation is the final step in the derivation of reticulo-
cytes from mammalian erythroblasts. We recently
showed that asymmetric cytokinesis, one possible mech-
anism of enucleation, is not playing a major part in this
process.7 Rather we discovered that vesicle trafficking and
fusion of vesicles/vacuoles in the region between the
nuclei and incipient reticulocyte contributes to completing
enucleation. Indeed, when comparing the processes of

cytokinesis with enucleation,21 except for the completion
step of cytokinesis, in which vesicle trafficking is impor-
tant, all other stages are significantly different. Although
earlier components of cytokinesis are not involved in the
mechanism of enucleation, here we reveal that survivin,
an essential component of the CPC that has many differ-
ent functions,4 is required for enucleation. Since neither
nocodazole nor colchicine affected enucleation,7 it is
unlikely that survivin promotes enucleation by affecting
microtubule dynamics.22,23 Rather, our identification of an
interaction among survivin, EPS15 and clathrin supports
our model that survivin has a novel function in vesicle traf-
ficking and enucleation. 

In analyzing the role of survivin in enucleation, we dis-
covered that deletion of survivin was associated with mul-
tiple erythroblast defects. Most prominent among these
defects was a reduction in the number and size of cyto-
plasmic vacuoles. In addition, electron micrographs sug-
gest that the composition of the vacuoles in control and
survivin-deleted cultures differ. Vacuoles within the vast
majority of TAT-Scr cultures resemble autophago-lyso-
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Figure 5. Loss of survivin inhibits enu-
cleation by suppressing vacuole for-
mation. (A) Schematic depiction of
the experimental approach. (B) The
extent of survivin gene excision was
evaluated by PCR (left) and the level
of survivin protein in cultured cells
was measured by Western blot analy-
sis (right) 36 h after treatment. The
percentages of excised allele and per-
cent reduction of survivin protein,
determined by ImageJ software, are
shown below the blots. HSC-70 was
used as a loading control. (C) The
numbers of live cells at 36 h, enumer-
ated by trypan blue staining, are
shown for TAT-Cre and TAT-Scr condi-
tions (left). Nuclear size of benzidine
positive cells after 48 h of culture
were determined by ImageJ software
and the mean ± standard deviation of
3 independent experiments are
shown (right). D) Effect of TAT-Cre or
TAT-Scrambled (Scr) peptide treat-
ment, or no treatment, on enucle-
ation of Ter119- Surfl/fl erythroid pro-
genitors. Dark bars correspond to cul-
tures that were also treated with 400
nM monensin after 36 h of incuba-
tion. Data are shown as mean ± stan-
dard deviation for 3 independent
experiments. **P<0.01. (E) Top: ben-
zidine and hematoxylin stained
cytospins of TAT-Scr and TAT-Cre treat-
ed Surfl/fl erythroid progenitors after
48 h of culture. Cells were viewed
using a light microscope with 100X
oil immersion objective.
Representative images for each con-
dition are shown. (Top) arrows point
to large vacuoles in control cells.
(Bottom) the number of benzidine
positive cells that harbored vacuoles
with an area larger than 100 pixels
were enumerated and the means ±
standard deviations of 5 independent
experiments are shown (right).
*P<0.05. (F) Transmission electron
microscopic images of Surfl/fl fetal
liver erythroblasts cultured with TAT-
Scr, TAT-Cre, or 1 mM monensin along
with control are shown. 
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somes, which participate in degradation of cellular
organelles such as mitochondria. In contrast, fewer than
half of the erythroblasts within the TAT-Cre culture har-
bored vacuoles with a similar autophago-lysosome
appearance. Instead, many TAT-Cre treated cells harbored
smaller vesicles that resemble autophagosomes, which
contain undegraded organelles. Although autophago-
somes play an essential role in removing organelles from
nascent reticulocytes, recent reports suggest that
autophagy is not required for enucleation.24,25 We, there-
fore, conclude that a general defect in the endosome/lyso-
somal trafficking pathway is manifested as an increase in
autophagosomes in the absence of survivin. Our study
provides evidence for a function of late endosomes, lyso-
somes and autophagolysosomes, and for coordination
between enucleation and organelle degradation in enucle-
ating cells (Figure 6C). Studies to determine the role of sur-
vivin in specific components of vesicle trafficking, and the
extent to which survivin contributes to membrane reor-
ganization in normal cytokinesis, are warranted.

EPS15 is a well conserved protein that has three N-ter-
minal EH (EPS15-homology)-domains, a coiled coil middle
region determined by heptad repeats and a C-terminal
region containing DPR repeats and a proline rich region.26

Even though there is speculation about its possible non-
vesicle trafficking roles, such as the neoplastic transforma-
tion of cells,8 the role of EPS15 in clathrin-mediated endo-
cytosis is widely accepted.11,27 EPS15 is bound to clathrin
adapters AP-2 (plasma membrane to endosome traffic)
and AP-1 (trans-golgi network to endosome traffic), and
participates in clathrin mediated vesicle trafficking (Figure
6C). Also, it has been shown that AP-2 containing clathrin
coats are assembled as patches around lysosomes and
induce formation of vesicle buds from them under physi-
ological conditions in vitro.28 Here we show that survivin
interacts with EPS15 and clathrin, and that all three genes
are required for optimal enucleation. It is important to
note here that these proteins are in a supernumerary com-
plex of more than 600 kDa molecular weight and we only
know three proteins in that complex. Furthermore, it is
not yet known whether survivin and EPS15 bind to each
other directly or indirectly. Since around 60% of actin
localization pattern coincides with survivin (Figure 1E-G),
and since actin has known roles in vesicle trafficking,7,29-31

we can assume a collaborative role for survivin, EPS15 and
actin in enucleating erythroblasts. 

How does survivin function in vesicle trafficking and
enucleation? Survivin may be involved in the movement
of vesicles, endosomes or lysosomes, or could also play a
role in vesicle fusion along with EPS15. Alternatively,
instead of having a general role in vesicle formation, simi-
lar to clathrin and EPS15, survivin might function as a
selective trafficking agent for a subset of proteins or
organelles. Further studies are needed to address these
issues.
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Figure 6. Vacuolin-1 rescues the enucleation defect in survivin defi-
cient cells. (A) Effect of vacuolin-1 on enucleation of Surfl/fl fetal
liver erythroblasts cultured with TAT-Scr and TAT-Cre. The means ±
standard deviations for 3 independent experiments are shown. The
dotted lines indicate the data sets that were evaluated for statistical
differences. *P<0.05, **P<0.01 and ***P<0.001. (B) Effect of vac-
uolin-1 on enucleation of WT mouse fetal liver erythroblasts in the
absence or presence of blebbistatin. Blebbistatin and vacuolin-1
were added at 24 and 36 h time points, respectively, and their effect
on enucleation was analyzed at 48 h time point by flow cytometry.
Data are depicted as mean ± standard deviation for 3 independent
experiments. (C) Model of enucleation. Survivin, EPS15, and clathrin
are predicted to cooperate in formation, movement and/or fusion of
vesicles, endosomes or lysosomes while vacuolin-1 induces vac-
uoles by homotypic fusion of endosomes and lysosomes. 
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