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Abstract
Endomitosis in megakaryocytes (MKs) involves repeated DNA replication in the absence of
cytokinesis and is a crucial part of MK development. However, chromosomal dynamics have never
been observed in living MKs. We developed a new transgenic mouse model in which the expression
of human histone H2B fused in-frame to green fluorescent protein is targeted to MKs. Ex vivo time-
lapse microscopy analysis indicated that chromosomal condensation occurs at early mitosis in all
MKs. In high ploidy MKs (≥8N), late anaphase was marked by a ring-type alignment of chromosomes
with multiple territories formed between them. By contrast, in low ploidy MKs mitotic chromosomes
segregated to form two groups separated by a clear space before rejoining to one cluster. This is the
first study to document chromosomal segregation patterns during endomitosis ex vivo and to indicate
their potential differential regulation in low and high ploidy cells.
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Introduction
Megakaryocytes (MKs), the platelet precursors, attain high states of ploidy through
endomitosis.1 During endomitosis, S-phase is followed by mitosis with aborted late anaphase,
before the cell proceeds to a subsequent round of DNA synthesis, yielding polyploid cells.2,
3 A key question has been whether endomitosis has the same pattern in all MK cells, regardless
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of ploidy. In diploid mitotic cells, chromosomes segregate into two groups with a midzone
territory formed between them,4,5 followed by cellular division.

Chromosomal segregation patterns during MK endomitosis are based predominantly on
immunofluorescence data of fixed cells.6–8 These studies demonstrated that in both human
and murine derived MKs chromosomes move towards opposing spindles poles, although the
exact dynamics and organization of which has been elusive. A recent study of endomitosis in
living MKs, which involved transduced cells, indicated that in endomitotic MKs that are
already polyploid furrowing was attenuated.9 However this report did not offer direct
visualization of chromosomal segregation.

In order to study chromosome dynamics during endomitosis in living MKs, with the ability to
repeatedly analyze preparations with consistent fluorescence labeling, and to recognize with
certainty low ploidy MKs, we engineered a transgenic mouse model in which the rat Platelet
Factor 4 (PF4) promoter10 drives expression of Histone 2B fused to Green Fluorescent Protein
(H2B-GFP). This approach confers megakaryocytic specific DNA visualization. MKs derived
from these mice were utilized to perform time-lapse microscopy and to document chromosomal
segregation patterns during endomitosis in living cells.

Results and Discussion
Generation of the PF4-H2B-GFP transgenic mouse model

Histone 2B (H2B) is a component of the chromosomal scaffold17 and it has been previously
demonstrated that GFP tagging of histones does not affect normal chromosomal localization
within living cells.18 We produced a transgenic mouse model in which human H2B fused to
GFP is expressed only in MKs (Fig. 1). Transgene integration into the genome of founders and
their litters was screened both by PCR and Southern blotting (Fig. 1B and C). The expression
of the transgene was confirmed by fluorescence microscopy (Fig. 1D) where it was shown to
localize to the nucleus, and more specifically to the chromosomes (as revealed with co-staining
of live MKs with Hoechst dye; data not shown). The number of MKs, their ploidy status and
platelet levels, as expected, were not affected by transgene expression (data not shown; all
measured as in ref. 12). A key benefit of PF4-H2B-GFP model is that non-manipulated MKs
can be directly visualized without a potentially variable viral transduction process, or the need
for cell purification (which does not exclude all the non-megakaryocytic cells), thus alleviating
associated concerns.

Cell imaging
Endomitosis was followed by capturing images, both in brightfield and in fluorescence. Shown
here are representative static images focusing on changes in chromosomal dynamics (recording
times and image magnifications are indicated in each panel). A complete mitotic cell cycle can
be observed in proliferating diploid cells, with no effects of the excitation applied to view GFP-
labeled chromosomes.18 Also of note, expression of H2B-GFP did not interfere with proplatelet
formation and MK fragmentation as viewed by live imaging (Suppl. Fig. 8).

Ex-vivo imaging revealed that all MKs examined exhibited chromosomal condensation during
early stages of endomitosis, regardless of their ploidy status. This first step of mitosis was
readily identified in all MKs by condensed fluorescence on chromosomes. During anaphase
in low ploidy MKs, chromosomes were separated into two groups with a clear territory
(resembling a midzone) created between them, before they rejoined to form a single cluster
(Fig. 2A; Suppl. Figs. 1, 2 and Movies 1, 2). During anaphase in low ploidy MKs the cell shape
changed from elongated to a more spherical form. Events related to typical telophase were not
observed (Fig. 2A). In high ploidy MKs, however, at first, chromosomes segregated into 3–5
major groups (see 8 min in Fig. 2B, part i; Suppl. Movie 3B, and 9 min in Fig. 2B, part ii;
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Suppl. Movie 4B). Immediately thereafter, the chromosomes expanded in a circular manner,
with multiple territories formed between them. The pattern was clearly different from the single
territory in low ploidy MKs. In high ploidy MKs (16N), the cell shape typically remained
nearly spherical throughout endomitosis (Suppl. movie SM3A and cell size measurement in
Suppl. Fig. 3). Minimal cell elongation and partial furrowing was observed in the 8N cells
(Suppl. movie SM4A and cell measurements in Suppl. Fig. 5). The latter observation is in
agreement with a previous report,9 which demonstrated that high ploidy MKs did not exhibit
pronounced furrowing.

Hence, we documented that chromosomal segregation patterns during anaphase A are different
in low and high ploidy MKs. Based on these findings we envision that in low ploidy cells there
is a deregulated expression of a cell cycle protein(s), which leads to lack of cytokinesis. The
mitotic regulator is still elusive, although studies in cultured primary MKs implicated PLK
downregulation,19 survivin mislocalization11 and furrowing/cytokinesis modulators.9 The,
now higher ploidy cell re-enters endomitosis, likely promoted by cyclins D3 and E as shown
by studies of Zimmet12,20 and Geng.21 At this cell cycle stage anaphase is different, as
illustrated in our current study, likely also due to the effect of high DNA content on the
segregation process or its regulation. Since visualization of chromosomal dynamics in living
MKs provides a platform for deciphering the molecular mechanisms that power endomitosis,
our new mouse line could be cross bred to other lines with modified mitotic regulators, when
they are identified and the mice become available, to estimate effects on the dynamics of
endomitosis in vivo.

Materials and Methods
Transgenic mice

The DNA fragment H2B-GFP, consisting of the human histone 2B (H2B) fused to Green
Fluorescent Protein (GFP), was excised from the pBOS-H2BGFP vector (Cat #:559241, BD
Biosciences, Pharmingen) utilizing the restriction enzymes KpnI and NotI. A PF4-globin
backbone vector11 containing the 1.1 Kb rat PF4 promoter followed by a 1.7 Kb fragment of
the Human β-globin 3′ end was linearized with SacI and NheI restriction enzymes. The excised
H2B-GFP fragment was subsequently cloned into the linearized PF4-globin backbone vector.
The vector backbone was removed by digestion with XhoI and BsmBI restriction enzymes,
and the purified transgene was microinjected to produce transgenic mice11 (on FVB strain).
Mice were genotyped both by Southern blotting and PCR as described in Supplementary
Methods.

Genotyping of transgenic mice
For Southern blotting genomic DNA was digested with PstI to release a fragment of 3.5 kb
which was detected using a radioactively labeled GFP probe, produced by digestion of PF4-
H2B-GFP construct with restriction enzymes NotI and AgeI followed by 32P labeling.
Polymerase chain reaction (PCR)-based genotyping was also applied using the following
primers; sense 5′-AGCTGACCCTGAAGTTCATCTG-3′ and antisense 5′-
TGATATAGACGTTCTGGCTCTTCTA-3′. Homozygous transgenic mice, used throughout
the study, were also identified by repeated breeding to wild type mice.

Cell preparation for live imaging
Bone marrow and fetal liver cells from the transgenic mice were isolated as described
previously,12 and after 24 to 72 hours of incubation were plated onto incubation video chambers
containing DMEM or IMDM without phenol red, supplemented with 10% BCS, penicillin and
streptomycin, 25 ng/ml TPO and 20% Leibowitz's medium. The incubation video chambers
were mounted on the microscope and held at 37°C for the duration of observation.
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Time-lapse microscopy
Bone marrow and fetal liver cells from the transgenic mice were isolated as described
previously.12 In order to estimate ploidy of living MKs, we initially resorted to fluorescent
activated cell sorting and then to measurements of diameter of the MKs obtained during ex
vivo imaging. Studies based on microscopy by Levine13 and flow cytometry by Tomer14 point
to a reliable correlation between MK size and ploidy level. Here, we refer to presumptive
diploid and tetraploid MKs as low ploidy, and to the rest as high ploidy cells. We replicated
our findings with the above two sources of MKs and in two different microscope settings. In
order to prevent photoxicity concerns, imaging was not extended for prolonged periods and it
was mainly focused on MKs already exhibiting chromosomal condensation. In the first setting
(at Harvard Medical School), brightfield and fluorescence imaging was performed as described
elsewhere15,16 on a Nikon Eclipse TE-2000E microscope at 900× using a 60× 1.4 NA
objective lens with 1.5× optivar and Metamorph imaging software (Universal Imaging
Corporation, Molecular Devices, Downington, PA). Images were captured using an Orca-II
ER cooled CCD camera (Hamamatsu, Hamamatsu City, Japan) every 90 seconds, although
the time interval could be manually adjusted in order to capture rapidly occurring phenomena.
Imaging data were analyzed, compiled and exported in Quick Time video format utilizing
Metamorph software. In the second setting (at Boston University), brightfield and fluorescence
imaging of cells plated onto Delta T micro-observation chambers (Bioptechs) was performed
on an Olympus IX70 microscope at 600× using a 60× 0.9 NA objective lens and ImagePro
software (Media Cybernetics, Inc). Images were captured using a C4742-95 CCD camera
(Hamamatsu, Hamamatsu City, Japan) every 121 seconds. Imaging data were analyzed,
compiled and exported in Microsoft AVI format using ImagePro software.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

MKs megakaryocytes

PF4 platelet factor 4

H2B human histone 2B

GFP green fluorescent protein

H2B-GFP histone 2B fused to green fluorescent protein

DMEM dulbecco's modified eagle's medium

IMDM iscove's modified dulbecco's medium

BCS bovine calf serum

PlK Polo-like kinase
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Figure 1.
Engineering of the PF4-H2B-GFP transgenic mouse model. (A) Schematic representation of
the transgene in which the rat PF4 gene promoter drives expression of H2B fused in frame to
GFP, as described in methods. (B) Example of potential founders screened using PCR.
Detection of a 330 bp band (denoted by plus sign) indicated the presence of the transgene. (C)
Example of Southern blotting for the screening of founders progeny. Southern blotting with a
radio-labeled GFP DNA probe confirmed transgene integration (denoted by plus sign) in F1
litter (20–40 μg DNA loaded). (D) Cells derived from PF4-H2B-GFP fetal liver cultures viewed
in brightfield and fluorescence. GFP signal is limited only to MKs. Original magnification
900×.
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Figure 2.
Chromosomal segregation patterns differ in high and low ploidy MKs. Several movies were
recorded with imaging intervals of 90–121 seconds (see Suppl. Movies under Suppl. Material).
(A) A low ploidy MK undergoing endomitosis. (A, part i) MK chromosomal condensation is
evident during and up to eighteen minutes, with DNA assuming a tight, compact and lobulated
form. At nineteen minutes chromosomes formed two groups that moved towards the poles of
the cell, and at twenty-five minutes (not shown here, but followed in the movies) they rejoined
into a single cluster. The shape of the MK also changed from spherical to elongated and reverted
back to spherical at the last steps of chromosomal re-gathering into one nucleus (for
measurements of cell size and the distance between chromosomes see Suppl. Figs. 1 and 2).
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(A, part ii) A low ploidy MK captured at anaphase and undergoing final steps of an endomitotic
cycle. Initially, the two chromosomal groups were separated by space consistent with midzone
formation (indicated by white arrows) and gradually re-gathered into a single group (within
about fourteen minutes). (B, part i and ii) High ploidy MKs (16N, 8N) captured at early mitosis.
Chromosomal condensation was followed by transient grouping of chromosomes at 8–9
minutes, followed by spreading into a ring type alignment with formation of territories between
the chromosomes, reaching maximum size at about fifteen minutes after condensation (for
measurements of cell size and the distance between chromosomes see Suppl. Figs. 3–7). The
fluorescent intensity seems somewhat reduced at latter stages of anaphase, as expected when
the chromosomes (and fluorescence) are more spread (compare 36 sec to 1 h 50 min in B, part
i). Some cell furrowing is observed in the 8N cell (see phase microscope movie SM4A at 16
min), but typically not in higher ploidy cells. Data shown represent analysis of eight time-lapse
microscopy sessions, each focused on a single MK.
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