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Platelets, essential for thrombosis and hemostasis, develop from polyploid megakaryocytes which undergo
endomitosis. During this cell cycle, cells experience abrogated mitosis and reenter a phase of DNA synthesis,
thus leading to endomitosis. In the search for regulators of the endomitotic cell cycle, we have identified cyclin
D3 as an important regulatory factor. Of the D-type cyclins, cyclin D3 is present at high levels in megakaryo-
cytes undergoing endomitosis and is markedly upregulated following exposure to the proliferation-, matura-
tion-, and ploidy-promoting factor, Mpl ligand. Transgenic mice in which cyclin D3 is overexpressed in the
platelet lineage display a striking increase in endomitosis, similar to changes seen following Mpl ligand
administration to normal mice. Electron microscopy analysis revealed that unlike such treated mice, however,
D3 transgenic mice show a poor development of demarcation membranes, from which platelets are believed to
fragment, and no increase in platelets. Thus, while our model supports a key role for cyclin D3 in the
endomitotic cell cycle, it also points to the unique role of Mpl ligand in priming megakaryocytes towards
platelet fragmentation. The role of cyclin D3 in promoting endomitosis in other lineages programmed to
abrogate mitosis will need further exploration.

During the process of platelet production, megakaryocytes
progress through a number of discrete stages, during which
different controlling elements are active (30). Early in this
process, committed progenitors express specific markers and
continue to proliferate within a normal mitotic cell cycle.
These cells then stop dividing and undergo the process known
as endomitosis, during which the complement of DNA is re-
peatedly doubled without nuclear division or cytokinesis. A
process of cytoplasmic maturation then ensues, followed at last
by shedding of platelets.

The eukaryotic cell cycle consists of alternating synthesis (S)
and mitosis (M) phases separated by gaps and entails a com-
plex system of controls and restriction points. Advancement
through this cycle is driven by the phosphorylating activity of
enzymes known as the cyclin-dependent kinases (CDKs),
whose activity is dependent upon binding to regulatory sub-
units known as cyclins (31, 35). Activity of the mitosis-promot-
ing kinase, Cdc2, requires binding to a B cyclin, while progres-
sion through G1 phase is dependent primarily upon activation
of Cdk4 or Cdk6 by one of the D-type cyclins (29). The cell
cycle in endomitosis, during which megakaryocytes acquire a
polyploid DNA content, is considerably less well understood.
Polyploidization occurs in megakaryocytes, the platelet precur-
sors, and in other cell types, such as vascular smooth muscle
cells experiencing hypertension, and in Drosophila embryos
(25, 30, 34). Endoreduplication in some Drosophila cell types is
indeed associated with lack of cyclin B1 (25). It is clear, how-
ever, that in megakaryocytes this process does not involve
continuous DNA synthesis but rather comprises a series of
discrete S phases punctuated by gaps, during which elements of

G1, G2, and the initial stages of M phase may occur (32, 33, 53,
56). Although cyclin B-dependent Cdc2 kinase is detectable in
primary megakaryocytes and megakaryocytic cell lines (6, 56),
it has been shown to be downregulated in polyploid
megakaryocytic cell lines compared to diploid cells (7, 56).
Since abrogation of mitosis in this cell type does not lead to cell
cycle arrest, but rather the cells reenter an S phase and un-
dergo endomitosis, we focused on exploring the role of G1-
phase cyclins in promoting endomitosis.

Recent work in our laboratory has examined the roles of
various cyclins in the endomitotic process. Of the defined G1-
phase cyclins, cyclin D3 is expressed at significant levels in
polyploid megakaryocytes (53). This observation has been fur-
ther supported in other megakaryocytic cell lines, in which
cyclin D3 and to a lesser extent D1, but not D2, are detected
(7). Suppression of cyclin D3 translation with antisense oligo-
nucleotides results in a substantial block to megakaryocyte
polyploidization in culture (53). In our present study, we have
shown that in vivo exposure of megakaryocytes to pegylated
recombinant murine megakaryocyte growth and development
factor (PEG-rmMGDF), a truncated form of Mpl ligand (2, 9,
21, 23, 26), results in substantial upregulation of cyclin D3
expression and a marginal induction of cyclin D1. Stimulation
by this cytokine has a variety of effects on the megakaryocytic
lineage, including enhanced proliferation of megakaryocytic
progenitors, stimulation of endomitosis, and augmented cellu-
lar maturation (8, 17, 54). Given the suspected importance of
cyclin D3 in megakaryocytopoiesis and its apparent induction
by Mpl ligand, we wished to further investigate the role of this
gene product by overexpression in an in vivo system. The
transgenic mouse model that we have produced constitutively
expresses the native form of cyclin D3 at high levels, specifi-
cally in the platelet lineage. The phenotype reveals a significant
enhancement of endomitosis and of megakaryocyte number.
This result supports a major role for cyclin D3 both in
megakaryocytopoiesis and in the effects of Mpl ligand on
polyploidization.
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MATERIALS AND METHODS

Plasmid construction. The plasmid PF4MERGH (47), a pUC-based plasmid
containing 1.1 kb of the platelet factor 4 (PF4) promoter followed by the myc-
estrogen receptor chimera and a portion of the human growth hormone (hGH)
39 region, was first cut at a unique KpnI site at the 39 end of the hGH sequence
and ligated to a linker containing a NotI site. Similarly, a NotI linker was inserted
at the unique NdeI site located at the 59 end of the PF4 promoter. The MER
fusion gene was then excised with SacI, leaving a backbone vector containing the
PF4 promoter and the hGH poly(A) tail, separated by SacI cohesive ends. A
linker containing BssHII and NheI sites in sequence was ligated to the PF4GH
backbone. The resultant plasmid was then digested with BssHII and NheI. This
gel-purified DNA was then ligated to the compatible ends of the 5.5-kb BssHII-
XbaI fragment of the genomic clone of murine cyclin D3 (52), which contains all
five exons of the coding region down to the stop codon. The resulting plasmid,
referred to as PF4D3GH, was purified on a cesium chloride gradient (41),
confirmed by DNA sequencing, and subsequently digested with NotI to release
vector sequences. The resulting 6.9-kb vector-free DNA fragment was purified
from a 0.8% agarose gel with the GeneClean kit (Bio 101, Vista, Calif.) and used
for the production of transgenic mice as described below.

Generation of transgenic mice. DNA was microinjected into pronuclei of
one-cell FVB/N strain mouse embryos to produce transgenic mice, as described
before (38). Genomic DNA was isolated from the tails of potential founder mice,
digested with SacI, and tested for transgene integration by Southern blot analysis
using a fragment of the PF4-D3 construct as a probe (see Fig. 2A). Transgene
expression was detected by reverse transcriptase PCR (RT-PCR). For this pur-
pose, total RNA was isolated from bone marrow of transgenic and control mice
with TRIzol reagent (Gibco BRL, Gaithersburg, Md.). First-strand cDNA syn-
thesis was carried out with the Moloney murine leukemia virus RT and random
primers. PCR was then performed with sense and antisense primers specific to
the hGH 39 region of the transgene, and the product was analyzed by electro-
phoresis on a 1% agarose gel.

Fixation and histologic analysis of tissues. Samples of sternum, femur, spleen,
liver, and thymus were removed from mice immediately following sacrifice by
cervical dislocation. These tissues were placed in a fixative (OptimalFix; Amer-
ican Histology, Lodi, Calif.) and shipped to the University of California, Davis,
Transgenic Histopathology Laboratory. There, the samples were dehydrated,
embedded in paraffin, sectioned at 10 mm, stained with hematoxylin and eosin,
coverslipped, and presented for interpretation. The marrow contents of the
femur and sternum were evaluated in three-step sections each. All of the
megakaryocytes in each compartment of each of the step sections were counted
with a hand-held counter.

Annexin V labeling. Labeling with annexin V (20) was performed with the
Apoptosis Detection Kit (R&D Systems, Minneapolis, Minn.). Bone marrow
cells were taken directly following harvest, which was performed as described
before (24, 38), and treated according to the manufacturer’s directions. Labeled
cells were cytospun onto slides, and all recognizable large megakaryocytes were
analyzed for fluorescein staining on a fluorescence microscope.

In situ hybridization. Spleens of 6- to 10-week-old FVB mice injected with
either PEG-rmMGDF or vehicle were removed immediately following sacrifice
3 days postinjection and fixed in 4% paraformaldehyde overnight. Spleens from
untreated transgenic and control mice were similarly fixed. All tissue samples
were dehydrated in graded concentrations of ethanol, cleared in xylene, and
subsequently embedded in paraffin. Sections (5 mm) were affixed to Superfrost
plus slides (Fisher, Pittsburgh, Pa.) and treated as described before prior to
hybridization to the appropriate 35S-labeled riboprobe (48a). Signal detection
was accomplished by autoradiography, and quantitation was performed by sta-
tistical analysis of numbers of silver grains present per cell, as described previ-
ously (14). Slides were stained with hematoxylin and eosin prior to analysis by
both bright- and dark-field microscopy.

Acetylcholinesterase staining. Bone marrow was harvested from femurs of
mice as previously described (22, 38). Megakaryocytes were identified by in situ
staining for acetylcholinesterase as described before (12, 40).

Ploidy analysis and determination of megakaryocyte size and granularity.
Bone marrow was collected from femurs and tibias of transgenic and control
mice as described before (22, 39). Marrows from each mouse were suspended in
0.5 ml of CATCH buffer (22) and incubated for 60 min at 4°C with 4A5 mono-
clonal antibody ascites (5) (generous gift of Sam Burstein, University of Okla-
homa Health Sciences Center). The cells were then incubated with fluorescein-
conjugated goat anti-rat immunoglobulin G (Fab9)2 (Biosource International,
Camarillo, Calif.) for 30 min at 4°C. Staining with propidium iodide was followed
by determination of DNA content of 4A5 positive cells by using a statistical
package on a FACScan flow cytometer (Becton Dickinson, Rutherford, N.J.), as
we discussed before (47). Relative megakaryocyte size and granularity were
estimated as part of the flow cytometric analysis using forward-angle light scatter
and orthogonal light scatter, respectively (48).

PEG-rmMGDF injections. Single injections of PEG-rmMGDF (the murine
equivalent of PEG-rHuMGDF) were carried out as described previously (1).
Briefly, a stock solution of PEG-rmMGDF (630 mg/ml; generous gift of Amgen,
Thousand Oaks, Calif.) was diluted with 1% normal mouse serum (NMS) in
phosphate-buffered saline (PBS) immediately prior to injection. A standard

dilution of PEG-rmMGDF (5.0 mg/ml; 100 ml per 10 g of body weight) was
prepared and injected into each mouse via the lateral tail vein.

Flow cytometric analysis of bone marrow. Bone marrow cells were collected,
stained with either rat anti-mouse CD11b (Mac-1) monoclonal antibody or rat
anti-mouse TER-119 erythroid cell monoclonal antibody (both from Pharmin-
gen, San Diego, Calif.) followed by fluorescein isothiocyanate-conjugated rabbit
anti-rat immunoglobulin (Sigma, St. Louis, Mo.), and subjected to flow cytomet-
ric analysis as described before (47).

Platelet counts and mean platelet volume measurement. Blood (200 to 300 ml
per sample) was drawn into a 3-ml volume of 0.5 M EDTA from the orbital sinus
of each anesthetized mice by using heparinized glass capillary tubes (Fisher).
Samples were prepared for manual hemacytometer counts with the Unopette
system (Becton Dickinson). For platelet volume measurement, blood was col-
lected from the orbital sinus into EDTA to a final EDTA concentration of 12.5
mM. Platelets were separated on self-generated Percoll density gradients. Percoll
density medium (Pharmacia, Inc., Uppsala, Sweden) was made isotonic for
mouse blood with 103 Dulbecco’s PBS and then diluted with an isotonic solution
of the same buffer to a 40% concentration. EDTA (5 mM) was added to the
medium to prevent platelet aggregation in the gradients. Continuous density
gradients were generated by centrifugation of 9-ml volumes of the diluted Percoll
medium at 20,000 3 g for 20 min at 22°C in a fixed-angle rotor. Of each blood
sample, 200 ml was diluted 1:1 with Hanks’ balanced salt solution, layered on top
of the density gradient, and centrifuged at 1,000 3 g for 20 min at 22°C. The
portion of the gradient containing platelets was collected for mean platelet
volume (MPV) measurement. MPV was determined with a Coulter particle
analyzer (Model ZM with Channelyzer 256). The instrument’s calibration was
verified with 2.02-mm-diameter latex beads before each use. Data were accumu-
lated on each platelet sample until a count of 2,000 was achieved in the peak
channel. The samples were diluted such that the coincidence level was less than
1%. The volume distributions were analyzed as log-normal distributions.

Preparation of bone marrow and platelets for transmission electron micros-
copy. Bone marrow, harvested as described above, was flushed from femurs of
mice with 1.5% glutaraldehyde in 100 mM sodium cacodylate buffer, pH 7.4.
Dimethyl sulfoxide (2%) was added, and samples were promptly microwaved for
10 s and fixed overnight at 4°C. The marrow was rinsed in 100 mM sodium
cacodylate buffer and then postfixed in 2% osmium tetroxide in 100 mM sodium
cacodylate for 1.5 h. The samples were dehydrated through a series of graded
ethanol, infiltrated with toluene and subsequently with resin composed of
DDSA, NMA, and DMP-30 (Ted Pella, Redding, Calif.) and LX-112 (Ladd
Research Industries, Burlington, Vt.), and finally embedded in the above-men-
tioned resin. Thin sections were cut and stained with uranyl acetate and lead
citrate and viewed with a transmission electron microscope (model 301; Philips
Electronic Instruments, Inc., Mahwah, N.J.).

RESULTS

Mpl ligand upregulates cyclin D3 mRNA expression in
megakaryocytes in vivo. Earlier work in this laboratory and by
others has demonstrated that cyclin D3, but not cyclin D2, and,
at low levels, cyclin D1 are expressed in primary megakaryo-
cytes (53) and in megakaryocytic cell lines undergoing endomi-
tosis (56). In the present study we examined whether the pro-
liferation- and ploidy-promoting factor, Mpl ligand, induces
the expression of this cyclin in megakaryocytes. In order to
determine this, we have utilized in situ hybridization, which
allows for the observation of relative levels of gene expression
in individual primary megakaryocytes, which are easily recog-
nized and distinguished from other hematopoietic cells by their
size and morphology. Spleens were harvested 3 days following
injection with either PEG-rmMGDF or vehicle to FVB mice.
Following fixation and embedding, thin sections of these he-
matopoietic organs were hybridized to either sense or anti-
sense riboprobes for cyclin D3 and exposed to autoradiography
emulsion. As Fig. 1 clearly shows, cyclin D3 mRNA is mark-
edly induced in megakaryocytes from PEG-rmMGDF-treated
mice (Fig. 1C and D) compared to vehicle-treated controls
(Fig. 1A and B). We are also able to detect a slight increase in
cyclin D1 expression in similar experiments performed with a
cyclin D1 riboprobe (Fig. 1E to H). Detection of an increase in
cyclin D1 message required a longer exposure time than that of
cyclin D3 (15 versus 8 days). The extent of increase in cyclin D
expression in PEG-rmMGDF-treated megakaryocytes was
evaluated by counting grains per cell, in accordance with ac-
cepted methods (14) (described in the legend to Fig. 1). While
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FIG. 1. Cyclin D3 is upregulated in megakaryocytes following exposure to Mpl ligand. Splenic sections from normal mice injected with PEG-rmMGDF (A, B, E,
and F) or vehicle (C, D, G, and H) were hybridized to 35S-labeled antisense riboprobes for cyclin D3 (A to D) or cyclin D1 (E and F). Autoradiography was performed
for 8 days for cyclin D3 and for 15 days for cyclin D1. Quantitative analysis of silver grains in sections hybridized to cyclin D3 riboprobe showed an average of 83 6
24.0 grains per megakaryocyte in vehicle-treated animals, compared to 388 6 99.2 grains in MGDF-treated counterparts, which corresponds to a 4.7-fold induction of
cyclin D3 mRNA in response to MGDF. In comparison, hybridization to cyclin D1 riboprobe resulted in an average of 127 6 23.5 grains per vehicle-treated
megakaryocyte and 204 6 32.2 grains per vehicle-treated cell (n 5 20), corresponding to a 1.6-fold increase. Similar experiments with sense riboprobes yielded no signal
(not shown). Each experiment is represented by corresponding bright-field (A, C, E, and G) and dark-field (B, D, F, and H) light microscopic views of representative
sections. Results shown are representative of three experiments, each performed with two tissue sections from each group. Arrows point to several megakaryocytes in
each field. Magnification, 3140.
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we are aware of the limitations of in situ hybridization in
making precise quantitative determinations of differences in
gene expression, the striking upregulation of cyclin D3 is none-
theless clear in this case.

Generation of transgenic mice containing the PF4 promoter
linked to the murine cyclin D3 gene. The results of the above-
described experiment suggested that cyclin D3 may also be
involved in the induction of Mpl ligand effects on polyploidiza-
tion in this cell type. We therefore wished to ask the following
question: to what extent can overexpression of cyclin D3 in
megakaryocytes mimic Mpl ligand effects on polyploidy? In
order to address this point, we have utilized 1,104 bp of the 59
promoter region of the rat PF4 gene, which has been shown in
earlier models to direct transgene expression solely in the
megakaryocytic lineage (10, 38, 47), linked to the mouse cyclin
D3 gene (52). The construct was tagged at the 39 end by 0.4 kb
of the hGH 39 region, which contains a functional polyadenyl-
ation signal (Fig. 2A). The completed construct, referred to as
PF4D3GH, was used for production of transgenic mice. South-
ern blot analysis of genomic DNA indicated that, of 33 mice
produced, 2 were transgenic founders (Fig. 2B), with approx-
imately 3 and 20 copies of transgene integrated. Digestion with
different restriction enzymes indicated that the integrated
transgene is not rearranged (Fig. 2C). Offspring of each of
these mice inherited the transgene in a Mendelian fashion.
RNA isolated from total bone marrow cells was subjected to
RT-PCR using primers specific to the hGH tag of the trans-
gene. Figure 2D shows an example of results obtained with
progeny of founder 7; similar results were obtained with prog-

eny of founder 8. The expected band is seen with RNA from
bone marrow cells of transgenic but not of control mice.

Transgenic mice show a dramatic overexpression of cyclin
D3 specifically in megakaryocytes. In order to confirm that we
had in fact achieved overexpression of the cyclin D3 gene in
megakaryocytes, splenic sections from transgenic and control
mice (6 to 8 weeks old) were subjected to in situ hybridization
using a 35S-labeled riboprobe to murine cyclin D3. By probing
for a portion of the native mRNA rather than for a unique tag
on the transgene, we hoped to be able to directly compare
levels of cyclin D3 mRNA in transgenic and normal mice. The
extent of increase in cyclin D3 expression in megakaryocytes of
transgenic mice was evaluated by counting grains per cell, in
accordance with accepted methods (14) (described in the leg-
end to Fig. 3). Morphologically recognizable megakaryocytes
in spleens of control mice do show a detectable level of cyclin
D3 mRNA, while megakaryocytes of transgenic mice show
greater levels (Fig. 3). The experiments shown in Fig. 3 are
from founder 7; similar signal intensity was seen with tissues
derived from founder 8, although the copy number of trans-
gene integrated was quite different. We thus continued analysis
on heterozygote transgenic mice, which, as shown below, dis-
play a remarkable phenotype.

Megakaryocytes but not other lineages in bone marrow and
spleen of transgenic mice are more numerous than those in
normal counterparts. As shown in Fig. 4, histological analyses
indicated that the numbers of megakaryocytes in both bone
marrow and spleen of transgenic mice are dramatically in-
creased compared to those in age-matched controls. In a con-

FIG. 2. Transgenic construct, representative Southern blots, and RT-PCR showing transgene expression. (A) The construct consists of 1.1 kb of the PF4 promoter
linked to 5.5 kb of the murine cyclin D3 gene. The polyadenylation signal is provided by 0.3 kb of the 39 untranslated region of the hGH gene. Black rectangles represent
exons. The shaded bar represents the regions used as a probe for Southern analysis. Restriction site abbreviations: B, BamHI; H, HindIII; K, KpnI; N, NotI; S, SacI.
(B) Southern blot of genomic tail DNA (10 mg/lane) taken from progeny of founder 7 and founder 8 and a nontransgenic mouse and digested with SacI. The copy
number of the transgene integrated was estimated as 20 (line 7) and 3 (line 8), based on comparison with titrated control plasmid (not shown). The sizes of products
are indicated on the right. (C) Tail DNA from founder 7 was digested with three restriction enzymes, and the Southern blot shows bands of the expected sizes. Bands
and their sizes are as follows: BglII, 5.9 and 1 kb; KpnI, 6.9 kb; SacI, 4.6 and 2.3 kb. (D) RT-PCR showing transgene expression in bone marrow of F1 transgenic mice
derived from founder 7. RNA prepared from bone marrow of control and transgenic mice was reverse transcribed and subjected to PCR using primers specific to the
hGH region of the transgene. The arrow shows the expected product size. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers were used with each sample
to verify RNA quality and fidelity of reverse transcription. TG denotes samples from transgenic mice. The BstEII digest of lambda DNA (l/BstEII) is included as a
size marker. Similar results were obtained with F1 mice of transgenic line 8 (not shown).
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trol mouse of FVB strain, the average number of megakaryo-
cytes per compartment in the sternum is 30, as we also
described before (47). Cyclin D3 transgenic mice displayed a
twofold increase in the number of megakaryocytes per com-
partment (based on three different analyses). These data were
further confirmed by in situ staining for acetylcholinesterase, a
unique marker for rodent and cat megakaryocytes (12), in
bone marrow cells cytospun on slides. Using this assay, we have
determined that, per 200,000 cytospun bone marrow cells, the
number of megakaryocytes in transgenic bone marrow was
1.8-fold higher than that in controls. These data were derived
from analysis of eight different slides (a total of 1.6 3 106 bone
marrow cells from each group). As to the histological exami-
nation of the spleen, evaluation of five different fields (of
approximately similar sizes) from each group revealed that the
total number of megakaryocytes in the cyclin D3 transgenic
mice was increased by 3.5-fold compared to control mice. Ex-
cept for megakaryocytes, the overall cellularity of the marrow
and spleen in control and transgenic animals was similar. The
average weights of the spleens in age-matched control and
transgenic animals were similar. Histological evaluation of a

variety of other tissues showed no apparent change in nonhe-
matopoietic systems (not shown). We also stained bone mar-
row cells with fluorescein-conjugated annexin V, which detects
the loss of membrane asymmetry that is an early marker of
apoptosis (20). By this assay, 75 transgenic bone marrow
megakaryocytes and 53 controls, from 0.5 3 106 to 1 3 106

total bone marrow cells, were analyzed. The difference in la-
beled cells between the two groups was marginal, indicating
that the increase in megakaryocyte number is not due to de-
creased apoptosis.

The noted increase in megakaryocyte frequency may have
the potential to affect development of neighboring cells. We
therefore used antibodies to lineage-specific markers to exam-
ine by flow cytometry whether the frequencies of erythroid and
myelomonocytic lineages were affected by this transgene. Bone
marrow cells from control and transgenic mice (progeny of
founder 7) were labeled with antibody identifying erythroid
cells (TER-119) or myelomonocytes (Mac-1) and subjected to
flow cytometric analysis (the results are given as mean values 6
standard deviations, obtained with two mice per group). Con-
trol mice showed 30.1% 6 0.8% and 25.7% 6 1.3% erythroid
and myeloid cells, respectively. Transgenic mice showed 31.4%
6 0.6% and 27.4% 6 1.8% erythroid and myeloid cells, re-
spectively. These results show that the relative numbers of cells
of these lineages were not changed in bone marrows of trans-
genic mice versus controls. This suggests that commitment and
development of other hematopoietic lineages were unaffected
by the transgene.

Megakaryocytes from bone marrow of transgenic mice are
larger and show an increase in DNA content similar to that
seen with Mpl ligand treatment. In vivo treatment of 6- to
8-week-old mice with Mpl ligand results in both a severalfold
increase in frequency of megakaryocytic cells and a significant
increase in ploidy (1, 9). As seen in Fig. 5 and Table 1,
megakaryocytes from cyclin D3 transgenic mice show a marked
increase in DNA content, with the majority of cells reaching
32N and 64N. Comparison with mice injected with PEG-
rmMGDF reveals striking similarities both in terms of
ploidy distribution and megakaryocyte frequency. Relative
megakaryocyte size and granularity (see Table 2) were esti-
mated as part of the flow cytometric analysis using forward-
angle scatter and orthogonal (side; 90°) light scatter, respec-
tively (48). Transgenic megakaryocytes were significantly
larger than controls as measured by this method.

Platelet number and volume are unchanged in transgenic
mice. Given that both numbers and ploidy of megakaryocytes
are increased in transgenic mice, one would expect a commen-
surate increase in platelets in the peripheral blood. Indeed, in
vivo treatment of mice with Mpl ligand results in a three- to
fourfold increase in circulating platelets (26, 50). Contrary to
expectations, then, platelet counts in PF4D3GH mice were not
significantly different from those in controls (Fig. 6A). By all
appearances, platelets in these mice appear to be functional, as
no mouse thus far (up to 1 year old) has suffered a bleeding
diathesis and bleeding time from a standard tail biopsy does
not differ from that in controls (not shown). In order to test the
possibility that the larger megakaryocytes in transgenic mice
yield larger rather than more-numerous platelets, we examined
platelet volumes. As shown in Fig. 6B, platelet volumes in
transgenic mice were not significantly different from those in
controls.

In vivo treatment of transgenic mice with PEG-rmMGDF.
Given the apparent connection between cyclin D3 upregula-
tion and Mpl ligand activity, we sought to determine whether
treatment with Mpl ligand could induce megakaryocytes of
transgenic mice to undergo additional rounds of endomitosis.

FIG. 3. Cyclin D3 is significantly overexpressed in megakaryocytes of trans-
genic mice. Splenic sections from control (A) and transgenic (B) mice were
hybridized to an antisense riboprobe for cyclin D3. A 24-h exposure to autora-
diography emulsion reveals significant cyclin D3 mRNA in transgenic
megakaryocytes compared to controls. Quantitation of silver grains per
megakaryocyte showed an average of 315 6 94.1 grains per cell in transgenic
animals compared to 20 6 7.1 in controls (n 5 20), corresponding to a 15.7-fold
increase in cyclin D3 mRNA. No signal was detected in slides hybridized to a
sense riboprobe for cyclin D3 (not shown). Results shown are from progeny of
founder 7, although similar results were found with progeny of founder 8 (not
shown). Arrows point to several megakaryocytes. Results are representative of
five experiments performed. Magnification, 3160.
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Towards this end, we administered either PEG-rmMGDF in
PBS–1% NMS or vehicle alone to transgenic and control mice
by tail vein injection. As shown in Table 2, control mice treated
with PEG-rmMGDF show the expected increases both in
megakaryocyte ploidy and in platelet number. Transgenic mice
demonstrate a higher ploidy profile than the one observed for
control mice injected with PEG-rmMGDF, showing that cyclin
D3 overexpression alone is sufficient to mimic most of the
effects of PEG-rmMGDF on ploidy. Transgenic mice treated
with PEG-rmMGDF show a further moderate increase in the
percentage of highest-ploidy ($128N) cells. PEG-rmMGDF
stimulation results in no significant increase in platelet number
compared with that seen in control mice, suggesting that high
levels of cyclin D3 may impede platelet development. Another
measure of megakaryocytic differentiation, orthogonal light
scatter, increases as cells differentiate, reflecting the increased
complexity of cytoplasmic constituents, particularly the devel-
opment of granules. The increase in granularity seen in con-
trols injected with PEG-rmMGDF is not paralleled in treated
transgenic mice (Table 2).

Ultrastructure of megakaryocytes and platelets of trans-
genic mice. Given that the larger, more numerous megakaryo-
cytes in transgenic mice do not produce increased numbers of

platelets, we sought to determine whether these cells are ul-
trastructurally normal or if notable maturational defects are
present. The ultrastructure of transgenic bone marrow
megakaryocytes was therefore compared with that of control
megakaryocytes (Fig. 7A). In contrast to the majority of con-
trol megakaryocytes (75 to 95%), which exhibited well-demar-
cated cytoplasmic territories, the majority of transgenic
megakaryocytes (75%) did not show delineation of platelet
fields to the same extent, even though the demarcation mem-
branes were distributed homogeneously throughout the cyto-
plasm. The demarcation membranes in these cells were not
segregated from other organelles or distributed abnormally, as
has been described in other models (11, 45, 46). Although a
small population of the megakaryocytes from transgenic mice
(approximately 25%) did contain areas of clear platelet terri-
tory delineation, indistinguishable from normal, the majority
of megakaryocytes from these mice did not exhibit the “post-
age stamp” appearance of control megakaryocyte cytoplasm.
Granule numbers in control and transgenic megakaryocytes
were comparable. A small portion (10 to 20%) of transgenic
megakaryocytes exhibited secretion of alpha granule proteins
into focally swollen lumena of the demarcation membrane
system.

FIG. 4. Megakaryocytes are larger and more numerous in bone marrow and spleen of transgenic mice. Photomicrographs illustrate typical fields at the edge of the
bone marrow in a transgenic animal (A), at the edge of the bone marrow in a control animal (B), at the edge of the spleen in a transgenic animal (the splenic capsule
is at the upper right margin) (C), and at the edge of the spleen in a control animal (the splenic capsule is at the upper right margin) (D). All sections are shown at
a magnification of 3160. Sections shown are from progeny of founder 7; similar results were seen with founder 8. Arrows point to several megakaryocytes recognized
based on morphology.
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Platelet ultrastructure and size were similar in both control
and transgenic mice (Fig. 7B). Granule numbers were also
comparable between these groups. Amounts and distribution
of alpha granule PF4 and P selectin, as assessed by immuno-
electron microscopy, were comparable between control and
transgenic samples (not shown). Significantly, despite the fact
that control and transgenic bone marrow samples contained
different proportions of megakaryocytes with ultrastructurally
distinct arrangements of demarcation membranes, platelet ul-
trastructure and size were normal in both groups.

DISCUSSION

The road from committed megakaryocytic progenitor to cir-
culating platelets is complex and poorly understood. During
this process, megakaryocytes progress first through a standard
mitotic cell cycle and subsequently through endomitosis. The
question of what regulatory elements differ between these two
processes is an important one. During the mitotic cell cycle,
cyclins contribute to the progression from phase to phase
through interactions with their partner CDKs. The cyclin B-
Cdc2 kinase, for example, controls the transition from G2

FIG. 5. Megakaryocyte ploidy distribution in transgenic mice resembles that
seen in Mpl ligand-treated mice. Bone marrow cells from untreated control (A),
transgenic (B), and PEG-rmMGDF-treated (C) mice were labeled with a plate-
let-specific antibody and subjected to fluorescence-activated cell sorter analysis
following DNA staining with propidium iodide. Peaks representing each ploidy
class are labeled on the x axis. Results are representative of four experiments
performed.

FIG. 6. Platelet number and volumes are unchanged in transgenic mice.
Platelet counts (A) and volumes (B) from the peripheral blood of normal FVB/N
and transgenic mice. Platelet counts shown are averages 6 standard deviations
(error bars) for the following numbers of mice: for the wild type (control), for 14;
founder 7, 14; and for founder 8, 10. MPVs from progeny of founder 7 and from
control mice were determined, and data shown represent averages 6 standard
deviations (error bars) for five mice.

TABLE 1. Megakaryocyte DNA content distribution in transgenic micea

Mouse group
% of cells in ploidy class

2N 4N 8N 16N 32N 64N 128N

Control 13.8 6 1 6.8 6 0.9 12.3 6 1.4 52.7 6 1.4 12.5 6 1.6 1.2 6 0.2 0.4 6 0.1
Line 7 21.4 6 1.2 8.5 6 1.1 3.0 6 0.6 11.5 6 0.3 31.0 6 0.8 22.8 6 2.6 0.6 6 0.2
Line 8 21.6 12.5 6.7 14.8 25.1 17.4 1.9

a Bone marrow cells were harvested from the femurs of transgenic and control mice, labeled with antiplatelet antibody (4A5) and a secondary fluorescein
isothiocyanate-labeled antibody, and stained with propidium iodide for measurement of DNA content. The results for progeny of founder 7 and those for control mice
are given as percentages of megakaryocytic cells in each ploidy class, expressed as average values 6 standard errors of the means for four mice. The statistical difference
between groups was derived by t tests. The frequency of cells at $32N was significantly greater in transgenic mice (P , 0.01). Results for a progeny of founder 8 from
a representative experiment (our of two performed) are also shown.
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phase to mitosis (3). Although this kinase is detectable in
primary megakaryocytes and cell lines (6, 56), it has been
shown to be downregulated in polyploid megakaryocytic cell
lines compared to diploid cells (7, 56). The D-type cyclins, on
the other hand, are active in promoting passage through the G1
phase (28). Of the three D-type cyclins, cyclin D3 has been
found to be present at significant levels in megakaryocytes,
while cyclin D1 is found in relatively lower amounts and cyclin
D2 is not measurable (7, 56). The use of antisense oligonucle-
otides to cyclin D3 in a mouse bone marrow culture system
significantly abrogated the development of polyploid
megakaryocytes (53).

In the present study, we have used in situ hybridization to
show that of the D-type cyclins, cyclin D3 is strongly induced
following Mpl ligand stimulation of megakaryocytes. We
wished to know if any of the known effects of Mpl ligand may
be attributed, directly or indirectly, to the observed upregula-
tion of cyclin D3. Could isolated overexpression of this gene
reproduce some of these effects?

In order to investigate these questions, we have linked the
murine cyclin D3 gene to a 1.1-kb fragment of the PF4 pro-
moter. The PF4 gene itself is known to be expressed in early
megakaryocytic progenitors (51), and our previous studies us-
ing this same fragment of the promoter have shown it to be
sufficient to drive high-level, megakaryocyte-specific expres-
sion of transgenes in mice (38, 47). The results of cyclin D3
overexpression are immediately seen upon microscopic exam-
ination of hematopoietic tissues from these mice, which reveals
a striking increase in both megakaryocyte frequency, more so
in the spleen than in the marrow, and size. Fluorescence-
activated cell sorter analysis of the DNA content of
megakaryocytic cells reveals a marked increase in ploidy, with
32N and 64N cells composing a significantly increased percent-
age of the whole. Why is megakaryocyte number increased
more in spleen than in marrow? Marrow is the primary site of
hematopoiesis in rodents, although a small amount of hema-
topoiesis occurs in the spleens of normal mice. The marrow
cavities of rodents are almost completely filled with hemato-
poietic cells, leaving little room for hematopoietic expansion.
The spleen does not have the same size restraint, and therefore
the spleen can increase hematopoiesis more than marrow
when necessary. The fold increase in number of splenic
megakaryocytes is usually greater than the fold increase in
marrow megakaryocytes when megakaryocytopoiesis is stimu-
lated. For instance, Ulich et al. (49), Kabaya et al. (15), and
Yan et al. (55) reported that MGDF produced a larger in-
crease in marrow megakaryocytes than in splenic megakaryo-

cytes. Taken together, our results suggest that cyclin D3 over-
expression affects both the number of megakaryocytes and the
progress of endomitosis. These observations are reminiscent of
Mpl ligand administration, which results in increased
megakaryocyte number and enhanced endomitotic develop-
ment as well as a severalfold increase in platelets (1, 9, 26, 50).
While the effects of cyclin D3 or Mpl ligand on ploidy are
completely indistinguishable, overexpression of cyclin D3 in
cells committed to the megakaryocytic lineage (via the PF4
promoter) leads to a moderate increase in megakaryocyte
number, compared to the reported effects of Mpl ligand on
bone marrow cells (15, 49).

Also, unlike mice that have been administered Mpl ligand,
cyclin D3 overexpression mice show unaltered levels of circu-
lating platelets. Moreover, injection of PEG-rmMGDF to
these mice results in no significant increase in platelet count,
compared to a three- to fourfold increase in control mice.
What is the explanation? The C3H mouse presents a similar
picture, with increased ploidy (32N as the modal ploidy) but
normal platelet count, platelet size (13), and platelet survival
(27). Normal platelet survival, size, and number suggest that
platelet production is ineffective in this case. Three possibilities
could explain normal platelet count in the presence of in-
creased megakaryocyte ploidy and number in the cyclin D3
overexpressing mouse. First, platelet size could be increased.
We found that this was not the case. Second, platelet survival
could be shortened. Third, platelet production may be ineffec-
tive. This final likely explanation suggests that cyclin D3 over-
expression may in fact inhibit terminal maturation of
megakaryocytes. In the normal case, perhaps cyclin D3 must be
downregulated prior to platelet production. Also plausible is
the idea that cyclin D3 upregulation alone is not sufficient to
promote terminal megakaryocyte development and platelet
production, processes for which additional Mpl ligand-induced
signals must be necessary.

The ultrastructural morphology of the transgenic mega-
karyocytes, while not grossly aberrant, does show subtle but
clear changes in the demarcation membrane system, as de-
scribed above. Such changes suggest comparisons to previous
transgenic mouse models. The overexpression of E2F-1 in
megakaryocytes, driven by the same PF4 promoter that we use
here, resulted in a low platelet count accompanied by abnor-
malities in both the demarcation membranes and alpha gran-
ules of megakaryocytes (10). Rather than the normal uniform
distribution of membranes, E2F-1 megakaryocytes showed
patchy areas of hyperdemarcation. Alpha granules, which were
reduced in total number, were excluded from these regions.

TABLE 2. Megakaryocyte ploidy distributions and platelet counts following in vivo MGDF treatmenta

Mouse group Platelet count
(103/ml)

Mean channel no. % of cells in ploidy class

Meg size
$8N

Meg
granularity

$8N
2N 4N 8N 16N 32N 64N 128N

Control 1 vehicle 1,478 6 158 502 6 16 182 6 5 19.9 6 2.0 12.0 6 1.6 7.3 6 0.3 39.4 6 2.0 17.1 6 0.4 2.5 6 0.5 1.7 6 0.4
Control 1 MGDF 4,083 6 251 526 6 13 209 6 7 24.0 6 3.2 11.6 6 0.5 6.0 6 0.6 17.1 6 2.1 26.6 6 2.1 12.7 6 0.9 2.0 6 0.2
Transgenic 1 vehicle 1,077 6 53 565 6 10 180 6 6 23.5 6 1.2 11.8 6 0.5 3.7 6 0.4 11.0 6 1.6 23.9 6 2.2 22.2 6 1.4 3.8 6 0.7
Transgenic 1 MGDF 1,645 6 199 569 6 11 175 6 7 21.3 6 1.2 12.9 6 0.4 5.2 6 0.3 13.3 6 0.8 16.0 6 1.0 19.5 6 1.1 11.8 6 0.9

a The tail veins of transgenic (progeny of founder 7) and control mice were injected with MGDF (50 mg/kg) in PBS–1% NMS or with vehicle alone. Bone marrows
were harvested and analyzed for megakaryocyte (Meg) content after 3 days, when peak effect on ploidy is seen (1). Megakaryocyte size and granularity were assessed
by forward-angle light scatter and orthogonal light scatter, respectively, and expressed as mean channel numbers of the light scatter distributions as determined with
the flow cytometer. Blood was collected for platelet counts 5 days postinjection, at which time the peak for this effect occurs. The results are averages 6 standard errors
of the means for four mice for transgenic groups and three mice for controls. The statistical differences between groups were derived by t tests. The increase in platelet
count in transgenic mice injected with MGDF is statistically significant (P , 0.05). The difference in size between vehicle-injected transgenic and control mice is
significant (P , 0.01), as is the difference between granularity of MGDF-treated transgenic mice and controls (P , 0.02). We noted that vehicle injection in control
mice significantly increased the apparent percentage of 2N cells but not of cells of other ploidy classes (compared Table 1).
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FIG. 7. Transmission electron micrographs of representative megakaryocytes and platelets from control (A, B, and E) and transgenic (C, D, and F) mice.
Approximately 50 megakaryocytes from each sample were analyzed. The nucleus (Nu) and demarcation membrane system (dms) are labeled (A and C). In contrast
to the well-demarcated cytoplasm shown in panel A, the dms in panel B, while homogeneously distributed in the cytoplasm, appears less well developed. Granule
numbers are comparable in both cells. Panels B and D illustrate these points but at a higher magnification. (C) The arrow indicates a neutrophil which is emeripolesing
through the megakaryocyte cytoplasm; (D) the arrowheads indicate focally swollen dmss that contain secreted proteinaceous material. The size, morphology, and
organelle content of the transgenic (E) and control (F) platelets are comparable. Magnifications: A and B, 35,300; C and D, 316,000; E and F, 39,000.
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Similarly, megakaryocytes from mice lacking a functional tran-
scription factor NF-E2 were seen to lack normal distribution
and organization of demarcation membranes, while granules
were sparse (42). These mice also presented with absolute
thrombocytopenia. In contrast to these examples, cyclin D3
transgenic mice display a significantly milder phenotype. Gran-
ule frequency and distribution were normal. The demarcation
membranes, while incompletely developed in the majority of
cells, were relatively uniform in their distribution. Neverthe-
less, the reduced membrane demarcation in these cells may
explain why PEG-rmMGDF was only partly effective in raising
platelet counts compared to that in normal mice. Recent works
argue that while Mpl ligand may be required for full
megakaryocytic maturation (57), its activity does not extend to
direct induction of the final stages of platelet fragmentation.
An important conclusion derived from our study is that an
increase in megakaryocyte ploidy and number is not sufficient
to increase platelet count. While Mpl ligand may not directly
stimulate the final platelet fragmentation events, it nonetheless
activates a program that is permissive for such fragmentation
to occur.

Several groups have described cell cycle effects of D-type
cyclin overexpression. The overexpression of cyclins D1 and
D2 in fibroblasts in culture, for example, resulted in increased
rates of G0-to-S- and G1-to-S-phase transition, which in turn
led to increased rates of proliferation (36). In cultured myeloid
cells, D-type cyclin overexpression produced a shortening of
G1 phase, with cyclin D2- and D3-overexpressing cells display-
ing an inability to differentiate in response to cytokine (16).
Overexpression of cyclin D1 in lymphocytes of transgenic mice,
on the other hand, had no effect on cell cycle activity but
hindered maturation of these cells (4). Can the phenotype of

our transgenic mouse model be fully explained by the current
concept of cyclin D3 activity? Most treatments of the D-type
cyclins in the literature refer to these proteins essentially as
interchangeable regulatory subunits of CDKs. Studies of
knockout mice with null mutations in cyclin D1 or D2 have
been published, and these mutations have resulted in relatively
minor, focal defects (43, 44). The presumption has been that,
except in tissues in which there is insufficient overlapping ex-
pression of the other family members, substitution of another
D cyclin compensates completely for the deleted protein in all
essential functions. Several other observations bring to light
the possibility of unique roles for individual D cyclins. Of
particular interest is the repeated finding that cyclin D3 is
upregulated in myoblasts upon terminal differentiation to myo-
tubes (19, 37). In the same system, cyclin D1 is predictably
downregulated. The suggestion of a distinct and unique role
for cyclin D3 in differentiated or differentiating cells has been
offered in these reports (18). A recent study substantiates the
idea that the D-type cyclins have functions wholly separate
from their role as activators of CDKs. The finding that cyclin
D1 stimulates estrogen receptor-mediated transcriptional ac-
tivation while cyclins D2 and D3 lack this activity demonstrates
conclusively that the D-type cyclins are not entirely redundant
in function (58). The results of our present study indicate that
cyclin D3 acts, in cells programmed to abrogate mitosis, to
induce polyploidization. Although the redundancy of other
D-type cyclins in this regard will require further investigation,
the dramatic upregulation of only cyclin D3 by Mpl ligand
suggests that this is the physiologically important regulator of
endomitosis. Endoreduplication also occurs in other lineages,
such as vascular smooth muscle cells exposed to hypertension
and drosophila embryos (25, 34). The regulation of these cell

FIG. 7—Continued.
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cycles is still poorly understood. It would be interesting, then,
to explore the role of cyclin D3 or other D-type cyclins in
further promoting endoreduplication in these lineages.
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