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Abstract

Endothelial cell proliferation is a key process during vascular growth but its kinetics could only be assessed in vitro or
ex vivo so far. To enable the monitoring and quantification of cell cycle kinetics in vivo, we have generated transgenic mice
expressing an eGFP-anillin construct under control of the endothelial-specific Flt-1 promoter. This construct labels the nuclei
of endothelial cells in late G1, S and G2 phase and changes its localization during the different stages of M phase, thereby
enabling the monitoring of EC proliferation and cytokinesis. In Flt-1/eGFP-anillin mice, we found eGFP* signals specifically
in Ki67*/PECAM™ endothelial cells during vascular development. Quantification using this cell cycle reporter in embryos
revealed a decline in endothelial cell proliferation between E9.5 to E12.5. By time-lapse microscopy, we determined the
length of different cell cycle phases in embryonic endothelial cells in vivo and found a M phase duration of about 80 min
with 2/3 covering karyokinesis and 1/3 cytokinesis. Thus, we have generated a versatile transgenic system for the accurate
assessment of endothelial cell cycle dynamics in vitro and in vivo.
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Introduction
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endothelial cell cycle progression in embryos in vivo, an
endothelial cell-specific Fucci transgenic zebrafish line has
been generated recently. This enables to distinguish nuclei
of GO/G1 and S/G2/M phase cells by red and green fluores-
cence markers [11]. However, this system does not allow to
distinguish between S, G2 and M phase and it is also unclear,
whether cell cycle progression in zebrafish is comparable to
the mammalian system. To overcome these limitations, we
have generated a transgenic mouse line with endothelial cell-
specific expression of the reporter gene eGFP fused to the
scaffolding protein anillin, which is a central component of
the contractile ring and the midbody in M phase [12, 13].
For driving the eGFP-anillin construct, we have chosen the
Flt-1 promoter because it is known to be highly active in
early embryonic stages of endothelial development [14-17].
In our Flt-1/eGFP-anillin transgenic mouse line, proliferat-
ing endothelial cells are labeled from late G1 phase until end
of M phase. This enables the quantification of proliferating
endothelial cells during mouse development as well as the
live monitoring of endothelial cell cycle kinetics in vivo.

Methods
Generation of the Flt-1/eGFP-anillin BAC vector

The BAC RP23-300K 18 containing the promoter region of
the Flt-1 gene was obtained from the Children’s Hospital
Oakland Research Institute (CHORI) and was transferred
into SW105 E. coli cells by electroporation with one pulse
at 1.75 kV, 25 pF and 500 Q (Bio-Rad Gene Pulser, Munich,
Germany). To test if the BAC has been integrated into the
genome of SW105 cells T7 forward primer 5' CAGCCA
CGTTGCTCTGTAGG 3’ and SP6 reverse primer 5’ GGG
TCCTGGGAAAGAATAAG 3’ were used in combination
with BAC-specific primers [14]. The eGFP-anillin insert was
amplified using primers generating homologous arms for
the insertion at the initiation codon in the first exon of the
Flt-1 gene within the BAC. Therefore, the following prim-
ers were used: Forward primer 5" CGG CCT CGG AGA
GCG CGG GCA CCG GGC CAA CAG GCC GCG TCT
TGC TCA CCC TAC CGG TCG CCA CCA TGG TG 3' and
reverse primer 5' TGA GAA GCA GAC ACC CGA GCA
GCG CGT AAG GCA AGA CCG CGG TGT CCC AGC
CCG CGT TTA TGA ACA AAC GAC 3'. Recombination of
the BAC with the insert was performed by electroporation of
SW105 cells containing the BAC with the insert by applying
one pulse at the conditions as described above. Clones with
successful recombination were selected by kanamycin and
chloramphenicol, and the homologous recombination was
verified by PCR using primers spanning the homologous
regions. Region 1: forward primer 5' TTCAGCGAGGTC
CTTGAGAG 3’ and reverse primer 5" AAGTCGTGCTGC
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TTCATGTG 3'; region 2: forward primer 5' TTC TTC TGA
GCG GGA CTC TG 3’ and reverse primer 5' GTC TAA
GCG GTG ATG CCA AC 3'. Finally, the Flt-1/eGFP-anillin
BAC was used for transfection of G4 embryonic stem cells.

Flt-1/eGFP-anillin embryonic stem (ES) cells

Forty milligrams of linearized Flt-1/eGFP-anillin BAC
was transfected into 5 X 106 G4 murine ES cells using
one pulse at 250 V and 500 uF. Then, ES cells were plated
on 10 cm cell culture dishes with feeder cells in Knock-
out Dulbecco’s Modified Eagle Serum (KO DMEM) sup-
plemented with 15% fetal calf serum (FCS, PAN Biotech,
Aidenbach, Germany), 2.0 mM L-glutamine, 50 ug/ml peni-
cillin/streptomycin solution, 0.1 mM non-essential amino
acids (all from Invitrogen, Karlsruhe, Germany), 0.1 mM
B-mercaptoethanol (Sigma-Aldrich, Steinheim, Germany).
Leukemia inhibitory factor (LIF, 500 U/ml, Chemicon, Hof-
heim, Germany) prevented differentiation and G418 (165 pg/
ml, Invitrogen, Karlsruhe, Germany) was used for selection.
We obtained 48 G418-resistant clones, and based on qRT-
PCR analysis we selected 16 clones containing 1-2 cop-
ies of the BAC. For differentiation, embryoid bodies (EBs)
were generated by the hanging drop method as described
before [18—20]. For that purpose ES cells were cultivated in
Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco/Life
Technologies, Darmstadt, Germany) without LIF supple-
mented with 20% FCS plus the additives mentioned above.
On day 5 of differentiation, EBs were plated on glass cover-
slips with 0.1% gelatine in phosphate-buffered saline (PBS,
Sigma-Aldrich, Steinheim, Germany) and eGFP expression
was monitored during EB growth for up to 11 days.

Generation of Flt-1/eGFP-anillin transgenic mice

All mouse experiments complied with procedures approved
by the regional and local Animal Care Committees. Several
transgenic ES cell clones were screened for normal chromo-
somal karyotype (40 chromosomes in mouse). Then, the ES
cells were used for aggregation with diploid morula stage
CD1 embryos as described previously [13, 14]. To examine
germline transmission, chimeric mice were bred with CD1
mice and the coat color of the offspring was examined. In
the offspring, transgene integration was tested by PCR of the
tail tips with forward primer 5' TTC TTC TGA GCG GGA
CTC TG 3' and reverse primer 5" GTC TAA GCG GTG
ATG CCA AC 3.

Isolation of Flt-1/eGFP-anillin embryos
and generation of cryosections

Heterozygous Flt-1/eGFP-anillin male mice were mated
with CD1 wildtype female mice and vaginal plug checks
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were performed every day. After plug detection, mating
was stopped and embryos were isolated at E9.5, E12.5 or
E14.5. Pictures of E9.5 embryos were acquired by a ster-
eomicroscope (AxioZoom V16 Carl Zeiss, Oberkochen,
Germany). Embryos were transferred to ice cold paraform-
aldehyde (PFA, 4% in PBS) and incubated overnight. The
next day embryos were dehydrated overnight in sucrose
(20% in PBS). The following day embryos were transferred
to a mixture of 50% embedding medium (Tissue-Tek O.C.T.
Compound, Sakura Finetek Europe B.V., Zoeterwoude,
Niederlande) and 50% dehydration medium (20% sucrose).
Directly after that the embryos were embedded in Tissue-
Tek on isopentan and dry ice. The frozen embryos were
stored at — 80 °C. Cryosections of 7 um (E9.5) or 10 um
(E12.5 and E14.5) were generated using a cyrotome (Kry-
otom CM 30508, Leica, Solms, Germany).

Analysis of Flt-1/eGFP-anillin uteri

To determine the cycle phase of female adult mice, a smear
test was done every day. Proestrus was identified accord-
ing to the observation of a large number of non-cornified
nucleated epithelial cells. The mice were then killed, and
the uteri were isolated and fixated in 4% PFA overnight.
The next day uteri were transferred into 20% sucrose. At d3,
uteri were frozen as described above and 10 um cryosections
were generated.

Immunohistochemistry of cryosections

Immunohistochemistry was performed as described before
[19, 21, 22]. For immunostaining, cryosections were per-
meabilized in 0.2% Triton X 100 and blocked with donkey
serum. Sections were then stained with antibodies against
PECAM (1:800, Becton-Dickinson, Heidelberg, Germany),
Ki67 (1:100, Thermo Fischer Scientific, Hennef, Germany)
or pHH3 (1:100, Chemicon, Millipore, Schwalbach, Ger-
many) overnight. As secondary antibodies Cy3 or Cy5 anti-
rat or anti-rabbit were used (1:400, both Jackson Immuno
Research, Suffolk, Great Britain). Hoechst 33342 (1 mg/
ml, Sigma-Aldrich, Steinheim, Germany) was applied for
nuclear staining. Pictures of the sections were taken with
the inverted fluorescence microscope Axio Imager with
ApoTome module (Zeiss, Jena, Germany).

Quantification of proliferating endothelial cells
in Flt-1/eGFP-anillin embryos

Embryos at stages E9.5, E12.5 and E14.5 were used for
quantification of Flt-1/eGFP-anillin* cells. Therefore, 3
embryos per stage were used and 3 sections per embryo
were stained. For the unequivocal identification of native
eGFPT* cells, serial sections were used and stained with

one single antibody leaving one channel free for detection
of autofluorescence. Only signals exclusively appearing
in the eGFP but not the autofluorescence channel were
considered as eGFP-anillin*. For analysis of colocaliza-
tion of native eGFP and Ki67 (pHH3) or PECAM, sections
were stained with a single antibody in Cy5 channel. In
order to quantify colocalization of Ki67 (or pHH3) and
PECAM, a double staining in Cy3 and Cy5 channels was
performed. The number of eGFP*Ki67*PECAM™ cells
was calculated. 3—14 pictures per section were taken with
the 20X objective of a fluorescence microscope equipped
with an ApoTome module (Zeiss Axiovert 200 M, Carl
Zeiss Microimaging, Oberkochen, Germany). The analysis
was performed using the Axiovision software (Axiovision
Release 4.9, Carl Zeiss, Oberkochen, Germany).

Immunohistochemistry of Flt-1/eGFP-anillin
hindbrains and retinas

Whole-mount stainings of E10.5-11.5 hindbrains and
postnatal day 5 retinas were performed as previously
described [23]. Briefly, embryos and postnatal eyes were
fixed in 4% PFA on ice overnight or for 2 h, respectively.
After dissection, hindbrains or retinas were permeabi-
lized and blocked in PBS, 1% BSA, 0.5% Tween-20, 0.5%
Triton X-100, and 3% FCS for 1 h at room temperature.
Afterward, samples were incubated with primary antibod-
ies overnight at 4 °C in PBS, 0.5% BSA, 0.25% Tween-20,
0.25% Triton X-100, and 1.5% FCS. The following anti-
bodies were used: goat anti-PECAM (1:200, R&D Sys-
tems, Wiesbaden-Nordenstadt, Germany); rabbit anti-Ki67
(1:200, Abcam, Cambridge, UK); chicken anti-GFP (for
retinas only, 1:500, Aves Labs, USA). After four washes
with 0.1% Triton X-100 in PBS (PBST), tissues were incu-
bated with Alexa Fluor 488/555/647-conjugated secondary
antibodies (1:400, Invitrogen, Darmstadt, Germany) for
2 h at room temperature. For nuclear counterstain, sam-
ples were incubated with DAPI (1:1000, Sigma-Aldrich,
Steinheim, Germany) for 15 min following washes with
PBST and PBS. Embryonic hindbrains and retinas were
flat-mounted with ProLong Gold Antifade (Invitrogen,
Darmstadt, Germany).

Image acquisition and processing of hindbrains
and retinas

Stained whole-mount tissues were analyzed at high resolu-
tion with a Leica SP8 confocal microscope. Image process-
ing was performed with Fiji/ImageJ and Volocity (Perki-
nElmer). Adobe Illustrator (Adobe) Software was used to
assemble the figures.
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Generation of FIt-1/tdsred; Flt-1/eGFP-anillin mice

Flt-1/tdsred BAC mice [24] were crossbred with Flt-1/e GFP-
anillin mice. Heterozygous mice were identified with follow-
ing primers Flt-1/tdsred: forward primer 5" GCT GCA GGC
GCG GAG AAG GGC TCT C 3/, reverse primer 5' GCT TCA
CGT ACC TTG GAG C 3', Flt-1/eGFP-anillin: forward primer
5"TTC TTC TGA GCG GGA CTC TG 3' and reverse primer
5" GTC TAA GCG GTG ATG CCA AC 3'. Heterozygous mice
were further crossed with C57BL/6 WT animals. Transgenic
embryos were identified by a fluorescence microscope.

Time-lapse microscopy of Flt-1/tdsred; Fit-1/
eGFP-anillin and Flt-1/eGFP-anillin embryos

Embryos were isolated at stage E9.5 in IMDM supplemented
with 0.1% B-mercaptoethanol, 20% FCS, 1% penicillin/strep-
tomycin and 1% non-essential aminoacids at 37 °C. Imaging of
the embryos was performed on glass bottom slides (u-slide, 2
well glass bottom, ibidi, Planegg, Germany) in IMDM supple-
mented with 50% rat serum (PAN Biotech, Aidenbach, Ger-
many), 1% HEPES and 1% penicillin/streptomycin at 37 °C.
To avoid movement artefacts, the embryos were mechani-
cally fixed by a U-shaped platinum wire stringed with nylon
threads. The glass bottom slides were then positioned into a
warm microscope chamber gassed with 5% CO, and heated
to 37 °C. Imaging was performed on an inverse confocal laser
scanning microscope (Nikon Eclipse Ti, Nikon instruments,
Duesseldorf, Germany) with 20X objective. The excitation
wavelength for eGFP was 488 nm. Z stacks of the neck area
of transgenic Flt-1/eGFP-anillin embryos were taken every
4 min for 24 h at 37 °C and 5% CO,. Each z stack with a range
of 30 um comprises 15 pictures at a distance of 2 um. For
analysis, single cells were monitored and cell cycle phases
were determined according to the localization of eGFP-anillin
within the cell. For statistics, 15 cells from 7 different embryos
were analyzed. Videos are displayed at 200 frames per second
and were analyzed by the NIS-Elements AR 3.2 64 bit soft-
ware (Nikon instruments, Duesseldorf, Germany).

Statistical analysis
Data are expressed as mean + SEM. Statistical significance
was determined by one way ANOVA (Tukey’s post hoc)

test or Student’s ¢ test. P < 0.05 was considered statistically
significant.
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Results

Flt-1/eGFP-anillin labels proliferating endothelial
cells in murine embryonic stem cells

To visualize endothelial cells in different phases of the cell
cycle, we used the full-length mouse anillin protein fused
to the C-terminus of eGFP [13]. This cDNA construct was
inserted into the first exon of a BAC spanning the murine
Flt-1 promoter region (Fig. S1 A) [14], enabling /ive moni-
toring of endothelial cell proliferation. During late G1, S
and G2 phase, the scaffolding protein anillin is located in
the nucleus, in early M phase it translocates to the cyto-
plasm and cell cortex and during cytokinesis it can be
found in the contractile ring and the midbody (Fig. S1 B).
After mitosis in early G1 phase, anillin is ubiquitinated by
the anaphase-promoting complex associated with Cdhl
(APCC4"y and degraded by the proteasome. Thus, when
using the Flt-1/eGFP-anillin construct the subcellular loca-
tion of eGFP-anillin is a live indicator of cell cycle phases of
Flt-1* endothelial cells. To investigate the expression pattern
and specificity of the construct in endothelial cells, we first
generated transgenic mouse embryonic stem cell lines by
electroporation of G4 ES cells with the Flt-1/eGFP-anillin
construct. After differentiation by the hanging drop method
we observed eGFP* (green) Hoechst™ (blue) nuclei that were
localized in PECAM™ (red) vascular networks on day 5 + 4
proving endothelial cell specificity of in vitro expression
(Fig. S1 C-H). After aggregation of ES cells with diploid
morula stage embryos, the offspring was developmentally
normal with no obvious vascular defects.

Flt-1/eGFP-anillin mice show expression
in the uterus at adult stage

In adult mice, eGFP* cells were rare and almost no eGFP
signal was found in organs such as the heart or skeletal mus-
cle. This is in accordance with the current model that most
endothelial cells in adult mice are quiescent and that cell
cycle activity is mostly restricted to the female reproductive
system [25]. Next, we analyzed the expression pattern in
the uterus during the proestrus phase when vascularization
increases. Here we could find relatively weak native eGFP
expression, preferentially in the nucleus of single cells (Fig.
S2 A, B, G, I), but also in contractile rings and midbodies
that were identified during division of PECAM™ (red) cells
in late stages of M phase of the cell cycle (arrows, Fig. S2
C, D-F). Costainings revealed that most eGFP* signals in
the uterus showed an overlap with nuclear Ki67 staining
(white) (Fig. S2 G-I) indicating that eGFP labels nuclei of
endothelial cells during the G1-G2 phase.
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Flt-1/eGFP-anillin labels proliferating endothelial
cells during embryonic development and at early
postnatal stage

To get further insights into the functionality of our cell
cycle reporter, we analyzed endothelial proliferation at
midgestation when high rates of endothelial proliferation
are needed to expand the immature vascular network. At
E9.5, transgenic embryos expressed high levels of eGFP
in a dot-like pattern. Importantly, such signals were not
detected in littermate controls that were negative for Flt-1/
eGFP-anillin transgene (Fig. 1a). These eGFP* dots were
found throughout the embryo, in particular, in intersomitic
vessels (iv) and the limb bud (Ib) (Fig. 1b), in the heart
(h), in the outflow tract of the heart (ot), in the branchial
arch (b) (Fig. 1c) as well as in the head region (Fig. 1d, e).
Cryosections of E9.5 embryos demonstrated that
eGFP* nuclei colocalized with PECAM™ vascular net-
works, which was very obvious in the heart region (square,
Fig. 1f). Here many eGFP*/PECAM™ cells were found in
the outflow tract (ot), the branchial arch (b), the truncus
arteriosus (ta), the atrium (a) as well as the bulbus cordis
(be) (Fig. 1g, h). At this developmental stage, numerous
eGFP* endothelial cells were also detected in intersomitic
vessels (iv) (dotted square, Fig. 1f, i). Vascular networks
with eGFP* cells were also found in the head region
(Fig. 1j, k). Thus, the Flt-1/eGFP-anillin construct dis-
played endothelial-specific expression in embryos in vivo.
To determine whether the transgenic mouse line also
labels proliferating endothelial cells in standard angio-
genesis assays, we analyzed E11.5 hindbrains. In this
preparation, we also observed eGFP™ signals (Fig. 2a, d).
These could be clearly distinguished from the abundant
erythrocytes based on the lack of signal in the red auto-
fluorescence channel (arrows, Fig. 2b, e). As expected,
the eGFP* cells were exclusively found in PECAM™ ves-
sels (blue, Fig. 2¢) and proved to be Ki677 (blue, Fig. 2f).
Similar results were obtained in the postnatal day 5 retina,
which is another frequently used model for angiogenesis
studies. In this vascular bed, numerous eGFP™ nuclei were
found in sprouting vessels at the angiogenic front where
most of the endothelial proliferation occurs (Fig. 2g—i). At
higher magnification, eGFP* signals (green, white arrows,
Fig. 2j) were found to colocalize with Ki67 staining (red,
Fig. 2k, I, m white arrows), further corroborating the
endothelial-specific expression pattern of the transgene. In
accordance with the short duration of the M phase, eGFP™*
midbodies (indicating cytokinesis) were only occasion-
ally observed (blue arrow, Fig. 2j—m). Thus, the Flt-1/
eGFP-anillin model provides information on endothelial
proliferation in the embryo and at postnatal stages.

Flt-1/eGFP-anillin expression is specific
for proliferating endothelial cells in midgestation

Given that no detailed quantitative information on
the amount of proliferating endothelial cells at dis-
tinct embryonic stages exist, we counted the number
of Flt-1/eGFP-anillin* cells at different developmental
stages (E9.5, E12.5, E14.5) in cryosections. At E9.5,
we found that all eGFP* cells were also PECAM? (red)
(N = 3 embryos, n = 32 pictures, n = 708 cells, arrows,
Fig. 3a—c) and 53.7 + 1.9% of PECAM™ endothelial cells
(N = 3 embryos, n = 32 pictures, n = 1310 cells) proved
to be eGFP* (Fig. 3a, b, d). In cryosections stained with
Ki67 antibody, almost all of the eGFP* cells were iden-
tified as Ki67% (97.2 + 2.3%, N = 3 embryos, n = 22
pictures, n = 201 cells, arrows, Fig. 3e—g). When sec-
tions were stained with both PECAM and Ki67 anti-
bodies, 92.2 + 1.2% of PECAM™ cells (N = 3 embryos,
n = 20 pictures, n = 675 cells) were also found to be
Ki67" at this stage (arrows, Fig. 3h—j). We calculated
that 58.3 &+ 2.9% (N = 3 embryos) of the PECAM*Ki67*
proliferating endothelial cells showed eGFP fluorescence
(Fig. 3k). These data indicate that eGFP expression in
the Flt-1/eGFP-anillin mouse line is highly specific.
However, only half of the Ki67* endothelial cells are
labeled by the Flt-1/eGFP-anillin reporter, perhaps due
to a weaker eGFP expression.

At E12.5, the high specificity of eGFP expression per-
sisted, as all eGFP™ cells were PECAM™ (arrows, Fig. S3
A-C). The fraction of eGFP* of all PECAM™ cells had
decreased to 32.7 + 1.7% (N = 3 embryos, n = 12 pictures,
n =728 cells, Fig. S3 A, B, D), while again almost all of
the eGFP* cells were found to be Ki67" (arrows, Fig. S3
E—-G). At this stage, the percentage of PECAM™ cells also
expressing Ki67 declined to 76.5 + 1.7% (N = 3 embryos,
n = 13 pictures, n = 685 cells, arrows, Fig. S3 H-J) reflect-
ing a lower cell cycle activity at later developmental
stages. Additionally, the amount of PECAM*Ki67* cells
that are eGFP* was found to be reduced to 43.0 + 3.2%
(N = 3 embryos, Fig. S3 K).

At E14.5, the number of eGFP* endothelial cells
remained unchanged compared to E12.5 (Fig. S4 A-D)
and almost all eGFP* cells were in the cell cycle and
expressed Ki67 (arrows, Fig. S4 E-G). Compared to
E12.5, there was no difference in the number of Ki67™"
endothelial cells (arrows, Fig. S4 H-J), which also resulted
in an unaltered number of eGFP* endothelial cells in the
cell cycle (PECAM*Ki67%: 44.4 + 1.6%, N = 3 embryos)
(Fig. S4 K). From these data, we conclude that there is
no quantitative difference in the percentage of endothelial
cells in the cell cycle of embryos at E12.5 and at E14.5.
Thus, our data using the endogenous live reporter eGFP-
anillin reveal that there is a substantial drop of endothelial
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PECAM autofl

Hoe

PECAM

Fig.1 EGFP-anillin expression in Flt-1/eGFP-anillin transgenic
embryos at E9.5. a Comparison of eGFP fluorescence (green) in a
transgenic embryo (left) with background fluorescence in a wildtype
embryo (right). b Close-up of transgenic embryonic back region indi-
cated by the green square in (a), intersomitic vessels (iv) and limb
bud (Ib) are labeled. ¢ Close-up of the thoracic area indicated by the
purple square in (a), heart (h), branchial arch (b) and outflow tract of
the heart (ot) are labeled. d Close-up of the embryonic head and neck
indicated by the orange square in (a). e High resolution picture of the
upper head region indicated by the yellow square in (d). f PECAM
staining (red) of a sagittal cryosection of E9.5 transgenic embryo.
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g Close-up of the heart region indicated by the white square in (f).
Branchial arch (b), outflow tract of the heart (ot), truncus arteriosus
(ta), bulbus cordis (bc) and the atrium (a) are labeled. h Close-up of
the heart area indicated by the white square in (g). i Close-up of the
dotted square in the embryonic back region in (f), intersomitic ves-
sels (iv) are labeled. j Middle head region and k back of the head
region of a different section demonstrate several eGFP* cells in
PECAMT™ vascular networks. Green = eGFP-anillin, red = PECAM,
cyan = autofluorescence (f-i), orange = autofluorescence (j, k),
blue = Hoechst (Hoe) (j, k). Scale bars = 500 pm (a), 200 pm (d, f),
100 pm (b, ¢, e, g), 50 um (h-k)
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eGFP autofl

eGFP PECAM

eGFP Ki67 PECAM

Fig.2 EGFP-anillin expression in hindbrain and retinal angiogen-
esis of Flt-1/eGFP-anillin mice. a—f Whole-mount PECAM and Ki67
staining of the hindbrain of an E11.5 embryo. Native eGFP can be
very well distinguished from autofluorescence, when combined with
the red channel (b, e, arrows). Arrows also indicate colocalization of
native eGFP* (green) nuclei and PECAM™ cells (blue, ¢) or Ki67*
nuclei (blue, f). Note that yellow roundish signals are erythrocytes.
Green = eGFP-anillin, red = autofluorescence, blue = PECAM (c¢),

cell proliferation from E9.5 to E12.5, whereas through
E14.5 the rate of endothelial cell proliferation was found
to be unchanged.

Ki67 (f). g-i EGFP and PECAM staining of postnatal retina (p5).
EGFP* (green) nuclei (g, i) in PECAMY (red, h, i) vessels are dis-
played. j—m Higher magnification of capillary region in retina. White
arrows indicate eGFP* (green, j, 1, m) Ki67* (red, k, 1, m) nuclei
in PECAM™ vessels (blue, m). Blue arrow indicates a contractile
ring. Green = eGFP-anillin, red = PECAM (h, i), Ki67 (k, 1, m),
blue = PECAM. Scale bars = 25 pm (a—f), 100 um (g-i), 25 pm (j—
m)

Cell cycle kinetics determined by the Fit-1/
eGFP-anillin reporter

To further characterize cell cycle activity of endothe-
lial cells at midgestation with endogenous proliferation
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PECAM autofl

autofl Ki67

PECAM Ki67

)

Fig. 3 Quantification of eGFP-anillin in E9.5 embryos. The branchial
arch region is shown. a, b Cryosection stained with anti-PECAM
antibody (red, a, b) and Hoechst (blue, b), arrows indicate the colo-
calization of native eGFP expression (green, a) and Hoechst stain-
ing (blue, b) in PECAM™ networks (red, a, b). ¢ Quantification
of PECAM*eGFP" cells. d Quantification of eGFP* and eGFP~
endothelial cells. e, f Cryosection displaying native eGFP expression
(e) stained with anti-Ki67 antibody (white, f), arrows indicate the
colocalization of native eGFP expression (green, e) and Ki67 staining

markers, we also analyzed expression of pHH3, which
only labels cells in late G2 and M phase of the cell cycle.
As expected, we found various pHH3* cells in the embryo
at 9.5 (white). Some of them were localized in PECAM™*
structures (yellow arrows, Fig. 4a) and Hoechst staining
proved their nuclear localization (blue, white arrows,
Fig. 4b). Importantly, there were eGFP* signals colocal-
izing with pHH3 staining (Fig. 4c) in the nucleus of cells
(Fig. 4d) demonstrating that Flt-1/eGFP-anillin is also a
late G2/M phase marker. Similar results were also found at
E12.5 (Fig. 4e-h) and E14.5 (Fig. 4i-1). When pHH3 stain-
ing was compared with Ki67 staining (Fig. 4m, data are
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(F). g Quantification of Ki67" and Ki67~ eGFP™* cells. h, i Cryosec-
tion stained with anti-PECAM antibody (red, h, i), anti-Ki67 anti-
body (white, h) and Hoechst (blue, i), arrows indicate the colocaliza-
tion of Ki67 staining and Hoechst staining in PECAM™ networks. j
Quantification of Ki67* and Ki67~ endothelial cells. k Quantification
of eGFP* and eGFP~ PECAM'Ki67" cells. N indicates the number
of embryos, n indicates the number of cells analyzed. Green = eGFP-
anillin; red = PECAM; white = Ki67; purple = autofluorescence;
blue = Hoe. Scale bar = 50 pm

taken from Figs. 3, S2, S3), we found a similar decrease in
the signals from stage E9.5 to E12.5 using pHH3 staining
(PECAM*pHH3": 17.9 + 1.5%, N = 3 embryos, n = 10
pictures, n = 803 cells (E9.5) versus 10.0 + 0.6%, N =3
embryos, n = 9 pictures, n = 570 cells (E12.5), Fig. 4n),
even though pHH3 only labels a fraction of the Ki67™*
cells due to restriction of its expression to late G2 and M
phase. This reduction of endothelial cells in the M phase
of the cell cycle from E9.5 to E12.5 further underscores
our results with the Flt-1/eGFP-anillin system (Fig. 4o,
data taken from Figs. 3, S2, S3), which also revealed a
decrease in endothelial cell proliferation at this stage.
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Fig.4 Analysis of proliferating endothelial cells at different embry-
onic stages. a-1 Immunostainings of cryosections from Flt-1/eGFP-
anillin transgenic embryos. a—d E9.5, branchial arch region is shown,
e-h E12.5, brain region is shown and i-1 E14.5, abdominal region is
shown. a, b, e, f, i, j Cryosections stained with anti-PECAM antibody
(red, a, b, e, £, i, j), anti-pHH3 antibody (white, a, e, i) and Hoechst
(blue, b, f, j), arrows indicate the colocalization of pHH3 expression
and Hoechst staining in PECAM™ networks. ¢, d, g, h, k, 1 eGFP-anil-

lin* nuclei stained with anti-pHH3 antibody (c, g, k) and Hoechst (d,
h, 1). Dashed lines indicate the colocalization of native eGFP-anillin
expression and pHH3 as well as Hoechst staining. m Quantification
of Ki67* endothelial cells at E9.5, E12.5 and E14.5. n Quantifica-
tion of pHH3" endothelial cells at E9.5, E12.5 and E14.5. 0 Quanti-
fication of eGFP* endothelial cells. Red = PECAM, white = pHH3,
blue = Hoe, green = eGFP-anillin. Scale bars = 50 um (a, b, e, f, i,
J), 25 um (¢, d, g, h), 10 um (k, 1)
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Fig.5 Confocal in vivo imaging of endothelial cells in transgenic
embryos (E9.5). a Native eGFP-anillin expression in nuclei of red ves-
sels in Flt-1/tdsred; Flt-1/eGFP-anillin embryo. b—g Different locations
of native eGFP-anillin in a double transgenic embryo. White arrows
point toward a cell in M phase, yellow arrow labels contractile ring/
midbody between two other cells. b Cytoplasmatic localization of
native eGFP-anillin at the beginning of M phase (white arrow), ¢, d
cortical localization during M phase, e localization in contractile ring
during M phase, f, g localization in midbody during M phase. h-m
Different localizations of native eGFP-anillin in Flt-1/eGFP-anillin
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embryo during the cell cycle. h Nuclear localization in late G1/S/G2
phase, i cytoplasmatic localization at the beginning of M phase, j corti-
cal localization during M phase, k local accumulation of eGFP-anillin
within the cell membrane before cytokinesis during M phase, 1 locali-
zation in contractile ring during M phase, m localization within mid-
body during M phase. White arrows indicate the cell or structure of
interest, white dotted line labels the cell membrane. Time is indicated
by hours:minutes. n Quantification of the duration of endothelial cell
cycle phases in Flt-1/eGFP-anillin embryos at E9.5. Green = eGFP-
anillin, red = Flt-1/tdsred. Scale bars = 100 ym (a), 10 pm (b—m)
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Flt-1/eGFP-anillin enables live monitoring
of endothelial cell cycle phases and quantification
of cell cycle duration in embryos

Next, we performed time-lapse microscopy on cultured E9.5
embryos in order to /ive monitor the translocation of the
eGFP signal during the cell cycle on a confocal microscope.
We also crossed our Flt-1/eGFP-anillin line with a Flt-1/
tdsred line to enable combined /ive imaging of proliferating
endothelial cells in vascular networks. In E9.5 embryos, we
found that all eGFP™ structures were localized in tdsred*
vessels providing further evidence for the specificity of the
eGFP-anillin reporter (Fig. 5a). Moreover, cytokinesis could
be easily detected by the appearance of contractile rings and
midbodies (Fig. 5b—g). To quantify the duration of cell cycle
phases, we analyzed eGFP™ cells in the back region of the
embryo. The progression of single cells through the cell
cycle was monitored from the G1/S/G2 phase (Fig. 5h) to the
different stages of M phase (Fig. 5i—-m) until the contractile
ring (Fig. 51) and the midbody had been formed (Fig. Sm,
see suppl. Movie). Quantitative analysis revealed a dura-
tion of the M phase of 83 + 8 min with karyokinesis taking
about 57 + 7 min and cytokinesis taking about 27 + 2 min
(n =15 cells, N = 7 embryos) (Fig. 5n). From the maximal
duration of the nuclear localization of eGFP (late G1, S and
G2 phase, 15 h 28 min) and the maximal M phase duration
(2 h 24 min) the minimal cell cycle length of embryonic
endothelial cells in E9.5 embryos was determined to be 17 h
52 min (n = 15 cells, N = 7 embryos).

Discussion

Herein, we report a new transgenic reporter system that ena-
bles live monitoring of cycling endothelial cells. This was
possible by using a fusion protein of the reporter gene eGFP
with the scaffolding protein anillin. Anillin is a cell cycle-
associated protein known to change its subcellular position
depending on the cell cycle phase. We had already generated
an eGFP-anillin reporter mouse line, in which the transgene
is driven by the ubiquitously expressed CAG promoter [13].
However, this model proved to be unsuitable for monitoring
of endothelial cells, most likely because of a low transgene
expression in the endothelium. We have therefore used the
Flt-1 (VEGFR1) promoter that we and others found to be
highly active in the endothelium during embryonic angio-
genesis [ 14, 16]. After transfection into murine ES cells, the
Flt-1/eGFP-anillin construct showed endothelium-specific
expression in vitro and after diploid aggregation in mouse
in vivo, which is in accordance with earlier reports [14, 24,
26]. In particular, we could demonstrate that the Flt-1/eGFP-
anillin mouse displayed strong expression during develop-
ment enabling the monitoring of cell cycle activity and

cell division in standard models of angiogenesis including
the embryonic hindbrain and postnatal retina [27-29]. In
healthy adult mammals, angiogenesis is mainly restricted
to the female reproductive system. Accordingly, we found
only few signals in PECAM™ uterus vessels during proes-
trus. This could be also due to the known Flt-1 expression
pattern, which was reported to be mainly associated with
non-proliferating capillaries during secretory phase in the
uterus [30]. Thus, the Flt-1/eGFP-anillin mouse model is
particularly suited for monitoring cell cycle activity during
development.

Quantification of Flt-1/eGFP-anillin® cells during
midgestation revealed that signals are highly specific for
Ki67*PECAM™ endothelial cells from E9.5 to E14.5. Con-
versely, we detected only about 50% of PECAM™ endothelial
cells to be eGFP* at E9.5 and 30% at E12.5 while about 90
or 75% of PECAM* cells were Ki67%, respectively. This
difference may be in part due to different kinetics in the
expression of Flt-1/eGFP-anillin and Ki67. EGFP-anillin
is completely degraded by the proteasome at the end of M
phase and through early G1 phase after ubiquitination by
APCC! while Ki67 is known to be expressed at least at
lower levels also during these phases. Moreover, the num-
ber of PECAM*Ki67* and Flt-1/eGFP-anillin* cells may
differ because of an incomplete overlap of PECAM™ and
Flt-1* endothelial cells. Finally, immunostainings mostly
provide enhanced signals that are stronger than those of
reporter gene systems and this could cause a limited detec-
tion of cells with low eGFP expression. All these facts may
contribute to the different amounts of PECAM*Ki67" and
Flt-1/eGFP-anillin® cells. Therefore, apart from the native
eGFP-anillin signal also complementary stainings should
be used for quantitative ex vivo analysis of proliferating
cells. We also used pHH3 as an additional cell cycle marker
for immunostainings that specifically labels cells in the M
phase. Because the M phase is very short, we found lower
relative numbers of pHH3"PECAM™ cells as compared to
Ki67"PECAM™ (about 1/5th). The change over time, how-
ever, was similar with a reduction of proliferating cells from
E9.5 to E12.5 and stable numbers through E14.5. These data
fit to the course of eGFP*PECAM™ expression during midg-
estation in the Flt-1/eGFP-anillin mouse line indicating that
our model faithfully monitors proliferating endothelial cells
over time.

One important strength of the anillin model is the
translocation of anillin from the nucleus to the cytosol,
the cortex, the contractile ring and midbody in M phase.
This enables visualization and detailed characterization
of M phase including determination of its subphase dura-
tions. Moreover, the system can be applied to /ive monitor
cell division and to distinguish cells undergoing cytoki-
nesis or endoreduplication and acytokinetic mitosis. So
far M phase duration of endothelial cells could be only

@ Springer



360

Angiogenesis (2018) 21:349-361

quantified in adult cells in vitro. Based on morphologi-
cal changes in bovine aortic endothelial cells a M phase
duration of 50 min [31] was suggested. In vivo data could
only be obtained for the very first cell division of the
mouse embryo (120 min) [32] and E11.5 cardiomyocytes
(80 min) or embryonic fibroblasts (72 min), the latter two
numbers have been obtained by the ubiquitously express-
ing CAG/eGFP-anillin system [13]. Taking advantage of
the endothelial-specific eGFP-anillin expression at E9.5,
we found cell division and a very similar M phase duration
of about 83 min indicating that different tissues at least of
mesodermal origin display comparable M phase duration
at midgestation. When crossed with other endothelial-spe-
cific reporter gene mouse lines, such as the Flt-1/tdsred
line, also additional information, e.g., the endothelial cell
cycling velocity or the orientation of cell division within
vascular sprouts, could be analyzed. Thus, the Flt-1/eGFP-
anillin mouse line is a very useful tool for the investigation
of endothelial cell division during angiogenesis.
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