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Tamoxifen-Activated CreERT Impairs Retinal
Angiogenesis Independently of Gene Deletion
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of choice to define the mechanisms of sprouting
angiogenesis.! After birth, blood vessels grow from
the optic nerve head towards the retinal periphery while
branching laterally to establish a planar network that is
exquisitely suited for quantifying vascular extension and
branching." Cre recombinase—mediated ablation of loxP-
flanked (floxed) genes is widely used to uncover angio-
genesis genes in the mouse retina, with temporal control
available through the Cre recombinase estrogen fusion
protein with ligand binding mutation (CreER), whose
activity is tamoxifen-dependent?® The correct interpre-
tation of experiments employing CreER-mediated gene
ablation requires controls to exclude off-target effects,
such as transgene insertion into essential genomic loci
or toxic effects of activating CreER. Despite reports of
impaired cell proliferation and DNA damage in several
cell types after CreER activation,* published work has not
addressed whether CreER toxicity affects the endothelial
cells that line all blood vessels and drive angiogenesis.
We have compared retinal angiogenesis in littermate
perinatal day 7 pups expressing or lacking the endothe-
lial cell-selective Cdh5-CreER™ transgene with the Mouse
Genome Informatics identifier 5705396° Mice were
injected at perinatal day 2 and 4 with peanut oil or pea-
nut oil containing tamoxifen doses representative of those
commonly reported.® Neither CreER™ nor tamoxifen alone
impaired vascular network extension or branch density

The perinatal mouse retina is the current model

(Figure [A] and [B]). In contrast, and despite the absence
of floxed target genes, both vascular parameters were sig-
nificantly reduced in the retinas of tamoxifen-injected pups
expressing CreER™ compared with tamoxifen-injected
pups lacking CreER™ (Figure [A] and [B]; similar defects
were seen with the tamoxifen metabolite 4-hydroxytamoxi-
fen; data not shown). Linear regression analysis revealed
a significant, negative relationship of both vascular param-
eters with tamoxifen dose in Cdhb-CreER™ mice (Figure
[A] and [B]; extension: regression coefficient, —0.00095,
RE0.46, P=1.69x1075 branch density: regression coef-
ficient, —0.0026, R=0.54, P=1.69x1079). Vascular net-
work extension and branch density were also significantly
reduced in the retinas of tamoxifen-injected pups carrying
the tamoxifen-inducible, endothelial cell-selective Pdgfb-
iCreER™ transgene (Mouse Genome Informatics identifier
37938525%; Figure [C] and [D]). The bodyweight of CreER™
mice was not reduced compared to CreER™-deficient lit-
termates, excluding that a general developmental delay
had impeded angiogenesis (data not shown). We conclude
that tamoxifen-activated CreER™ compromises retinal
angiogenesis. In contrast, Tie2-Cre, which is constitutively
expressed in endothelial cells (Mouse Genome Informatics
identifier 2450311)° did not impair retinal angiogenesis
(Figure [C] and [D]), although this does not exclude toxicity
of constitutive Cre activity in other circumstances.

Our findings imply that CreER toxicity has likely
confounded the interpretation of some prior retinal
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CreER Cre recombinase estrogen fusion protein

with ligand binding mutation

angiogenesis studies, including our own, because they
have compared tamoxifen-injected CreER-expressing
pups to treatment-naive or tamoxifen-injected CreER-
negative littermates. As CreER-mediated gene target-
ing remains a key method for angiogenesis research, we
propose that future retinal studies should include tamox-
ifen-injected CreER control mice lacking floxed genes.
Moreover, potential CreER toxicity should be considered
when studying angiogenesis in other organs.

ARTICLE INFORMATION

Affiliations

From the UCL Institute of Ophthalmology, University College London, United
Kingdom (J.TB, RLB, V.SR, LD, C.R); and Department of Anatomy, Keio Uni-
versity School of Medicine, Shinjuku-ku, Tokyo, Japan (Y.K.).

Vascular CreER Toxicity

Sources of Funding

This work was supported by the British Heart Foundation (FS/16/61/32740,
FS/18/66/34186, PG/19/37/3439) and Wellcome (2056099/Z/16/7). This
study used mice on a C57/BI6J background and was approved by the local Ani-
mal Welfare Ethical Review Body and the UK Home Office. The authors declare
that data will be made available upon reasonable request.

Disclosures
None.

REFERENCES

1. Ruhrberg C, Bautch VL. Neurovascular development and links to disease.
Cell Mol Life Sci. 2013;70:1675-1684. doi: 10.1007/s00018-013-
1277-5

2. Feil R, Wagner J, Metzger D, Chambon P. Regulation of Cre recombinase
activity by mutated estrogen receptor ligand-binding domains. Biochem Bio-
phys Res Commun. 1997;237:752-757. doi: 10.1006/bbrc.1997.7124

3. Pitulescu ME, Schmidt |, Benedito R, Adams RH. Inducible gene targeting
in the neonatal vasculature and analysis of retinal angiogenesis in mice. Nat
Protoc. 2010;6:15618-1534. doi: 10.1038/nprot2010.113

4. Loonstra A, Vooijs M, Beverloo HB, Allak BA, van Drunen E, Kanaar R, Berns
A, Jonkers J. Growth inhibition and DNA damage induced by Cre recom-
binase in mammalian cells. Proc Nat/ Acad Sci USA 2001;98:9209-9214.
doi: 10.1073/pnas. 161269798

5. Payne S, De Val S, Neal A. Endothelial-specific Cre mouse models. Arte-
rioscler Thromb Vasc Biol. 2018;38:2550-2561. doi: 10.1161/ATVBAHA.
118.309669

ehicle 150 pg tamoxifen
Wild type

Cdh5-CreER™

Wild type

100 pg tamoxifen

C Wild type Pdgfb-i ICreERTZ Wild type

Cdh5-CreER™

je2-Cre D = 1.509 =150 - ns

? S S 1254 21.25 — —
B c 0 c
< 8 4004 € 81.00d g
§S100 ce
§ % 0.754 £g075 .
3£ 050 g50%0
8 E 025 Eoas

£.0.00 Y i T | -

1.50
ns
1.25 1

M

Cdh5- CreERTZ *
Tamoxifen (ug)0 0 50 50 100100 150150

— 1.50

Vascular extension
[ normalised to control]

1.25- 1

1.004 =

f — N
o
0.75 ° 2
0.50 5
0.25
< 0.00 — — —
+ + +

Branchpoints
normalised to control]

Cdh5-CreER™? - + -
Tamoxifen (ug)0 0 50 50 100 100 150 150

T T
Pdgfb-} ICreERT? Tie2- Cre Pdgfb-iCreER? Tie2-Cre

Figure. Endothelial Cre recombinase estrogen fusion protein with ligand binding mutation (CreER)™ activity impairs retinal

angiogenesis.

Flat mounted perinatal day (P) 7 retinas were stained with the vascular endothelial marker 1B4 (isolectin B4) and fluorescent streptavidin.® Scale
bars: 500 pm. A and B, Cdh5-CreER™—expressing and wildtype littermates were injected at P2 and P4 with 25 pL peanut oil containing 0, 50,
100, or 1560 pg tamoxifen. A, Micrographs and (B) quantification of vascular extension and branch density. Dotted boxes indicate areas shown at
higher magnification. Red and yellow lines indicate vascular extension and retinal radius. The green box indicates a representative area analyzed
for vascular branch density. € and D, Pdgfb-iCreER™—expressing and wildtype littermates were injected at P2 and P4 with 25 pL peanut oil
containing 100 pg tamoxifen. Tie2-Cre litters were not injected. C, Micrographs and (D) quantification of vascular extension and branch density.
Data are presented as mean®SD fold change relative to littermate controls; each data point represents the average of several retinal leaflets.
Cdhb-CreER' experiments: controls n=5 (0 pg), n=5 (50 ug), n=10 (100 pg), n=7 (150 pg); CreER™ n=>5 (0 pg), n=4 (50 ug), n=13 (100 pg),
n=9 (150 pg); Pdgfb-iCreER™ experiments: controls n=5, CreER™ n=7; Tie2-Cre experiments: controls n=>5, Tie2-Cre n=3. Two-way ANOVA with
Holm-Sidak multiple comparison test, nonsignificant (ns), £>0.05; *A<0.05; *A<0.01, **A<0.001.
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