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Developmental vascular regression is regulated by a Wnt/β-
catenin, MYC and CDKN1A pathway that controls cell proliferation
and cell death
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ABSTRACT
Normal development requires tight regulation of cell proliferation and
cell death. Here, we have investigated these controlmechanisms in the
hyaloid vessels, a temporary vascular network in the mammalian eye
that requires a Wnt/β-catenin response for scheduled regression. We
investigated whether the hyaloid Wnt response was linked to the
oncogene Myc, and the cyclin-dependent kinase inhibitor CDKN1A
(P21), both established regulators of cell cycle progression and cell
death. Our analysis showed that the Wnt pathway co-receptors LRP5
and LRP6 have overlapping activities that mediate the Wnt/β-catenin
signaling in hyaloid vascular endothelial cells (VECs). We also showed
that both Myc and Cdkn1a are downstream of the Wnt response and
are required for hyaloid regression but for different reasons. Conditional
deletion of Myc in VECs suppressed both proliferation and cell
death. By contrast, conditional deletion of Cdkn1a resulted in VEC
overproliferation that countered the effects of cell death on regression.
When combinedwith analysis ofMYCandCDKN1Aprotein levels, this
analysis suggests that a Wnt/β-catenin and MYC-CDKN1A pathway
regulates scheduled hyaloid vessel regression.
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INTRODUCTION
Much progress has been made in our understanding of the
mechanisms that regulate development of the vascular system.
Angiogenesis – the de novo growth of vessels – has received much

attention, and we know, for example, that integration of the Notch,
VEGF andWnt signaling pathways is crucial (Benedito et al., 2012;
Chappell et al., 2013; Cheng et al., 2008; Corada et al., 2013;
Masckauchán et al., 2005; Phng et al., 2009; Udan et al., 2013;
Yang et al., 2008). Vascular remodeling, which involves vascular
pruning (defined here as the segment-by-segment re-shaping of a
vascular bed) and vascular regression (defined here as the complete
involution of a vascular bed), has also been investigated, and we
know that the two processes involve different types of Wnt pathway
response. In vascular pruning, autocrine non-canonical Wnt
responses play an important role (Franco et al., 2016; Korn et al.,
2014), whereas in vascular regression the Wnt/β-catenin pathway is
required (Lobov et al., 2005; Rao et al., 2007).

One model for the study of vascular regression is the hyaloid
vessel system of the eye: a transient vascular network that serves a
nutritive function for the developing retina in mammals (Ito and
Yoshioka, 1999) and teleosts (Alvarez et al., 2007). In mammals,
the hyaloid vessels and pupillary membrane undergo a scheduled
regression immediately after birth in a process that is driven by
endothelial cell apoptosis (Ito and Yoshioka, 1999; Lang et al.,
1994; Poché et al., 2015). Apoptosis of hyaloid vascular endothelial
cells (VECs) is known to be regulated by the Wnt (Glass et al.,
2005; Gong et al., 2001; Lobov et al., 2005; Poulter et al., 2010;
Toomes et al., 2004, 2005; Xu et al., 2004), angiopoietin (Gale
et al., 2002; Rao et al., 2007) and VEGFA (Stalmans et al., 2002)
signaling pathways. A previously proposed model aims to explain
how the Wnt and angiopoietin pathways are integrated to control
hyaloid regression (Rao et al., 2007) (Fig. 1). This model
incorporates analysis showing that macrophages are required for
hyaloid regression (Lang and Bishop, 1993) because they produce
Wnt7b and elicit a Wnt/β-catenin response in VECs (Lobov et al.,
2005). The model also suggests that the Wnt/β-catenin response is
required for hyaloid regression because it stimulates cell cycle entry
(Rao et al., 2007) and, when combined with pericyte-derived
angiopoietin 2 (Ang2)-dependent suppression of Akt (Datta et al.,
1999; Peters et al., 2004; Rao et al., 2007), can result in VEC
apoptosis. The inputs of the Wnt and angiopoietin-Akt pathways to
β-catenin stabilization are finely balanced: Lrp5 co-receptor
heterozygosity can switch the influence of Ang2 on β-catenin
target genes from positive to negative compared with wild type (Rao
et al., 2007) (Fig. 1). More recent work has suggested that a
melanopsin-dependent light response pathway normally suppresses
levels of VEGFA and that this diminished level of VEGFA is
permissive for hyaloid regression (Rao et al., 2013).

TheMyc gene is a target of the Wnt/β-catenin pathway (He et al.,
1998). It is also widely accepted to influence the regulation of cell
cycle progression and cell death (Askew et al., 1991; Evan et al.,Received 19 May 2017; Accepted 8 May 2018
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1992). One mechanism central to the regulation of cell proliferation
by MYC is its suppression of the Cdkn1a gene, which encodes the
cyclin-dependent kinase inhibitor CDKN1A. MYC-dependent
suppression of Cdkn1a can occur through SP1 and SP3 (Gartel
and Shchors, 2003; Gartel et al., 2001), and through MIZ1, although
the latter mechanism appears to apply only when there are
aberrantly high oncogenic levels of MYC (Walz et al., 2014;
Wolf et al., 2013). The regulation of apoptosis by MYC is believed
to be a mechanism of intrinsic tumor suppression (Lowe et al.,
2004). Evaluation of the biology of MYC has understandably
focused on the tumor systems in which Myc mutations play a very
prominent role and so there are very few studies assessing the role of
MYC in developmental responses. One such study was conducted
by Potente and colleagues, in which MYC was identified as an
essential regulator of endothelial metabolism and proliferation
(Wilhelm et al., 2016).
In the present analysis, we have addressed the role of MYC and

CDKN1A in the Wnt/β-catenin response that is required for
developmentally scheduled hyaloid vessel regression. This has
shown that the Wnt/β-catenin pathway co-receptors LRP5 and
LRP6 both have activity in VECs that promotes hyaloid regression.
We also show that in Myc and Cdkn1a VEC conditional mutants,

the hyaloid vessels persist, but for different reasons. In the absence
of CDKN1A, levels of apoptosis are modestly reduced, but dramatic
VEC over-proliferation is enough to produce hyaloid persistence.
In the absence of MYC in VECs, both cell death and proliferation
are reduced to 10% of that observed in control samples. Finally, we
show that the absence of MYC results in elevated expression
of CDKN1A. This suggests that an established MYC-Cdkn1a
regulation mechanism (Gartel and Radhakrishnan, 2005) is relevant
to a developmental setting where decisions for proliferation and cell
death are coupled. These findings are also consistent with the
previous model for hyaloid regression (Rao et al., 2007) (Fig. 1) in
which Wnt/β-catenin-driven cell cycle entry is a prerequisite for
programmed cell death.

RESULTS
The hyaloid vessel complex expresses a broad selection of
Wnt/β-catenin pathway genes
Lrp5 encodes one of two Wnt/β-catenin pathway co-receptors
(Joiner et al., 2013). Lrp5 mutation either in mouse (Kato et al.,
2002; Lobov et al., 2005) or human (Gong et al., 2001) results in
hyaloid vessel persistence. The phenotype is robust and, unlike
some examples of hyaloid persistence (Rao et al., 2013), lasts into

Fig. 1. Hyaloid regression model and vessel
expression of the Wnt/β-catenin pathway and target
genes. (A,B) Schematic describing the previous
hypothesis for integration of Wnt and angiopoietin
signaling during hyaloid regression. The model suggests
that Ang2 produced by pericytes has the dual functions of
suppressing Akt to permit cell death and of upregulating
Wnt7b expression in macrophages. In turn, activation of
the Wnt/β-catenin (CTNNB1) pathway by macrophage
Wnt7b promotes cell cycle entry, which is a prerequisite
for cell death. This model explains how the hyaloid
vessels are maintained (A) and how they regress (B), and
why the macrophage is an essential mediator of
regression. DVL, disheveled; Fzd, Frizzled. (C,D) Charts
showing hyaloid vessel expression levels in FPKM for all
Gene Ontogeny-classified Wnt/β-catenin pathway genes
(C) and for Wnt/β-catenin pathway target genes (D). In C,
the FPKM scale is contracted between 20 and 25.
Arrowheads indicate the genes assessed functionally in
this study. In D, the green vertical line indicates the point
above which the linear FPKM scale is presented in
different increments. In D, feedback target genes are
highlighted in red. All transcripts with an FPKM of at least
1.0 are shown.
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adulthood. Lrp5 is known to be expressed in hyaloid VECs and
hyaloid-associated macrophages (Kato et al., 2002; Lobov et al.,
2005). To obtain gene expression data for other components of the
Wnt/β-catenin response pathway, we performed an RNAseq
analysis of hyaloid vessel preparations from postnatal day (P) 5
wild-type mice. From the RNAseq data, we displayed the FPKM
(fragments per kilobase of transcript per million mapped reads) for
all Wnt/β-catenin pathway-associated genes (Fig. 1C) according to
Gene Ontology criteria (Ashburner et al., 2000). This analysis
showed that with an FPKM of 7.0, Lrp6 was expressed at a level
higher than Lrp5 (FPKM of 3.1). As the majority of cells within the
hyaloid tissue preparation are VECs, this suggested that LRP6might
function alongside LRP5 to mediate Wnt/β-catenin signaling.
Furthermore, display of Wnt/β-catenin pathway target genes
(Fig. 1D), some of which are feedback targets (Fig. 1D, red),
revealed robust expression levels of many. This is consistent with
expression of the Wnt/β-catenin reporter TOPGAL (Lobov et al.,
2005) and TCF/Lef:H2B-GFP (Fig. 2C) in hyaloid VECs.

Lrp5 and Lrp6 combine to mediate the VEC Wnt/β-catenin
response in hyaloid regression
To address the issue of whether the LRP5 and LRP6 co-receptors
had overlapping activities in hyaloid VECs, we combined the Lrp5fl

and Lrp6fl alleles (Riddle et al., 2013) with the VEC-specific
Pdgfb-icreERT2 (Claxton et al., 2008) [Lrp5/6 conditional
knockout (CKO)]. Pdgfb-icreERT2 expresses a cre activity that is
induced by tamoxifen (Claxton et al., 2008). To assess the
efficiency of Pdgfb-icreERT2-mediated gene deletion in the
hyaloid vessels, we used Ai14, a tdTomato-expressing ROSA26-
based allele as a cre reporter. After tamoxifen injection of Pdgfb-
icreERT2; Ai14 mouse pups at P2, we found that most hyaloid
VECs showed tdTomato fluorescence at P6 (Fig. 2A,B).
Macrophages were negative. The fluorescence intensity of
tdTomato varied somewhat across the hyaloid preparations, and
was reduced in regressing vessels (Fig. 2A, arrowheads) but absent
from some cells (Fig. 2B, brackets).
As additional validation, we determined whether Lrp5/6 CKO

diminished Wnt/β-catenin pathway activity. First we took advantage
of TCF/Lef:H2B-GFP, a reporter for this pathway (Ferrer-Vaquer
et al., 2010). Lrp5fl/fl; Lrp6fl/fl; TCF/Lef:H2B-GFP pups served as
controls and Lrp5fl/fl; Lrp6fl/fl; Pdgfb-icreERT2; TCF/Lef:H2B-GFP
as the experimental genotype. After tamoxifen injection at P2, hyaloid
vessels were harvested at P6. Visualization of nuclear GFP signal in
the control and experimental hyaloids (Fig. 2C,D) showed that
there were fewer positive nuclei when Lrp5 and Lrp6 were deleted
(Pdgfb-icreERT2 incorporates a cytoplasmic GFP and this is evident
in the images from cre-positive hyaloids). However, the number of
positive nuclei was still substantial and probably reflected cell types
not targeted by Pdgfb-icreERT2 (pericytes) or incomplete deletion of
the four Lrp5 and Lrp6 alleles in VECs. As a second validation, we
harvested brain microvascular endothelial cells (BMVECs) from
control and Lrp5/6 CKO mice after cre recombinase was activated
in vivo. BMVECs and hyaloid VECs can be considered similar as they
both belong to vascular systems that supply the central nervous system
(CNS) and are also similar in terms of pericyte investment and
presence of macrophages. We then assessed, in cultured BMVECs by
immunoblot, the level of active β-catenin. The diminished level of
active β-catenin in Lrp5/6 CKO cells (Fig. 2E) indicated the expected
change to Wnt/β-catenin pathway activity.
In control, Lrp5fl/fl; Lrp6fl/fl mice, the P8 hyaloid has an average

of 23 major vessels (Fig. 3A,F). Lrp5 homozygote conditional
deletion hyaloids showed a vessel number significantly elevated

compared with the control (Fig. 3B,F). This indicated, as might be
expected (Lobov et al., 2005), that Lrp5 activity within hyaloid
VECs is required for hyaloid regression. The homozygous

Fig. 2. The Wnt/β-catenin pathway in hyaloid VECs is LRP5 and LRP6
dependent. (A,B) P6 hyaloid vessels from a Pdgfb-icreERT2; Ai14 mouse
after tamoxifen injection at P2. A is labeled with Hoechst 33258 for nuclei (blue)
and for tdTomato of Ai14 (red). Arrowheads indicate regressing capillary
segments. B shows the red channel (tdTomato) of a magnified region of A
(outlined). In B, the white brackets indicate a few cells that do not appear to
express tdTomato. (C,D) P6 hyaloid preparations from mice of the indicated
genotypes visualized for nuclei (with Hoechst 33258, blue) and for GFP from
the Wnt/β-catenin reporter TCF-GFP (upper panels), or for GFP alone (lower
panels). The cytoplasmic GFP signal from Pdgfb-icreERT2 is evident in D
(lower panel). Consistent with compromise of the Wnt/β-catenin response, the
number of TCF-GFP-expressing cells is dramatically lower with Lrp5 and Lrp6
conditional deletion (compare C with D, green channel). (E) BMVECs isolated
from Lrp5, Lrp6 VEC conditional deletion mice also show diminished levels of
active β-catenin (CTNNB1) compared with the loading control, β-tubulin
(TUBB).
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conditional mutant for Lrp6 also showed hyaloid persistence
(Fig. 3C,F). Quantitatively, the contribution of Lrp6 to the regression
pathway is indistinguishable from that of Lrp5 (Fig. 3F, compare the
control gray bar with the third and fifth bars). However, when
combined in a compound homozygote, the phenotypic effect is
greater than the addition of each individual co-receptor (Fig. 3E,F,
dark-blue bar). In homozygote-heterozygote combinations, Lrp6
heterozygosity does not enhance the Lrp5 homozygote phenotype
(Fig. 3F, bar 4). By contrast, Lrp5 heterozygosity on the Lrp6
homozygous background significantly exacerbates the phenotype
(Fig. 3D,F). The degree of hyaloid persistence in the Lrp5; Lrp6
conditional homozygotes was significantly lower than that observed
in the Lrp5 germline mutant (Lobov et al., 2005) (Fig. 3F, blue line).
This may be because of incomplete deletion of the four co-receptor
alleles in VECs but equally leaves open the possibility that
macrophage LRP5 is an important contributor to the phenotype
(Kato et al., 2002; Lobov et al., 2005).

Lrp5 and Lrp6 deletion in VECs suppresses proliferation and
apoptosis
Based on previous analysis (Lobov et al., 2005; Rao et al., 2007), we
might anticipate that Lrp5/6 CKO would result in reduced cell

proliferation and reduced apoptosis. We assessed hyaloid
preparations for EdU incorporation (Salic and Mitchison, 2008)
and for activated caspase 3 (Namura et al., 1998) at P5. Lrp5fl/fl;
Lrp6fl/fl pups served as controls and Lrp5/6 CKO as the
experimental genotype. Visualization of EdU incorporation in
hyaloids showed that labeling in control animals was largely
restricted to vascular cells (Fig. 4A,B), although a few EdU-labeled
extravascular cells were detected (Fig. 4B, green circles). By
contrast, in Lrp5/6 CKO animals, the distribution of EdU labeling
was distinct (Fig. 4C), and was found in both vascular (Fig. 4C,D)
and many extravascular cells (Fig. 4D, green circles). Labeling with
the myeloid marker Iba1 confirmed that, for both genotypes, the
vast majority of extravascular cells were myeloid (Fig. 4E,F).
When we quantified EdU incorporation in vascular cells and
normalized for vessel number (Fig. 4G), we found that the EdU
labeling index was lower when Lrp5 and Lrp6 were deleted from
VECs. Labeling of control and experimental hyaloid vessels for
activated caspase 3 and the quantification of apoptotic vessel
segments (Fig. 4H-J) revealed that Lrp5 and Lrp6 conditional
deletion resulted in lower levels of VEC programmed cell death.
When combined, the data presented in Figs 2-4 indicate that
Wnt/β-catenin signaling mediated by the combined activities of
LRP5 and LRP6 is required both for cell cycle entry and for cell
death in VECs of the hyaloid vessels.

VEC deletion of Myc results in hyaloid vessel persistence
We have previously proposed a model for the regulation of hyaloid
regression in which the Wnt/β-catenin and angiopoietin pathways
are integrated (Rao et al., 2007). One central component of this
model (Fig. 1A,B) is that cell cycle entry is a prerequisite for the cell
death program that is the driving force behind vascular regression
(Rao et al., 2007). In turn, this implied that MYC, a key regulator of
cell cycle entry and a Wnt/β-catenin pathway target gene (He et al.,
1998), might also be required for hyaloid regression.

To test this possibility, we performed a conditional deletion of a
Mycfl allele (Wilson et al., 2004) using Pdgfb-icreERT2 (Claxton
et al., 2008) and tamoxifen injections at P1, P2 and P3, and then
performed hyaloid vessel preparations at P8. Control mice with the
genotype Myc+/+; Pdgfb-icreERT2 (Fig. 5A,D) showed a normal
average number of hyaloid vessels. By contrast, both heterozygote
and homozygote conditional deletion mice showed an elevated
number of hyaloid vessels at P8 (Fig. 5B-D). These data indicate
thatMyc expression in VECs is required for hyaloid regression. The
degree of hyaloid persistence was dependent on Myc gene dose
(Fig. 5D). Gene dose-dependent hyaloid persistence is also a
characteristic of mice in which the signaling ligand required for this
response, WNT7b, is compromised (Wnt7bd1 mutant mice) (Lobov
et al., 2005; Rao et al., 2007).

To establish the cellular cause of hyaloid persistence in Mycfl/fl;
Pdgfb-icreERT2 mutant mice, we performed BrdU and TUNEL
labeling to detect S-phase cells and programmed cell death,
respectively. This showed that MYC-deficient hyaloid VECs
proliferated at very low rates compared with controls (Fig. 5E-G).
Similarly, the number of apoptotic vessel segments was very low
(Fig. 5H-J). These data show that MYC is required both for cell
cycle entry and for cell death in hyaloid VECs.

To determine whether, as would be expected (He et al., 1998),
Myc was regulated in a Wnt-dependent manner in microvascular
endothelial cells (MVECs), we performed immunoblotting on
BMVECs from control and Lrp5/6 CKOmice after cre recombinase
was activated in vivo. This showed that Lrp5/6 CKO resulted in low
levels of the active form of β-catenin and a lower than normal level

Fig. 3. Lrp5 and Lrp6 are both required in VECS for normal hyaloid
regression. (A-E) Hoechst 33258-labeled hyaloid preparations from P8 mice
of the labeled genotypes. (F) Quantification of hyaloid vessel number in an
allelic series of Lrp5fl, Lrp6fl deleted with Pdgfb-icreERT2 as labeled (n=67, 4,
19, 17, 8, 8 and 10 from left to right). The blue horizontal line is the number of
hyaloid vessels observed in an Lrp5 germline mutant mouse (n≥4). Data are
presented as mean±s.e.m. *P<0.05>0.01, **P<0.01>0.001, ***P<0.001 (one-
way ANOVA, Tukey post-hoc test).
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of MYC (Fig. 5K). This shows that expression of MYC in MVECs
is dependent on LRP5/6 activity, and is consistent with data
showing thatMyc is a Wnt/β-catenin pathway target gene (He et al.,
1998). As MYC promotes cell cycle entry, these data are consistent
with a model in which programmed cell death in hyaloid VECs is
dependent on cell cycle entry (Fig. 1) (Rao et al., 2007).

VEC-specific Cdkn1a deletion results in hyaloid persistence
A model for programmed hyaloid regression in which cell cycle
progression is required for cell death would suggest that a
modulation of cell cycle progression might also result in a hyaloid
vessel phenotype. The cyclin-dependent kinase inhibitor CDKN1A
is expressed in VECs and is known to suppress cell cycle entry
(Brühl et al., 2004; Rössig et al., 2002). To investigate the function
of CDKN1A in hyaloid regression, we used an available Cdkn1a
germline-null allele (Deng et al., 1995) and generated a new
conditional allele (Fig. 6A). The conditional allele was designed to

simultaneously delete exon 2 of Cdkn1a and place in the transcript
an artificial exon that expressed the fluorescent protein reporter
dsRed. Although we could demonstrate the expected pattern of
recombination, we could not detect dsRed expression either directly
or by antibody labeling. As the unrecombined Cdkn1afl allele
displayed no phenotype when homozygous, the absence of dsRed
expression might reflect an unanticipated absence of transcription
after recombination. Despite this, the allele has proven valuable for
assessing the function of Cdkn1a in hyaloid regression.

In germlineCdkn1amutant mice, we could show loss of CDKN1A
immunoreactivity in hyaloid vessels (Fig. S1A,B) and hyaloid vessel
persistence (Fig. S1C-F). With an average of 49 capillaries remaining,
the phenotype is equal to that of the most severely affected Lrp5
germline null (Lobov et al., 2005). As it was possible that this reflected
Cdkn1a function in many cell types, we also performed deletion of
the Cdkn1afl allele using Pdgfb-icreERT2 (Claxton et al., 2008)
and determined whether deletion of Cdkn1a in VECs had any

Fig. 4. Loss of Lrp5 and Lrp6 from hyaloid VECs
suppresses proliferation and apoptosis. Flat-
mounted hyaloid vessels from Lrp5flox/flox; Lrp6flox/+;
Pdgfb-icreERT2 or cre-negative littermate controls
labeled for EdU and Hoechst (A-D), isolectin and Iba1
(E,F) or activated caspase 3 and Hoechst (H,I) at P5.
(B,D) Enlarged images of A,C showing EdU-positive
macrophages (circled in green) that were excluded
from quantification. (E,F) Isolectin- (IB4, red) and Iba1-
(green) labeled hyaloid preparations of the indicated
genotypes. In the right half of each panel, the red
channel is removed to show only the Iba1 labeling. In
H,I the boxed region is enlarged on the right to show
an example of an apoptotic segment. Quantification of
EdU-positive nuclei (G) or caspase 3-labeled
apoptotic segments (J) (n≥4). Data are mean±s.e.m.
P values were calculated using Student’s t-test.
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consequence for hyaloid regression. As with the experiments forMyc
deletions, we injectedmicewith tamoxifen on P1, P2 and P3, and then
analyzed hyaloid vessel preparations at P8. This showed that,
compared with Cdkn1a+/+; Pdgfb-icreERT2 control mice, both
heterozygous and homozygous conditional deletion mutants showed
hyaloid persistence (Fig. 6B-E). The degree of persistence depended
on gene dose, with heterozygotes showing a phenotype intermediate
between the control and the homozygote (Fig. 6E). This is very similar
to the hyaloid vessel response observed when Myc is conditionally
deleted from VECs (Fig. 5).

CDKN1A-deficient hyaloid VECs over-proliferate and show
reduced levels of apoptosis
To assess the cellular cause of the hyaloid persistence in the Cdkn1a
conditional deletion mice, we quantified proliferation by BrdU
labeling and rates of cell death with TUNEL. This showed that, in
contrast to control mice, Pdgfb-icreERT2; Cdkn1afl/fl mice showed
a dramatically elevated BrdU labeling index (Fig. 6F-H), indicating
that VECs were overproliferating. These data indicate that as might
be expected, CDKN1A is required to suppress cell cycle entry in
hyaloid VECs. The level of apoptotic segments in Pdgfb-icreERT2;
Cdkn1afl/fl mice is significantly lower than in control (Fig. 6I) but
higher than the very low level observed in the Myc conditional
mutant (compare with Fig. 5J).

It has been shown that MYC can repress Cdkn1a at the
transcriptional level (Amati et al., 1998; Claassen and Hann, 2000;
Gartel and Radhakrishnan, 2005; Gartel et al., 2001).
To determine whether this type of regulation might occur in
hyaloid VECs, we performed immunoblotting for CDKN1A in
hyaloid vessels from conditional Myc and Lrp5/6 CKO mice
(Fig. 6J,K). In both control genotypes, levels of CDKN1A were
low (Fig. 6J,K, left-most track). When Myc or the Lrp5, Lrp6
combination was conditionally deleted, CDKN1A levels became
elevated. Although this interpretation is somewhat complicated
by the smaller number of myeloid cells and pericytes that are
hyaloid associated, these findings are consistent with MYC-
dependent suppression of Cdkn1a expression, with the anticipated
CDKN1A suppression of cell cycle entry, and with the very low
rate of cell cycle entry observed in the VEC conditional Myc
mutants (Fig. 5).

To eliminate the potential confounding effects of pericytes
and myeloid cells, we assessed the interaction between the
Wnt/β-catenin pathway and Cdkn1a in cultured BMVECs.
BMVECs were isolated from P6 control (Lrp5fl/fl; Lrp6fl/fl) and
Lrp5/6 CKO mice (after in vivo tamoxifen injection). Cadherin 5
(CDH5) labeling showed that Wnt co-receptor deletion did not
significantly impair the isolation and culture of BMVECs
(Fig. 7A,B). EdU labeling of control and Lrp5/6 CKO BMVECs
was assessed either with or without lentivirus-delivered shRNA
for Cdkn1a (Cdkn1a knockdown, KD). Quantification of EdU
incorporation revealed the expected reduction in proliferation in the
Lrp5/6 CKO (Fig. 7C-G). Interestingly, when CDKN1A was
knocked down in the Lrp5/6 CKO, this produced a significantly
higher rate of proliferation, a difference that was absent in the
CDKN1A KD of Lrp5/6 control cells. This interaction between
Lrp5/6 CKO and Cdkn1a KD shows that there is a role for
CDKN1A in regulating Wnt pathway-dependent proliferation. It
also shows that the Wnt pathway and CDKN1A have opposing
influences on proliferation, an outcome consistent with the changes
observed in vivo.

CDKN1A has a complex biology that includes a role in
suppressing apoptosis (Abbas and Dutta, 2009; Jänicke et al.,

Fig. 5. Myc is required for cell proliferation and apoptosis in hyaloid
VECs. Flat-mounted P8 hyaloid vessels from VEC conditional Myc
heterozygote and homozygote mice as labeled. There is dramatic hyaloid
persistence in homozygous Mycflox/flox; Pdgfb-icreERT2 mice (C) and mild
persistence in heterozygous Myc (Mycflox/+; Pdgfb-icreERT2) mice (B)
compared with wild-type littermate controls (Myc+/+; Pdgfb-icreERT2) (A).
(D) Quantification of hyaloid vessel numbers in mice of the labeled genotypes.
(E,F) Flat-mounted hyaloid vessels from P5 animals were labeled for BrdU
(n≥6) (E,F) or TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling) (H,I) along with Hoechst. Quantification of BrdU-positive nuclei
(G) and TUNEL-positive apoptotic vascular segments (J). Data are
mean±s.e.m. Statistical significance was tested using Student’s t-test, n≥4.
(K) Immunoblot showing active β-catenin (CTNNB1), MYC and β-tubulin
(TUBB) in Lrp5/6 control and CKO BMVECs stimulated with Wnt3a.
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2007; Piccolo and Crispi, 2012). To determine whether BMVECs
could illustrate this activity, we treated them with lentivirus-
delivered shRNA and VEGFA, a potent survival stimulus for VECs.
We found that CDKN1A knockdown (Fig. 7H, immunoblot row 1)

resulted in elevated levels of activated caspase 3 (Fig. 7H, row 2)
even in the presence of VEGFA stimulation. As might be expected,
VEGFA stimulation activated VEGFR2 through phosphorylation at
Y1175 (Fig. 7H, row 4). CDKN1A knockdown has the effect of
diminishing levels of VEGFR2 (Fig. 7H, row 3) and of its activated
form both in the absence and presence of VEGFA (Fig. 7H, row 4).
Furthermore, CDKN1A knockdown elevates Akt phosphorylation
of T308 and diminishes phosphorylation of S473. These data show
that CDKN1A can suppress apoptosis pathways in cultured
BMVECs. However, this is an activity not reflected in the
response of hyaloid vessels to deletion of Cdkn1a, and suggests
that CDKN1A activity cannot fully explain the influence of the
Wnt/β-catenin pathway and MYC on the VEC apoptosis and
hyaloid vessel regression.

DISCUSSION
The current study investigates the role of the Wnt signaling pathway
in regression of the hyaloid vascular system. Deletion of the
canonical Wnt co-receptors LRP5 and LRP6 in an allelic series in
hyaloid VECs, resulted in gene dose-dependent hyaloid persistence.
Similarly, VEC deletion ofMyc, a target of canonical Wnt signaling
(He et al., 1998; Yochum et al., 2008), also resulted in hyaloid
persistence. Consistent with a previous model suggesting that
hyaloid VEC cell death is coupled to cell cycle progression (Rao
et al., 2007), both types of mutant displayed a reduction in
proliferation and apoptosis. The observation that loss of function of
the cyclin-dependent kinase inhibitor CDKN1A (Claassen and
Hann, 2000; Coller et al., 2000; Gartel et al., 2000; Gartel and
Shchors, 2003) in VECs results in hyaloid persistence adds weight
to the idea that cell cycle regulators are mediators of regression in
this system.

Wnt signaling in vascular growth and regression
The involvement of Wnt signaling in vascular regression has now
been shown in two separate vascular beds: the hyaloid vasculature
(Lobov et al., 2005; Rao et al., 2007) and the CNS vasculature (Ma
et al., 2013). In the latter, ectopic Wnt signaling in cortical
endothelial cells resulted in vascular regression because of an
increase in endothelial expression of matrix metalloproteinases
(MMPs). Thus, vessel stabilization required switching off Wnt
signaling in endothelial cells. Although we cannot rule out the

Fig. 6. Loss of Cdkn1a induces proliferation that results in hyaloid
persistence. (A) Schematic describing the generation of the Cdkn1a flox
mouse line (see Materials and Methods for details). An FRT-flanked neo gene
followed by an inverted DsRed cassette was inserted in the intron upstream of
exon 2. The DsRed gene is preceded by an internal ribosome entry site (IRES)
and flanked with a splice acceptor (SA) and a poly-A signal (pA), all of which
are in the inverted orientation. In addition, wild-type and mutant LoxP (LoxP
5171) sites were inserted in the locations shown. Upon expression of flip
recombinase, neo was excised from the gene to create Cdkn1afl. Upon
expression of cre recombinase, head-to-head LoxP sites mediate inversion of
the intervening DNA using either the wild-type (left) or mutant (right) LoxP
sites, thus converting the DsRed cassette to the sense orientation and deleting
exon 2 to createCdkn1aflΔ. (B-D) Flat-mounted P8 hyaloid vessels labeled with
Hoechst show dramatic hyaloid persistence in Cdkn1a conditional null VECs
(Cdkn1afl/fl; Pdgfb-icreERT2) (D) and milder persistence in Cdkn1a
heterozygous (Cdkn1afl/+; Pdgfb-icreERT2) (C). (E) Quantification of hyaloid
vessel number in mice of the labeled genotypes (n=5). (F,G) Flat-mounted
hyaloid vessels from mice of the indicated genotypes labeled for BrdU at P5.
(H,I) Quantification of BrdU-positive nuclei (H) and TUNEL-positive apoptotic
vessel segments (n=8) (I). Data are mean±s.e.m. Statistical analysis was
carried out using Student’s t-test. (J,K) Immunoblots of hyaloid tissue lysate
prepared from animals with the indicated genotypes that were labeled with
CDKN1A antibody. β-Actin served as a loading control.
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involvement of MMPs in the context of the hyaloid vasculature, it is
clear that the canonical Wnt signaling pathway regulates vascular
regression in different vascular beds via multiple mechanisms. This
is in contrast to the developing retina, where endothelial Wnt

signaling is involved in maintaining vessel stability (Birdsey et al.,
2015; Phng et al., 2009).

Canonical Wnt signaling is also crucial for CNS angiogenesis but
previous analysis suggests that not all CNS regions require the same
set ofWnt ligands, receptors and co-receptors (Daneman et al., 2009;
Kato et al., 2002; Stenman et al., 2008;Wang et al., 2012; Zhou et al.,
2014). In the retina, Norrin, a member of TGFβ family, binds with
Wnt-like high affinity to FZD4 and to its co-receptor LRP5 to initiate
canonical Wnt signaling, with TSPAN12 potentially involved in
multimerization of the receptor (Junge et al., 2009). Recently, a
comprehensive analysis of an allelic series of germline Fzd4 and
conditional endothelial cell deletion of Lrp5 and Lrp6 showed that
FZD4 is required for retinal and brain vascularization, whereas
angiogenesis in these organs differs in terms of their requirement for
co-receptors (Zhou et al., 2014). Embryonic brain vascularization and
blood-brain barrier formation requires at least one allele of Lrp5 or
Lrp6, whereas the retina requires at least one copy of Lrp5 for normal
vascularization (Zhou et al., 2014). The authors did not address the
hyaloid phenotype in these mutants, as the conditional deletions were
introduced several days after birth, well beyond the period when
hyaloid regression begins.

The current study reinforces the importance of endothelial cell-
specific Wnt signaling in hyaloid regression and reveals several novel
observations. First, in addition to LRP5, canonical Wnt signaling
mediated by LRP6 is also necessary for hyaloid regression, as the
phenotype exhibited by the double receptor mutants was more severe
than that of the individual mutants. Until now, only the FZD4 receptor
and the LRP5 co-receptor were thought to be necessary for canonical
Wnt signal-mediated hyaloid regression (Gong et al., 2001; Jiao et al.,
2004; Robitaille et al., 2002; Toomes et al., 2004). Second, when
comparedwith theLrp5 germline null (Kato et al., 2002), the phenotype
exhibited by the endothelial-specific LRP5 mutants in our study is less
severe. This could potentially be because of inefficient cre-mediated
deletion of Lrp5fl and Lrp6fl, but could also be attributed to LRP5/6
activity in multiple cell types, including the hyaloid macrophages and
pericytes, which are also involved in the regression process (Lobov
et al., 2005; Rao et al., 2007). Finally, the elevated number of
macrophages in the Lrp5/6 CKO suggests that there is a Wnt pathway-
dependent VEC activity that normally suppresses macrophage
recruitment and proliferation. It will be interesting to try and
understand the nature of this VEC-to-macrophage communication.

Coupling of cell cycle progression and cell death
The ability of canonical Wnt signaling to induce endothelial cell
proliferation has been shown in several instances (Chen et al., 2003;
Cheng et al., 2008; Goodwin et al., 2007; Masckauchán et al., 2006,
2005). Although Wnt signaling is known to enhance cyclin D1
levels, it also induces the expression of MYC, which has a pivotal
role in stimulating cell growth and proliferation (Dang, 2013; He
et al., 1998; Phng et al., 2009; Yochum et al., 2008). It has also been
shown that MYC couples cell cycle progression to apoptotic cell
death in some settings (Amati et al., 1998; Diez-Roux et al., 1999;
Evan et al., 1992; Muthalagu et al., 2014; Shi et al., 1992).

MYC-binding sites are thought to be in the order of 10,000 or more,
with target genes involved in energy metabolism, cell growth,
proliferation and apoptosis (Dang, 2013; Hoffman and Liebermann,
2008; McMahon, 2014; Zeller et al., 2006). In recent years however,
the mechanism by which MYC activates transcription has been
examined by two studieswhich suggest thatMYC is a global amplifier
of gene expression (Lin et al., 2012; Nie et al., 2012).While this is still
being debated (Kress et al., 2015), the results of our study, in which
CDKN1Awas upregulated on uponMyc deletion, can be explained by

Fig. 7. Wnt/β-catenin pathway interaction with CDKN1A and the apoptotic
response. (A,B) BMVECs isolated from control (Lrp5fl/fl; Lrp6fl/fl) and
conditional knockout (Pdgfb-icreERT2; Lrp5fl/fl; Lrp6fl/fl) mice labeled for nuclei
(blue) and cadherin 5 (CDH5, green). (C-F) BMVECs from the indicated
genotypes and shRNA treatments labeled for nuclei (blue) and EdU
incorporation (red). (G) Quantification of EdU incorporation in BMVECs from
the indicated genotypes and shRNA treatments (n≥3). Statistical significance
was determined using two-way ANOVAwith Bonferroni post-hoc test. Data are
mean±s.e.m. (H) Immunoblots from lysates of BMVECs treated with
combinations of recombinant VEGFA (rVEGFA) and an shRNA to Cdkn1a
(C, control shRNA; Cdk, shRNA to Cdkn1a). In descending order, the
immunoblots show detection of CDKN1A, activated caspase 3, VEGFR2,
phospho-VEGFR2, phospho-T308-Akt, phospho-S473-Akt and total Akt.
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viewing MYC as a transcription factor that differentially regulates its
targets. MYC regulation of angiogenesis in the retina was recently
reported in a study that investigated the relationship between
metabolic activity and vascular growth (Wilhelm et al., 2016). Here,
Myc deletion resulted in hypovascularization of the retina. It was
shown that MYC suppression by FOXO1 monitors cell proliferation
and metabolic activity that in turn regulates retinal angiogenesis. The
role of MYC therefore, will depend on the cellular and environmental
context.
It is known that Wnt signaling can serve as the stimulus for cell

cycle entry in VECs during hyaloid regression (Lobov et al., 2005;
Rao et al., 2007). The Wnt co-receptor and Myc mutant hyaloid
phenotypes are therefore consistent with deficient cell cycle entry
stimuli that consequently reduce the rate of apoptosis. However,
deletion of vascular endothelial-specific CDKN1A most likely
leads to hyaloid persistence because of the dramatic oversupply of
VECs. In addition, CDKN1A is known to regulate apoptosis (Abbas
and Dutta, 2009; Jänicke et al., 2007; Piccolo and Crispi, 2012) but
depending on the setting this can result in either a positive or a
negative effect. The modest reduction in the rate of apoptosis in
the CDKN1A hyaloid VEC mutants may reflect a balance of the
pro- and anti-apoptotic activities of CDKN1A.

Signaling patterns that underlie hyaloid regression
The current data strengthen the prevailing model for the cellular
mechanism of hyaloid regression and add more detail (Fig. 8A,B).
Previously, it was shown that regression begins around P5, when
VEGFA levels in the vitreous are held in check by a light- and
melanopsin-dependent pathway (Rao et al., 2013). Pericytes in the
hyaloid vessels express Ang2, which promotes endothelial cell
death and capillary regression (Lobov et al., 2002; Rao et al., 2007;
Yancopoulos et al., 2000). Ang2 antagonizes Ang1 function and

suppresses Akt signaling, further reducing cell survival (Datta et al.,
1999) (Fig. 8A,B). However, inhibition of Ang1 signaling also
leads to destabilization of β-catenin and loss of the cell cycle entry
stimulus. This is compensated for by release of WNT7b by
macrophages, which activates Wnt signaling in hyaloid endothelial
cells (Lobov et al., 2005). The Wnt-mediated stimulus for cell cycle
entry is central to initiating cell death, as shown previously and by
the current study, where disruption of endothelial Wnt signaling
leads to a reduction in apoptosis (Lobov et al., 2005; Rao et al.,
2007). The updated model includes a role for MYC as an essential
promotor of cell cycle entry and cell death.

The interpretation of CDKN1A activity during hyaloid vessel
regression is more complex. In other settings, CDKN1A functions
downstream of the Akt pathway to inhibit both cell cycle entry and
apoptosis (Brühl et al., 2004; Gartel and Tyner, 2002; Li et al.,
2002; Rossig et al., 2001, 2002). In the context of the hyaloid
vessels, consistent with expectation, CDKN1A normally suppresses
cell cycle entry and, in isolated BMVECs, can suppress apoptotic
pathways (Fig. 8A,B). However, the deletion of Cdkn1a in vivo
results in an elevated level of cell proliferation but not cell death.
This is probably explained by the previous observation that
apoptotic segments arise because of flow stasis after the vessel
lumen narrows as a result of accumulated loss of apoptotic VECs
(Meeson et al., 1996). In the Cdkn1a conditional mutant it is likely
that the oversupply of VECs can compensate and maintain lumen
dimensions. In the future, it will be interesting to address more
closely the many activities of CDKN1A in vascular development.

MATERIALS AND METHODS
Mice
Animals were housed in a pathogen-free vivarium in accordance with
institutional policies. All animal experiments were approved by the

Fig. 8. Schematic describing the proposed role of MYC and CDKN1A in Wnt/β-catenin (CTNNB1) and angiopoietin pathway-dependent hyaloid vessel
regression. This model describes the role of three cell types, macrophages, pericytes and VECs, in hyaloid vessel regression. Prior to the initiation of regression
(A, maintenance phase) macrophages do not express Wnt7b. Through mechanisms not currently understood, Akt activity is sufficient to maintain cell survival during
this phase. Regression phase (B) is initiated by the suppression of VEGFA expression by a light-response pathway (not shown) and by the upregulation of Wnt7b
expression in macrophages. Expression of Wnt7b is dependent on expression of Ang2 in pericytes. Ang2 has the dual role of suppressing the activity of Akt to
promote cell death but at the same time providing an alternative means with which to activate β-catenin and thus promote cell cycle entry.Myc is known to be positively
regulated by β-catenin to promote cell cycle entry and cell death. The loss of both of these cellular responses in the hyaloid vessels of Myc conditional mutant VECs
is consistent with these observations. In the hyaloid vessels, CDKN1A is crucial for regulating cell cycle progression and thus influences the balance between
maintenance and regression. CDKN1A levels are suppressed by MYC but are also likely to be regulated directly via Akt-dependent phosphorylation.
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Institutional Animal Care and Use Committee at Cincinnati Children’s
Hospital Medical Center. Pdgfb-icreERT2 (Claxton et al., 2008), Lrp5flox

and Lrp6flox (Joeng et al., 2011), TCF/Lef:H2B-GFP (Ferrer-Vaquer et al.,
2010) (JAX #013752), Ai14 (Madisen et al., 2010) (JAX #007914), and
c-Mycflox (Trumpp et al., 2001), lines have been described. To induce
endothelial cell gene deletion in Pdgfb-icreERT2 pups, peanut oil-dissolved
tamoxifen (Sigma) was introduced intraperitoneally daily from P1 to P3 at
20 μg/g body weight for Mycflox and CDKN1Aflox, or intragastrically at P2,
P4 and P6 for Lrp5flox and Lrp6flox. Tamoxifen-injected Pdgfb-icreERT2
negative littermates were used as controls. Birthdate was defined as P1.

Generation of the Cdkn1a conditional allele
A conditional loss-of-function allele, Cdkn1aflox, was generated by
conventional gene targeting (Fig. 6A). With the intent of generating a
recombination reporter, this allele incorporated an artificial dsRed exon. This
feature of the allele did not function successfully. An FRT-flanked neo
followed by an inverted dsRed cassette was inserted in the intron upstream of
exon 2. The dsRed gene is preceded by an internal ribosome entry site and
flanked with splice acceptor and poly-A signal, all of which are in the reverse
orientation. In addition, wild-type and variant LoxP (Lee and Saito, 1998)
sites are inserted to allow cre recombinase-dependent conditional knockout of
the gene (LoxP-LoxP recombination) and reorientation of dsRed (LoxP5171-
LoxP5171 recombination). In this allele, flip recombinase action at frt sites
excised the neo cassette. The following primer set was used for genotyping
the Cdkn1a floxed allele: forward primer, TGCCAGCGTCCTTTGGAAA-
GG; reverse primer, TCCATCAGGCCAATCAAAAGTACC.

Dissections, immunostaining and imaging
Hyaloid vessel preparations were generated and labeled as previously
described (Diez-Roux et al., 1999; Lobov et al., 2005; Stefater et al., 2011).
Labeling reagents were as follows: Alexa 488-Isolectin IB4 (Life
Technologies, I21411, 1:500), Iba1 (Wako, 019-19741, 1:100), cleaved
caspase 3 (R&DSystems, AF835, 1:100), CDH5 (BD Pharmingen, #550548,
1:1000), anti-BrdU (Dako, M0744, 1:100), and EdU (ThermoFisher
Scientific, C10640; for mice, EdU was injected intraperitoneally at 25 μg/g
and samples harvested after 24 h; for BMVECs, EdU was used at 10 μM and
chased for 24 h). Secondary antibodies labeled with Alexa fluorochromes
(ThermoFisher Scientific) were used at a 1:500 dilution. TUNEL labeling of
apoptotic cells was performed using the In Situ Cell Death Detection Kit
(Roche Applied Science). Images were captured using a Zeiss ApoTome
AX10 or Zeiss LSM700 confocal microscope, and processed using ImageJ
and Adobe Photoshop.

Brain microvascular endothelial cell isolation and lentivirus use
Isolation and culture of BMVECs has been described elsewhere (Lopez-
Ramirez et al., 2017). Lentivirus shRNA-Cdkn1a (Clone ID:
TRCN0000042583, MilliporeSigma) or non-targeting shRNA control
(SHC002) was prepared by transfecting MISSION shRNA (MilliporeSigma)
and packaging plasmids to HEK293T packaging cells. Filtered supernatant
containing lentivirus was introduced to the primary culture of BMVECs. The
following day medium was replaced and cells were analyzed at day 4. For
induction of Wnt or the VEGF signaling pathway, Wnt3a (R&D Systems,
1324-WNP-010, 100 ng/ml) and hrVEGFA (Goldbio, #1350, 100 ng/ml)
were used, respectively.

Western blotting
Western blots were performed using standard protocols. Hyaloids were
harvested at P5 and lyzed in Laemmli sample buffer [4% SDS, 20%
glycerol, 10% 2-mercaptoethanol, 0.004% bromphenol blue and 0.125 M
Tris HCl, (pH 6.8)] with sonication. Blots were incubated with the
following antibodies: CDKN1A (Abcam, ab7960, 1:100, or Abcam,
ab109199 1:100), active-β-catenin (MilliporeSigma, 05-665, 1:1000),
Myc (Cell Signaling Technology, #5605, 1:1000), active caspase 3
(Abcam, ab3623, 1:1000), VEGFR2 (Cell Signaling Technology, #9698,
1:1000), phosphor-VEGFR2 (Cell Signaling Technology, #2478, 1:1000),
Akt (Cell Signaling Technology, #4691, 1:1000), phospho-Akt T308 (Cell
Signaling Technology, #13038, 1:1000), phospho-Akt S473 (Cell Signaling
Technology, #4060, 1:1000), GFP (Abcam, ab13970, 1:300), and total actin

(Seven Hills Bioreagents, LMAB-C4, 1:500) or β-tubulin (Abcam, ab6046,
1:5000) as loading control. HRP-conjugated secondary antibodies were
used at 1:3000 dilution and detected by enhanced chemiluminescence
(ThermoFisher Scientific, #34577).

Next generation RNAseq and data availability
Total RNA was prepared from lysate of two hyaloid tissues at P5 in Tri
Reagent (ThermoFisher Scientific) and purified using the RNeasy Micro
column (Qiagen). After RNA quality was verified using an Agilent
Bioanalyzer (Agilent Technologies), the Ovation RNA-Seq System v2
(NuGEN) was used for RNA amplification and double-stranded cDNA
construction. DNA concentration was measured by Qubit (ThermoFisher
Scientific), and the DNA length was determined by the DNA 1000 Chip
(Agilent Technologies). DNA library templates were then created using the
Nextera XT DNA Sample Preparation Kit (Illumina) and sequenced for the
paired-end sequencing with 25-30 million reads by Illumina HiSeq2500
(Illumina). The data are available in GEO under accession number
GSE113294.

Statistical analysis
Vessel number was quantified using established methods (Ito and Yoshioka,
1999). Sample sizes were determined using Power and Sample size
calculators (statisticalsolutions.net/; www.anzmtg.org/stats/PowerCalculator/
PowerANOVA), and tissues were collected from animals across different
litters. All data are presented as mean±s.e.m. Student’s t-test and one-way
ANOVA with Tukey’s post-test (GraphPad Prism 6) were used to assess
statistical significance.
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M.-P., Zhang, L.-H., Singaraja, R. R., Guernsey, D. L., Zheng, B. et al. (2002).
Mutant frizzled-4 disrupts retinal angiogenesis in familial exudative
vitreoretinopathy. Nat. Genet. 32, 326-330.

Rossig, L., Jadidi, A. S., Urbich, C., Badorff, C., Zeiher, A. M. and Dimmeler,
S. Z. (2001). Akt-dependent phosphorylation of p21(Cip1) regulates PCNA
binding and proliferation of endothelial cells. Mol. Cell. Biol. 21, 5644-5657.
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