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CXCR4 signaling axis
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Sufficient blood flow to tissues relies on arterial blood vessels, but the mechanisms regulating their development are
poorly understood. Many arteries, including coronary arteries of the heart, form through remodeling of an immature
vascular plexus in a process triggered and shaped by blood flow. However, little is known about how cues from fluid
shear stress are translated into responses that pattern artery development. Here, we show that mice lacking endo-
thelial Dach1 had small coronary arteries, decreased endothelial cell polarization, and reduced expression of the
chemokine Cxcl12. Under shear stress in culture, Dach1 overexpression stimulated endothelial cell polarization and
migration against flow, which was reversed upon CXCL12/CXCR4 inhibition. In vivo, DACH1 was expressed
during early arteriogenesis but was down in mature arteries. Mature artery-type shear stress (high, uniform laminar)
specifically down-regulated DACH1, while the remodeling artery-type flow (low, variable) maintained DACH1
expression. Together, our data support a model in which DACH1 stimulates coronary artery growth by activating
Cxcl12 expression and endothelial cell migration against blood flow into developing arteries. This activity is sup-
pressed once arteries reach a mature morphology and acquire high, laminar flow that down-regulates DACHI1. Thus,

we identified a mechanism by which blood flow quality balances artery growth and maturation.
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Physical forces imparted by blood flow drive artery devel-
opment and remodeling, but little is known about the
cellular and molecular pathways linking them during em-
bryonic development and regeneration (Hahn and
Schwartz 2009; Culver and Dickinson 2010; Dolan et al.
2012; Simons and Eichmann 2015). Arteriogenesis during
embryonic development occurs when a plexus of small,
highly branched vessels remodels into a linear, large-
bore artery. Studies of the avian and mammalian yolk
sac have shown that blood flow is required for plexus re-
modeling (Lucitti et al. 2007). Arterial remodeling in the
heart’s coronary plexus directly follows initiation of blood
flow and does not occur in mutants where the coronary ar-
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tery does not connect to its blood flow source, the aorta
(Chen et al. 2014a; Ivins et al. 2015; Volz et al. 2015).
Live imaging of the yolk sac and regenerating zebrafish
fins revealed that arterial remodeling involves vessel fu-
sion and endothelial migration against blood flow, toward
the growing artery (Sato et al. 2010; Udan et al. 2013; Xu
et al. 2014). Furthermore, studies of cell polarization in
the retina indicate that endothelial cells polarize against
blood flow in regions where there is a gradient from lower
to higher shear stress. This activity results in the regres-
sion of vessels experiencing the lowest flow and allocation
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of their endothelial cells to larger vessels (Franco et al.
2015, 2016). Thus, the ability of endothelial cells to recog-
nize flow direction and strength in a manner that influ-
ences migratory behavior is emerging as an important
mechanism patterning vascular development.

Signaling molecules such as the chemokine CXCL12
and its corresponding G-protein-coupled receptor,
CXCR4, direct endothelial cell migration and motility.
Originally, chemokines such as CXCL12 were found to
be key regulators of leukocyte trafficking, but knockout
analysis revealed that its receptor, CXCR4, was important
for vascular development (Tachibana et al. 1998). Subse-
quently, this signaling axis has been shown to play a
role in multiple vascular beds through stimulating endo-
thelial cell migration during angiogenesis and artery re-
modeling (Ara et al. 2005; Takabatake et al. 2009;
Strasser et al. 2010; Bussmann et al. 2011; Mahadevan et
al. 2014; Xu et al. 2014). This activity also functions
during coronary vessel development. CXCL12 induces
coronary endothelial cell migration onto the heart in
zebrafish (Harrison et al. 2015). In mice, it was shown to
be expressed around the aorta, where it is important for
mediating anastomosis of plexus endothelial cells with
the aortic lumen (Cavallero et al. 2015; Ivins et al. 2015).
These reports also found Cxcl12 and Cxcr4 in large intra-
myocardial blood vessels; however, a potential role of cor-
onary artery-derived CXCL12 was not explored. CXCR4
has been reported to be regulated by flow (Corti et al.
2011). Thus, this signaling axis could be a candidate for
regulating shear stress cell-induced endothelial cell mi-
gration during coronary artery remodeling in mammalian
hearts.

In this study, we found that the transcription factor
DACHI determines artery size and is modulated by spe-
cific shear stress profiles. DACHI is a helix-turn-helix
transcription factor related to the Sno/Ski family of
corepressors and was initially discovered for its role in
cell specification and organ size control in Drosophila
(Mardon et al. 1994). In mammals, it plays a role in deter-
mining pancreas size by supporting progenitor cell prolif-
eration through the suppression of the cyclin-dependent
kinase inhibitor P27KIP1 (Kalousova et al. 2010).
DACHLI also inhibits cell cycle progression in tumor cell
lines, and its suppression has been associated with poor
prognosis in human breast cancer (Popov et al. 2010).
DACHI is also expressed in vascular endothelium (Gay
et al. 2013; Chen et al. 2014b), but a functional role in
this cell type has not been described.

Our data reveal that DACH]1 is required for proper ar-
tery remodeling and that its expression stimulates endo-
thelial cell migration against the direction of flow. We
found that loss or gain of Dachl either decreases or in-
creases Cxcl12, respectively. Furthermore, inhibition of
CXCR4 abrogated Dachl-stimulated endothelial migra-
tion against flow, demonstrating that Cxcl12 is a down-
stream effector. DACHI is decreased in mature arteries
that have acquired high, uniform laminar flow rates, and
this type of shear stress specifically suppresses mRNA
and protein levels. While it is selectively down-regulated
by high laminar shear stress, regions of the vasculature
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experiencing low and/or nonuniform flow continue to ex-
press DACHI, including regions of human arteries that
are susceptible to vascular disease. Thus, activation of
DACHI or its downstream pathways could be explored
as an avenue to stimulate arterial regeneration or modu-
late vascular disease.

Results

Coronary artery development is disrupted
in Dachl mutants

We found that the transcription factor DACHI1 is required
for proper arteriogenesis. Previous studies identified high
DACHI expression in coronary endothelial cells during
heart development (Gay et al. 2013; Chen et al. 2014b).
To investigate whether DACHI has an important func-
tional role, we analyzed the coronary vasculature of mice
with a global Dachl knockout. Embryonic day 17.5
(E17.5) and postnatal day O (PO) hearts were immunos-
tained to label endothelial cells of all blood vessels and
the smooth muscle cells that surround mature coronary
arteries. The coronary vasculature was then visualized
through whole-mount confocal microscopy. This analysis
revealed that mutant coronary arteries were smaller in
caliber, lacked the normal hierarchical reduction in lu-
men size when moving from proximal to distal, and some-
times exhibited abnormal looping (Fig. 1A). In contrast,
capillary vessels did not exhibit any gross structural ab-
normalities, and quantification of vessel parameters
showed no significant differences (Fig. 1B,C). Quantifica-
tion of mutant arteries detected a significant decrease in
lumen diameter of both the left and right main coronary
arteries (Fig. 1D), which was also significant when
grouped by litter (Supplemental Fig. S1A,B). In contrast,
smooth muscle cell coverage was normal (Fig. 1E). Mea-
suring primary, secondary, and tertiary branches showed
that the progressive reduction in diameter in mutant cor-
onary arteries had a decreased slope when compared with
wild type, suggesting a failure to establish the proper hier-
archical structure (Fig. 1F). Finally, counting the number
of arteries with persistent looping structures showed
this to be a common feature of the mutant left coronary
artery but not of those in wild-type animals (Fig. 1G),
suggesting a defect in vessel coalescence during remodel-
ing. RNA sequencing was performed on whole hearts
from E17.5 knockout animals and wild-type littermates
to identify differentially expressed genes. Among the
genes that were decreased were those expressed in arterial
smooth muscle, including Smooth muscle myosin heavy
chain (SM-MHC/Myosin 11), Elastin, and Aggrecan
(Supplemental Table S1). Since smooth muscle coverage
was not significantly decreased (Fig. 1E), this result is like-
ly due to the existence of smaller coronary arteries, which
would contain fewer total smooth muscle cells per heart.
The artery defects did not appear to be secondary to gross
cardiac defects, as sections through the heart showed ap-
parently normal structures (Fig. 1H). These data reveal
that DACHLI is required for coronary arteries to reach
proper size and shape.
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Figure 1. Dachl mutants have small coro-
nary arteries. (A) Whole-mount confocal
images of hearts from E17.5 or PO immuno-
labeled with VE-cadherin (endothelial cells;
red) and SM-MHC (smooth muscle; blue).
Dachl mutant coronary arteries (CA) were
smaller in diameter and exhibited abnormal
looping structures (arrowheads). (B,C)
There were no apparent structural defects
in Dachl mutant capillaries, as quantified
by vessel coverage (B) and junction density
(C). n=9 wild type; n=14 knockout. (D)
Quantification of the diameters of the left
(LCA) and right (RCA) main coronary arter-
ies (primary branches). n=9 wild type; n=
28 heterozygous; n=14 knockout. (E)
Smooth muscle coverage of the coronary ar-
tery was unaffected at E17.5 by Dach1 defi-
ciency. n =8 wild type; n = 10 knockout. (F)
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DACH]1 is dynamically expressed in coronary
endothelial cells during arteriogenesis

We next investigated the expression of DACHI1 during
arteriogenesis. Coronary arteriogenesis begins around
E13.5, once the immature coronary plexus (a web of simi-
larly sized capillaries) attaches to the aorta, initiating
blood flow (Chen et al. 20144a; Volz et al. 2015). Following
this, the vessels directly downstream from the aortic at-
tachment site begin arterial remodeling, where they coa-
lesce and increase in size, transforming themselves over
the next 2 d into a larger tube with fewer side branches
(Fig. 2A; Volz et al. 2015). Immunofluorescence for
DACHI followed by whole-mount confocal microscopy
showed that, within the heart ventricle, DACH1 was ex-
pressed exclusively in endothelial cells that line coronary
vessels (Fig. 2B). It was not uniformly expressed in coro-
nary endothelial cells. At E14.5, DACHI was easily detect-
ed in the endothelial nuclei of vessels undergoing arterial
remodeling (Fig. 2B), but quantification revealed levels to
be lower than the nonremodeling capillary vessels (Fig.
2B’'). This pattern became more prominent a day later, at
E15.5, when DACHI staining was significantly decreased
in the larger arteries that had emerged (Fig. 2C,C’). DACH1
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VE-cadherin DAPI
Dach1 KO

knockout; RCA: n=9 wild type, n=4
knockout. (G) Quantification of persistent
arterial loops (indicated by arrowheads in
A)in E17.5 hearts. (H) Representative imag-
es of tissue sections from Dachl knockout
and wild-type littermate hearts show that
Dachi-deficient hearts did not display any
gross structural defects. Error bars indicate
standard deviation. (ns) Nonsignificant; (*)
P <0.05; (**) P<0.01; (****] P <0.0001. Bars:
A, 200 pm; H, 500 pm.

down-regulation was even more extensive at E16.5, when
more arteries had completed the remodeling phase (Fig.
2D,D’). This pattern of expression (high in smaller vessels
and low in large arteries) persisted in adult hearts (Fig. 2E)
and was also detected in retinal arteries (Supplemental Fig.
S2). These expression patterns indicate that DACH1 likely
functions within coronary endothelial cells, but its activi-
ties are down-regulated as arteries become mature.

Since DACHI levels were decreased in arteries and
these were the only vessels obviously impacted in mutant
hearts, we investigated possible mechanisms of arterial
growth. Endothelial proliferation rates at E14.5 were as-
sessed using 5-ethynyl-2’-deoxyuridine (EdU) incorpora-
tion assays, which identified the number of cells in S
phase at a given time point. EdU incorporation was high-
est in the subepicardial plexus, located on the surface of
the heart, and decreased in the plexus endothelial cells
deeper within ventricular heart muscle (intramyocardial
layer). EAU incorporation decreased even further in re-
gions of the intramyocardial plexus that had initiated
arterial remodeling, and vessels that had achieved the
mature artery shape were devoid of proliferating cells
(Fig. 2F,G). Low proliferation rates in arterial vessels dur-
ing developmental time points when the vessels are still
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unchanged. (B',C’,D’) Quantification of fluorescent intensity. n = 6 hearts per time point. (E) Tissue section from an adult heart showing
the absence of DACHI in endothelial cells of large coronary arteries but maintenance of expression in capillaries (arrowheads). (F) Rep-
resentative images of proliferating endothelial cells (arrowheads) in different regions of the coronary vasculature. Colocalization analysis
was used to exclude 5-ethynyl-2'-deoxyuridine-positive (EdU*) staining in nonendothelial cells (see the Materials and Methods). (G) Quan-
tification of endothelial proliferation rates shown in F. n =4 wild-type hearts. Statistical comparisons are between the subepicardial and
the indicated regions. (H) Endothelial polarity in developing vessels was determined by the orientation of the nuclei (ERG) and Golgi
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expanding have been observed in other systems (Ehling
et al. 2013; Udan et al. 2013). These observations suggest
that the expansion of developing arteries is thus unlikely
due to the proliferation of endothelial cells already in the
maturing vessel.

Analyses in the yolk sac and retina have shown that ar-
terial remodeling is coincident with endothelial polariza-
tion and migration against blood flow (Udan et al. 2013;
Franco et al. 2015, 2016), suggesting that, instead of in

situ proliferation, arterial expansion proceeds through
the recruitment of cells from the surrounding capillaries.
We next aimed to gain evidence that coronary artery
growth uses a similar mechanism. Coronary arteries can-
not be visualized using time-lapse microscopy. Therefore,
endothelial cell polarity was used as an indicator of the di-
rection of cell migration. E14.5 hearts were immunola-
beled for JAGI to outline remodeling arteries, ERG to
label endothelial nuclei, and GOLPH4 to mark polarity.
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Golgi location relative to the nucleus was then used to dis-
tinguish polarity (Fig. 2H; Franco et al. 2015, 2016; Wang
etal. 2016). We found that the majority of endothelial cells
within the remodeling artery was polarized against the di-
rection of blood flow (Fig. 2H,I). These cells could be either
migrating against flow or nonmigratory with directional
polarization. However, the pattern of proliferation and
polarity data together support a model in which arteries
expand through migration and/or incorporation of sur-
rounding plexus endothelial cells. This suggests that the
small artery phenotype in Dachl mutants could arise
from a migration defect in plexus and remodeling endothe-
lial cells, where it is highly expressed in wild-type hearts.

DACH]1 functions in endothelial cells to affect cell
polarity during artery remodeling

Experiments were next performed to confirm whether
DACHI functions in endothelial cells to affect artery
size. A Dachl conditional knockout line (Dach1/0x/fox)
was obtained (see the Materials and Methods) and crossed
with the endothelial-specific Tie2Cre deletion line, creat-
ing Tie2Cre; Dach1°*/°* mice. This endothelial condi-
tional knockout is referred to here as Dachl eCKO.
Immunostaining showed that this line effectively and spe-
cifically abolished DACH1 expression in the coronary en-
dothelial cells in the Dachl eCKO animals compared
with their Cre-negative control littermates (Fig. 3A). Fur-
thermore, the specific loss of endothelial DACH1 recapit-
ulated the small coronary artery phenotype from the
Dach1 global knockout (cf. Figs. 3B, and 1A). Quantifica-
tion of the arterial diameter showed that the Dach1 eCKO
animals had significantly smaller caliber when statistical
comparisons were made by either grouping all animals or
grouping within litters (Fig. 3C; Supplemental Fig. S3A,B).
As in global Dachl knockouts, smooth muscle coverage
was not affected at this stage (Fig. 3D). In contrast to the
Dach1 knockout animals, Dachl eCKOs survived into
adulthood at the expected ratios (n = 80) but with compro-
mised heart function (Supplemental Fig. S3C). Thus,
DACH]I is required in endothelial cells to obtain proper ar-
tery size and support adult heart function.

Because the primary defect in Dach1-deficient animals
was small coronary arteries, we analyzed mutant hearts
throughout embryonic development to identify when
the defect arises. Formation of the early coronary plexus
was not affected in mutant hearts (data not shown), and
the capillary vessels were not affected throughout devel-
opment (Supplemental Fig. S3D,E). In contrast, there
were differences detected in vessels undergoing artery re-
modeling. Whole-mount immunostaining for all endothe-
lial cells (VE-cadherin) and those undergoing remodeling
(JAGI) (Volz et al. 2015) made it possible to categorize ear-
ly remodeling zones, late remodeling zones, and mature
arteries (Fig. 3E). Classifying immunolabeled hearts from
stages E13.5 to E15.5 showed that maturation of the re-
modeling zone was delayed in Dachl knockout hearts
(Fig. 3F). Arteries in Dachl eCKO animals were also de-
layed at E14.5 (Fig. 3F, rightmost columns). In contrast
to the normal smooth muscle coverage at E17.5, there
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was a decrease at E15.5, likely due to the remodeling delay
(Supplemental Fig. S3F). By E17.5, all arteries were ma-
ture, showing that remodeling was complete in mutant
hearts (Fig. 3F, E17.5 time point) but that their final sizes
were significantly smaller (see Fig. 1D). The delay in re-
modeling did not result from a delayed onset of blood
flow, since connections to the aorta (Supplemental Fig.
S3G) and expression of the flow-responsive ligand JAG1
(Volz et al. 2015) were similar in controls and knockouts
(Fig. 3E, cf. knockout vs. wild type). These data show
that DACHI1 functions in endothelial cells to allow robust
progression of arterial remodeling.

Given the expression pattern of DACHI and the mech-
anism of artery growth (see Fig. 2), we hypothesized that
the remodeling delay could be due to a decreased ability
of Dachi-deficient endothelial cells to migrate or incorpo-
rate into the developing artery, thus stunting its growth.
Cell polarity was therefore analyzed at the coronary artery
remodeling zone as an indicator of the cells’ potential mi-
gratory direction (Fig. 3G). Compiling cell polarity mea-
surements from the entire JAG1" artery in each heart
showed that Dachl eCKO animals had a significantly
lower percentage of cells polarized against blood flow
(Fig. 3H). There was also a corresponding increase in the
fraction of cells in the static/unpolarized state (Fig. 3H).
Similar results were obtained in global Dachl knockout
animals (data not shown). Defects in polarization could re-
sult in inefficient directed migration. To directly test a
role for DACH1 during cell migration, lentiviral delivery
of Dachl-specific ShRNAs was used to decrease mRNA
and protein expression in primary human coronary artery
endothelial cells (HCAECs) (Supplemental Fig. S3H,I).
This manipulation caused a decrease in directed migra-
tion in transwell migration assays (Fig. 3I). These data sup-
port a potential role for DACHI1 in stimulating cell
polarity and migration against blood flow into the remod-
eling artery, effectively stimulating artery growth.

Ectopic expression of Dachl stimulates shear
stress-guided cell behaviors

To further explore the role of DACHI in endothelial cells,
we next overexpressed Dachl and analyzed its effects on
various aspects of endothelial cell behavior. A lentiviral
vector was used to produce endothelial cells that express
either GFP or Dach1-GFP under the control of a constitu-
tive promoter (B-actin) (Supplemental Fig. S4A). Because
DACHLI is a transcription factor, we first explored the
genes that are regulated by it. mRNA was isolated from
endothelial cells (HCAECs) transduced with either
Lenti-Dach1-GFP or Lenti-GFP and subjected to RNA se-
quencing. Dachl overexpression induced 438 genes and
decreased 343 genes when a false discovery rate (FDR)-ad-
justed P-value of 0.001 was used as a cutoff (Supplemental
Table S2). A subset of these genes was validated using
quantitative PCR (qPCR) (Supplemental Fig. S4B). Analy-
sis of the top 20 biological process gene ontology (GO)
terms revealed that DACHI regulates genes involved in
cell migration/motility, cell-cell signaling, and vascular
development (Fig. 4A). Three of the top seven GO terms
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implicated DACH1’s role in cell movement, further
suggesting a role in cell migration at the arterial remodel-
ing zone.

Since the endothelial cells at the remodeling zone are
heavily influenced by the mechanical forces of blood
flow, we next aimed to assess the response of Dachl-
overexpressing cells to experimental fluid shear stress.
HCAECs were exposed to uniform laminar shear stress
using a parallel plate flow chamber attached to a fluidic
unit/pump system that continuously flows medium par-
allel to the culture surface at 35 dynes/cm?. Tracking
the migration of individual cells over the 24- to 72-h
time period showed that Dachl-overexpressing cells mi-
grated against flow to a much greater extent compared
with controls (Fig. 4B; Supplemental Videos 1, 2). Averag-
ing total migration along the axis relative to flow direction
(Y-axis) showed a significant increase in migration against

DACHLI in shear stress responses and arteriogenesis

Figure 3. Endothelial-specific deletion of
Dachl disrupts arterial remodeling and
endothelial cell polarization. (A) DACH1
was completely eliminated in the endo-
thelial cells of Dachl eCKO mice. (B)
Dachl eCKO coronary arteries recapitu-
lated the smaller arterial diameter pheno-
type present in those of global Dachl
knockouts. (C) Quantification of the di-
ameters of the left (LCA) and right
(RCA) main coronary arteries at E17.5. n
=32 control; n=18 Dachl eCKO. (D)
Smooth muscle coverage of the coronary
artery was unaffected by endothelial
Dach1 deficiency at E17.5. n=11 control;
n=7 Dachl eCKO. (E) Classification of
JAG1" arterial remodeling zones (early,
late, and mature) in whole-mount confocal
images at E15.5 during coronary arterio-
genesis. Genotypes of hearts are indicated.
(F) Classifying remodeling zones in wild-
type and Dachl mutant hearts revealed a
delay in remodeling that was resolved by
E17.5 but resulted in smaller arteries. A
remodeling delay was also present in the
Dachl eCKOs at E14.5. The number of
hearts classified is shown. (G) Representa-
tive images of endothelial polarity quanti-
fication in mutant coronary arteries.
Arrows indicate against flow (green), un-
polarized/static (yellow), or with flow
(red). (H) Quantification of polarity as in-
dicated in G showed a reduction in polar-
ity against flow in Dachl eCKO arteries.
n=7 control arteries; n=9 Dachl eCKO
arteries. Statistical comparisons are be-
tween the same categories in control and
Dach1 eCKO. (I) Migration in human cor-
onary artery endothelial cells (HCAECs)
was decreased when Dachl was depleted
using lentiviral-delivered Dach1-specific
shRNAs. (Ao) Aorta; (CA) coronary artery;
(EC) endothelial cell; (RZ) remodeling
P<0.05; (**) P<0.01; (***) P<0.001; (****) P<0.0001. Bars: A,

Dach1 eCKO

SMC coverage was normal
in Dach eCKO CAs (217.5)

Endothelial cells depleted
for Dach1 exhibited
impaired migration

Migration {% control)

Ctrl  Dach1
shRNA shRNA

flow in the presence of Dachl overexpression (Fig. 4C).
The effect of Dach1 was specific for directional migration,
since total migration and velocity were not different
among the two cell populations (Fig. 4C; Supplemental
Fig. S4C). Cells behaved similarly at other shear stress
magnitudes, including 20 dynes/cm? (data not shown).
These data indicate that Dachl stimulates directional
cell migration in response to shear stress-induced signals.

DACHI also influenced other shear stress-induced
cell behaviors in addition to stimulating migration against
flow. Analysis of time-lapse images indicated that Dachl
overexpression potentiated endothelial cell alignment
(Fig. 4D). Measuring the angle between the long axis of
the cell and the direction of flow at different time points
revealed that Lenti-Dachl HCAECs were more aligned
than control cells and began aligning earlier following
the onset of flow (Fig. 4E). In addition, the Dachl-
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expressing cells were also more elongated and began
lengthening along the axis of flow at an earlier time in cul-
ture (Fig. 4F). Cell polarity was also assessed at the 72-h
endpoint by measuring the Golgi position relative to the
nuclei and sorting the cells into an “against flow,” “stat-
ic,” or “with flow” category based on their angle relative
to flow direction (Fig. 4G,H). This analysis revealed that
there was a higher percentage of cells polarized against
flow under Dachl overexpression conditions (Fig. 4I).
There was also an increased percentage of highly polarized
cells; i.e., within 15° of the flow line (Fig. 4]). Taken to-
gether, the cell culture experiments showed that Dachl
expression stimulated migration, polarization, and align-
ment against blood flow, which are behaviors that would
support artery growth in vivo (Sato et al. 2010; Udan et al.
2013).

The CXCL12/CXCR4 signaling axis acts
as a downstream effector of DACH]1

Next, we sought to find the downstream molecules prop-
agating DACH1’s promigratory and polarizing effects on
cells in order to elucidate the mechanism stimulating
arteriogenesis during remodeling. One of the most sig-
nificantly changed genes in global Dach1 knockout hearts
according to our RNA sequencing data was Cxcl12 (Fig.
5A; Supplemental Table S1). Conversely, Cxcl12 was up-
regulated in HCAECs overexpressing Dachl as assessed
by RNA sequencing and qPCR (Fig. 5B; Supplemental
Table S2; Supplemental Fig. S4B). To determine whether
Cxcl12 is down-regulated in endothelial cells of Dachl
knockout hearts, Dachl knockout mice were bred to a
Cxcl12-DsRed reporter line. This readout showed that
while wild-type hearts have high levels of Cxcli2 in
both the coronary artery and adjacent remodeling zones,
Dach1 knockout littermates have significantly less ex-
pression at the same regions (Fig. 5C,D). Furthermore, at
late gestation and postnatal time points, Cxcl12-Dsred
was down-regulated specifically in large arteries where
DACH]1 was reduced (data not shown). In situ hybridiza-
tion for Cxcl12 in Dach1 eCKO animals also showed de-
creased endothelial expression (Fig. 5E). These data
show that Dach1 is upstream of endothelial Cxcl12 ex-
pression in vitro and in vivo.

Experiments were next performed to investigate wheth-
er the CXCLI12-CXCR4 signaling axis regulates the
Dach1-driven cell behaviors described in Figure 4. With
this goal, we performed the same parallel plate ex-
periment with Lenti-GFP and Lenti-Dachl-overexpress-
ing endothelial cells (Fig. 4B) with the addition of
AMD3100, a specific CXCR4 blocker (Schols et al.
1997). CXCR4 inhibition attenuated migration against
flow in Lenti-Dachl cells (Fig. 5F). This was specific
to Dach1 overexpression, since AMD3100 did not signifi-
cantly change migration in Lenti-GFP cells (Fig. 5F). An
assessment of cell polarity at the end of the culture period
showed that inhibiting CXCR4 decreased the number of
cells polarized against flow in Lenti-Dachl-expressing
cells. However, this was not specific to Dachl-overex-
pressing cells, as a similar decrease was seen in controls
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(Fig. 5G). This suggests that activation of CXCR4 by
CXCL12 stimulates endothelial cell polarization in re-
sponse to shear stress but that this activity is independent
of DACHI1. Thus, CXCLI12 appears to be one of the key
components downstream from DACHI that stimulates
cell migration against the direction of flow.

DACH]1 is down-regulated by arterial-type shear
stress in vitro

Another notable aspect of DACHI that we sought to un-
derstand is the mechanism behind DACH1’s change in ex-
pression from high at the capillary plexus to low in the
mature coronary artery (Fig. 2B-D). One possible mecha-
nism for the differential expression patterns is the varia-
tion in blood flow profiles found in these different
regions (Hahn and Schwartz 2009). For example, while
large arteries generally provide a smooth path, allowing
for high, uniform laminar shear stress, remodeling vessels
are highly branched, resulting in lower, nonuniform shear
stress. We used the fluidic unit and parallel plate chamber
system described in Figure 4 to mimic the flow found
in large arteries (Fig. 6A). Cells cultured under flows
that induced shear stress between 5 and 35 dynes/cm?
stimulated a robust, dose-responsive down-regulation of
DACHI1 when compared with static controls (Fig. 6B).
DACHLI levels declined by 60% + 9% at the highest flow
rates tested (Fig. 6C), which was similar to the 68% =
4% decrease seen when comparing capillaries with
mature arteries in vivo (Fig. 2D’). Similar results were ob-
tained under either continuous or pulsatile uniform lam-
inar flow (data not shown). Importantly, changes in
DACH]I levels were not due to differences in cell density,
a parameter that can affect genes sensitive to mechano-
transductive forces (Supplemental Fig. S5A). Orbital rota-
tion was carried out as a second method of imparting high
laminar shear stress on endothelial cells (Dardik et al.
2005; Paz et al. 2012) in order to obtain sufficient quanti-
ties of material to perform mRNA and protein quantifica-
tion experiments. Exposing endothelial cells to this type
of shear stress for 24 h caused DACHI protein to decrease
by 68% +18% (Supplemental Fig. S5B,C) and Dachl
mRNA to decrease by 53% +14% (Supplemental Fig.
S5D). These results show that high, uniform laminar
shear stress elicits a strong decrease in Dach1 expression,
providing a possible mechanism underlying its lower lev-
els in mature arteries.

Since DACH] is still high in remodeling arteries and
capillaries, which are also perfused with blood, we hy-
pothesized that the type of shear stress present in these
vessels is not capable of robustly inhibiting Dach1 expres-
sion. To gain evidence for this hypothesis, endothelial
cells were exposed to gradient (nonuniform) shear stress
(Fig. 6D), which more closely models the forces experi-
enced by early remodeling arteries with their tortuous
vessels and branch points (Fig. 2A). Cells were cultured
using an impinging flow device that jets medium perpen-
dicular to the culture surface, creating regions where
shear stress accelerates from 0 to 35 dynes/cm? over ~10
cell lengths before decelerating back to negligible flow
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Figure 4. Dachl overexpression stimulates shear stress-guided endothelial cell behaviors. (A) List of GO terms enriched in Dach1-over-
expressing cells, indicating a prominent role in cell motility (highlighted in red). Cell-cell signaling-related terms are in bold italic type.
(B-F) HCAECs were infected with either Lenti-GFEP or Lenti-Dach1-GFP, cultured under uniform laminar shear stress (35 dyn/cm?), and
subjected to time-lapse imaging. (B) Plotting migration tracks (40 cells per condition) showed that Lenti-Dach1-GFP cells migrated against
flow throughout the culture period. (C) Migration along the Y-axis and total migration. n = 120 cells from three experiments. (D) Still im-
ages from time-lapse movies showing that Dach1-GFP cells aligned earlier than controls. (E) Rose plots depicting cell alignment angle at
different time points following the onset of flow. n = ~350 cells from one representative experiment of three total experiments. (F) Mea-
surements of cell length versus width showing that Dach1 expression enhanced elongation in response to flow. (G-J) HCAECs were in-
fected with either Lenti-GFP or Lenti-Dach1-GFP, cultured under uniform laminar shear stress for 72 h, and immunostained to label Golgi
and nuclei. (G) Schematic showing how cell polarity was quantified using localization of nuclei (blue) and Golgi (red). (H) Example of cat-
egorization as described in G. Arrows indicate cells oriented against flow (green), static/unpolarized cells (yellow), or cells oriented with
flow (red). (I) Lenti-Dach1-GFP cells exhibited a significantly increased percentage of cells in the “against flow” group relative to control
cells. (J) An increased percentage of highly polarized cells was also evident. Error bars indicate standard deviation. (ns) Nonsignificant; (*) P
<0.05; (**) P<0.01; (***) P<0.001; (****) P <0.0001. Bars: D, 100 pm; H, 50 pm.

rates 1.25 cm away from the impingement point (Fig. 6D;
Ostrowski et al. 2014). Cells cultured under impinging
flow only mildly decreased their DACHI expression
even at the highest shear stress magnitudes (Fig. 6E,F).
DACHLI expression was similar at all gradient flow rates
>3 dynes/cm?, which was 80% of control regions (those
with absent or negligible flow rates) (Fig. 6G). This was
in contrast to uniform laminar flow, which continuously
decreased DACHI at shear stresses up to 20 dynes/cm>
(Fig. 6G). Again, cell density could not explain differences
in DACH]I in the gradient flow system, since the small
changes in this parameter among regions did not match

the pattern of small changes in expression levels (cf.
Supplemental Fig. S5E and Fig. 6F). Together, these data
indicate that DACHI is down-regulated specifically by
uniform laminar shear stress, consistent with its lower ex-
pression pattern specifically in large arteries.

DACHI1 is expressed at branch points in vitro and in vivo

Arterial branch points are another blood vessel location
with distinct shear stress patterns, prompting us to inves-
tigate DACH1’s presence in these regions. Here, vessel di-
visions redirect blood flow in a manner that creates areas
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of low and nonuniform shear stress. This phenomenon
was recapitulated in culture by conducting flow experi-
ments using a Y-shaped chamber slide that contains
both straight and branching regions (Fig. 7A). We subject-
ed HCAECs to flow at 35 dynes/cm” in the Y-shaped
chamber for 24 h and compared DACHI protein levels
among the different regions. In agreement with the above
experiments, straight regions experiencing uniform lami-
nar flow had significantly lower levels of DACHI than
branching areas exposed to nonuniform laminar shear
stress (Fig. 7B,C). Differences in DACHI levels were also
observed when comparing straight regions experiencing
low versus high uniform shear stress. Because the branch
divides fluid into two conduits equal in size to the original
(thus doubling the total volume), cells at straight regions
downstream from the branch experience half the levels
of shear stress (17.5 dynes/cm?) relative to those upstream
of the split. These areas exhibit an intermediate level of
DACHI expression (Fig. 7C; Supplemental Fig. S6A). En-
dothelial cells therefore calibrate their levels of DACH1
expression in response to changes in both the uniformity
and magnitude of shear stress.
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To gain evidence that distinct flow types differentially
regulate DACHI1 expression in vivo, we investigated
whether levels were changed at arterial branches, which
experience low and/or nonuniform shear stress. This anal-
ysis was carried out using the developing retinal vascula-
ture because the entire arterial network is easily
visualized in whole-mount preparations. Confocal imag-
ing of the retinal vasculature (P7 to adult) immunostained
for DACH1 and VE-cadherin revealed that nuclei at
branch points expressed increased levels of DACHI (Fig.
7D; Supplemental Fig. S6B). Quantification showed that
levels were significantly increased over neighboring arte-
rial cells either upstream of or downstream from the
branch point (Fig. 7E; Supplemental Fig. S6C) in 93% of
the branches analyzed. A similar pattern of DACHI ex-
pression was found in mouse PO coronary arteries at small
branches stemming from the main vessel (Fig. 7F). These
observations support the hypothesis that different types of
shear stress directly affect levels of DACHI expression in
the intact vasculature.

We next tested whether DACHI1 was increased at
branches in human arteries. Human coronary artery
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Figure 6. DACHI is specifically decreased by arterial-type flow. (A) Schematic of a parallel plate flow chamber that models arterial-type
flow (uniform laminar). (B) DACHI immunofluorescence showed that uniform laminar flow decreased expression compared with static
controls. DAPI is in blue. (C) Nuclear DACH]1 was significantly reduced as shear stress increased. n = 8 or more fields of view (FOVs) per
condition from three experiments. (D) Schematic of impinging flow chamber that models flow in the early remodeling plexus and vascular
branch points (nonuniform gradient). (E) DACH1 immunofluorescence was not obviously changed in regions experiencing gradient shear
stress. (F) Quantification showing that nuclear DACH1 was only mildly reduced in areas of gradient shear stress. n = 14 FOVs per position
from seven experiments. (G) DACHI levels plotted as a function of shear stress (SS) in parallel and impinging flow. Error bars indicate

standard deviation. (*) P <0.05; (****) P <0.0001. Bars, 150 um.

samples were obtained, whole-mount-immunostained for
DACH], and imaged en face in an orientation that al-
lowed identification of branching regions (Fig. 7G). The re-
sults showed that DACH1 was significantly increased in
endothelial cells adjacent to branch openings (Fig. 7G,H;
Supplemental Fig. S6D). Branch points are known to be
highly susceptible to atherosclerotic lesion formation
(Hahn and Schwartz 2009). Thus, these data provide addi-
tional evidence of DACHI’s regulation by specific flow
types and suggest a potential role in the human vascular
biology.

Discussion

The mature vascular system arises through pruning and
remodeling of a highly branched immature vascular plex-
us into hierarchically organized arteries, capillaries, and
veins, all under the influence of blood flow. The regulation
of these processes by blood flow has long been thought to

create a vasculature optimized for efficient fluid delivery,
but a detailed understanding of how mechanical signals
shape vessel structure during development is lacking.
Here, we present evidence that DACHI is an endothelial
cell-expressed transcription factor that supports coronary
artery growth through its regulation of blood flow-guided
endothelial cell behaviors. Global and endothelial-specif-
ic deletion of Dachl results in small coronary arteries, a
delay in plexus remodeling, decreased polarization of
endothelial cells toward growing arteries, and lower
Cxcl12 expression. Under in vitro conditions mimicking
blood flow-induced shear stress, Dachl-overexpressing
endothelial cells become highly aligned and polarized
against flow. Dachl-overexpressing cells also migrate
against flow, an effect that is abrogated by blocking the
CXCL12 receptor CXCR4. Once the arteries reach a ma-
ture morphology, Dach1 expression is decreased, presum-
ably decreasing its progrowth effects. This decrease is
elicited specifically by high, laminar shear stress, suggest-
ing that the changing quality of flow present at the end of
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arterial remodeling signals the transition into a matura-
tion phase through regulating Dachl expression. Thus,
DACHLI is a transcriptional mediator that interacts with
mechanical signals imparted by blood flow to shape the
coronary vasculature system (Fig. 71).

The cellular and molecular mechanisms underlying
developmental arterial remodeling remain poorly under-
stood, particularly those that interact with blood flow-
induced mechanical signals. Time-lapse analyses of
endothelial cells in the yolk sac and regenerating zebrafish
fins have shown that endothelial cells migrate against the
direction of blood flow into the growing arteries (Sato et al.
2010; Udan et al. 2013; Xu et al. 2014). Although we can-
not perform live imaging, our studies on endothelial cell
proliferation and polarization suggest that coronary arter-
ies grow in a similar manner. In the developing coronary
vasculature, cell division occurs primarily in the imma-
ture capillary plexus. Proliferation is decreased in the arte-
rial remodeling zone and absent once the vessels fully
transform into an artery, yet the vessel continues to
grow in size. This low proliferation, along with data show-
ing that a majority of endothelial cells at the arterial re-
modeling zone is polarized against flow, suggests that
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migration provides the additional cells needed for vessel
expansion. Animals deficient in endothelial Dachl had
delayed arterial remodeling and polarization toward the
artery, providing evidence that the small artery caliber is
due to a defect in the migration of endothelial cells from
the plexus. Further evidence for such a model is provided
by experiments overexpressing Dachl in endothelial
cells, which dramatically increased their alignment, po-
larization, and migration against flow. These data show
that DACHLI facilitates endothelial cell responses to shear
stress, which is likely an important component of the
arteriogenesis process.

Our data also indicate that DACHI induces cell migra-
tion through its influence on Cxcl12 expression. Cxcl12
expression was found in cardiomyocytes and developing
arterial endothelial cells. Dachl knockout animals
had decreased endothelial expression, while cardiomyo-
cyte expression was still high. In vitro, Dachl induced
Cxcl12 expression, and inhibiting the CXCR4-CXCL12
signaling axis inhibited the aforementioned Dachl-in-
duced migration against flow. CXCL12 is known to be
an attractive signal for endothelial cells (Strasser et al.
2010; Bussmann et al. 2011). This is also the case in the



coronary vasculature. Here, the ligand is highly expressed
around the outflow tract, where it attracts coronary plexus
cells to the aorta to form the coronary artery stem (Ivins
et al. 2015). We show that arterial endothelial cells in
the heart also express Cxcl12 in a Dach1-dependent man-
ner and propose that CXCL12 is part of the signal stimu-
lating endothelial cells to migrate against flow into
developing arteries. How a secreted ligand provides direc-
tional information in a cell-autonomous manner remains
an open question. CXCL12 could be tethered to the cell
surface in a polarized manner to provide positional infor-
mation. Alternatively, CXCR4 signaling could be permis-
sive to other directional cues. In zebrafish, a CXCLI12
gradient is generated from a constitutive source by differ-
ential expression of its alternative receptor, CXCR7 (Ven-
kiteswaran et al. 2013). It would be interesting to
investigate any polarized expression of the two CXCL12
receptors in endothelial cells exposed to shear stress. In
summary, DACHI is upstream of the CXCL12/CXCR4
axis, a signaling pathway previously established to regu-
late endothelial migration during vascular development.

One of the most fascinating aspects of vascular biology
is that endothelial cells are highly sensitive to different
fluid flow patterns (Dolan et al. 2012), including variations
in magnitude and direction. Uniform laminar shear stress
found in straight vessel segments initiates an atheropro-
tective response, while nonuniform flow, such as at arte-
rial branch points, activates inflammatory cascades (Li
et al. 2005). Endothelial cells can also sense whether
flow is parallel or perpendicular to the long axis of their
cell body (Wang et al. 2013). Furthermore, accelerating
gradients in shear stress elicit responses that are not
seen in decelerating gradients of the same magnitude (Szy-
manski et al. 2008; Dolan et al. 2011; Ostrowski et al.
2014). As such, it is clear that endothelial cells distinguish
between different types of shear stress, but how they rec-
ognize and respond in a manner that shapes artery devel-
opment is poorly understood. Our data suggest that shear
stress profiles organize artery growth and stabilization
through their differential regulation of Dachl. Flow pat-
terns change dramatically as the highly branched vascular
plexus is transformed into a linear artery (Bernabeu et al.
2014). Specifically, shear stress changes from low and var-
iable to higher and uniformly laminar. Our in vitro data
showed that high, uniformly laminar flow specifically
down-regulates Dach1 expression. This suggests that en-
dothelial cells sense changing flow and behave in a man-
ner that supports artery growth and stabilization
through regulation of Dachl. Further understanding of
these mechanisms linking blood flow with artery develop-
ment could identify new methods of stimulating arterial
regeneration in circumstances where blood flow is com-
promised, such as in coronary artery disease (Hahn and
Schwartz 2009).

One consequence of endothelial cells’ ability to sense
and respond to differential shear stress profiles is the acti-
vation of pathological signaling pathways at specific sites
along the artery. Low and/or nonuniform shear stress at
arterial branch points and curves stimulates sustained ex-
pression of progrowth and inflammatory genes contribut-
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ing to vascular diseases such as atherosclerosis (Hahn
and Schwartz 2009; Dolan et al. 2012). In adult arteries,
high flow rates are atheroprotective in part because they
induce the transcription factor KLF2, which suppresses
genes that stimulate immune cell infiltration, such as
Vcam1 and E-selectin (SenBanerjee et al. 2004; Atkins
et al. 2008). Conversely, low and nonuniform shear stress
activates NF-xB-mediated transcription of inflammatory
genes, thus contributing to the preferential accumulation
of atherosclerotic plaques at branch points and curves
(Gareus et al. 2008). As a result of its suppression specifi-
cally by uniform laminar shear stress, DACH1 expression
persists at arterial branch points in both mouse and human
vessels. Given its progrowth function during develop-
ment, continued expression of DACHI1 at branch points
may modulate pathological endothelial cell activation
and disease. Indeed, one of the most highly induced genes
in Dach1-overexpressing cells was Vecam1 (Supplemental
Table 2), which plays a direct role in promoting monocyte
migration during atherogenesis and contributes to athero-
sclerotic plaque expansion (Cybulsky et al. 2001). Future
experiments are required to identify a specific role of
Dach1 during arterial pathologies, but further dissection
could lead to a better understanding of the cellular dynam-
ics of regeneration and arterial disease.

Materials and methods

Animals

Mouse husbandry and experimentation followed Stanford Uni-
versity Institution Animal Care and Use Committee (IACUC)
guidelines. For DACH1 expression analyses, CD1 (Charles River)
(Fig. 2B-D’) and C57BIl/6.129 (Fig. 3A) mice were used. Dachl
knockout animals were maintained on a C57Bl/6 background
and have been described previously (Davis et al. 2001). Control
animals for all Dach1 knockout analyses were wild-type C57Bl/
6 littermates. The Dachl flox mouse line was generated using
the Dach1tm1aKOMPIWist opnhyrvonic stem cell line (https://www
.komp.org/ProductSheet.php?clonelD=689703) sourced from the
Knockout Mouse Project (KOMP) Repository at University of
California at Davis and subsequently injected into C57B1/6 blasto-
cysts by the Stanford Transgenic Mouse Research Facility. Once
germline transmission was achieved, the Dach1m!a(KOMPIWisi 4]
lele was crossed to mice with global FIp recombinase expression
[The Jackson Laboratory, B6.129S4-Gt(ROSA)26Sortm]1(FLP1)
Dym/Rain]] to create a conditional knockout allele of Dach1 in
which exon 2 is flanked by loxP sites. The following genotyping
primers were used to distinguish between wild-type and Dach1
flox alleles: forward, 5-CTCCTGAAGATGAGGAGCTCACCC
-3/; and reverse, 5-AACAATTCTTGTCCTTCACGTGCCC-3'.
Tie2Cre [The Jackson Laboratories, B6.Cg-Tg(Tek-cre)12Flv/]]
was used to create mice with endothelial Dach1 deletion. For ex-
periments, Tie2Cre; Dach10%/Mox o1 TieoCre; Dach1™** male
mice were crossed with Dach1/7°¥/°% females, which were on a
mixed background. Control animals for all Dach1 eCKO analyses
were Cre-negative littermates.

Human tissue collection

Tissue collection and examination were approved for use in re-
search by the Stanford University Institutional Review Board.
Coronary arteries were harvested from diseased human hearts
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that were explanted at the time of cardiac transplantation or from
healthy donor hearts that were contraindicated for cardiac trans-
plantation. Hearts were arrested with antegrade cold cardiople-
gia, surgically explanted, and transported in sterile saline and
ice. The mid and distal left anterior descending artery, circumflex
coronary artery, and posterior descending artery were dissected
from the heart and prepared for histologic analyses as described
below.

Immunofluorescence and imaging

Staged embryonic hearts obtained by timed pregnancies (morning
plug designated EQ.5) or adult arterial vessels (mouse or human)
were dissected and fixed in 4% paraformaldehyde, washed, and
stored at 4°C in phosphate-buffered saline (PBS). Whole-mount
fluorescence microscopy was performed on intact hearts or adult
arteries that had been cut and opened lengthwise. Staining was
performed in 1.5-mL tubes subjected to constant rotation. Prima-
ry antibodies were diluted in blocking solution (5% goat serum,
0.5% Triton X-100 in PBS) and incubated with tissues overnight
at 4°C. Tissues were then washed with PBT (PBS with 0.5% Tri-
ton X-100) four times for 1 h each before another overnight incu-
bation with secondary antibodies diluted in blocking solution.
Specimens were then washed again, placed in VectaShield (Vector
Laboratories, H-1000), and imaged using an inverted Zeiss LSM-
700 confocal microscope. Embryonic hearts were oriented in
eight-well chambered coverglasses (ThermoFisher Scientific,
155409) to invariably image the left and right coronary arteries;
adult arteries were placed on microscope slides en face. Images
were digitally captured and processed using the Zeiss Zen soft-
ware (2011).

The following primary antibodies were used: VE-cadherin
(1:100; BD Biosciences, 550548), anti-DACH]1 (1:500; Proteintech
10914-1-AP), anti-SM-MHC (1:300; Biomedical Technologies,
BT-562), anti-VEGFR2 (1:125; R&D Systems, AF644), anti-
JAG1 (1:125; R&D Systems, AF599), anti-ERG (1:500; Abcam,
ab92513), and anti-GOLPH4 (1:500; Abcam, ab28049). Secondary
reagents were Alexa fluor-conjugated antibodies (405, 488, 555,
633) from Life Technologies used at 1:250. DAPI was obtain
from Sigma-Aldrich (D9542) and used at 2 pg/mL.

Quantification of Dachl knockout and Dachl eCKO phenotypes

Coronary artery size Endothelial cells that line the interior layer of
artery lumens in E17.5 hearts were immunostained using VE-cad-
herin-specific antibodies and imaged using whole-mount confo-
cal microscopy. For Figures 1D and 3C, the diameter of the
main (primary branch) coronary artery was measured at five loca-
tions (200, 300, 400, 500, and 600 pum from the first appearance of
the artery near the aorta) and averaged for both the right and left
coronary arteries (n =9 wild type, n = 28 Dach1 heterozygous, n =
14 Dach1 knockout; n = 32 control, n = 18 Dach1 eCKO). For Fig-
ure 1F, one measurement each for the diameter of the primary,
secondary, and tertiary branches of the left and right coronary ar-
teries was collected. Values for each branch type were averages
from 13 wild-type and 14 knockout hearts. Average diameters
were plotted, and linear regression lines were calculated between
the primary, secondary, and tertiary branches to determine the
slopes. For Figure 1G, looping was defined as an artery that
branches away from and then reconnects with an artery in a distal
location (see Fig. 1A, arrowheads).

Coronary plexus properties Vessel coverage (Fig. 1B; Supplemental
Fig. S3D) and junction density (Fig. 1C; Supplemental Fig. S3E)
were quantified for E17.5 (Fig. 1) and E15.5 (Supplemental Fig.

1320 GENES & DEVELOPMENT

S3) hearts, respectively, using the Angiotool program (Zudaire
et al. 2011). The analyses were conducted on a 375-pm x 375-
pm region from a single optical plane of the left intramyocardial
endothelial plexus at the same or similar depth. At E17.5, nine
wild-type and 14 knockout animals were analyzed. At E15.5, 13
wild-type and 12 knockout animals were analyzed.

Coronary smooth muscle coverage 'The smooth muscle surrounding
the developing coronary artery was immunolabeled for SM-
MHC. To quantify the area covered by the smooth muscle cells,
a region of the left coronary artery with an approximate length of
550 um for E17.5 and 450 pm for E15.5 was cropped out from a
maximal projection, excluding the surface optical planes. The
area of the cropped-out region was then quantified to determine
the total area of the artery. The same thresholding parameter
was then applied to the SM-MHC-labeled channel to quantify
the area covered by smooth muscle. A final percentage of cover-
age was obtained by dividing total area by covered area. For
E17.5 Dachl knockout (Fig. 1E), eight wild-type and 10 Dachl
knockout animals were analyzed. For E17.5 Dachl eCKO (Fig.
3D), 11 control and seven eCKO animals were analyzed. For
E15.5 (Supplemental Fig. S3F), 13 wild-type and 12 Dach1 knock-
out animals were analyzed.

Remodeling zone maturation Whole-mount images of hearts
immunostained with either VE-cadherin and JAG1 or VE-cad-
herin alone were processed to display the arterial remodeling
zone of the developing right coronary artery at E13.5, E14.5,
E15.5, and E17.5. The remodeling zone was classified as early,
late, or mature according to the extent of branching as well as
the presence and diameter of an emerging dominant artery (see
Fig. 3E). The numbers of early, late, and mature remodeling zones
were counted for wild-type and Dach1-deficient hearts. N-values
are shown in Figure 3F.

Proliferation rates in developing hearts To assess cell proliferation,
mitotically active cells were measured through the incorporation
of EdU. Pregnant C57B1/6 females with E14.5 embryos received a
single intraperitoneal injection of 400 ug of EAU dissolved in 200
pL of dimethyl sulfoxide (DMSO). Three hours later, embryonic
hearts were dissected, fixed, and immunostained for VE-cadherin
and ERG as described above. Subsequently, EAU incorporation
into DNA was detected through the Click-iT EdU Alexa fluor
555 imaging kit (ThermoFisher Scientific, C10338) performed
at room temperature using the protocol recommended by the
manufacturer. Confocal z-stacks at 20x magnification (with 3-
um intervals between z-planes) through the right lateral side of
each heart were collected. A 200-um x 200-um square was drawn
around the vascular plexus on the heart surface (subepicardial)
and within the myocardium (intramyocardial), at a coronary ar-
tery remodeling zone, and a mature artery. Representative images
of cell proliferation in different vessel compartments are shown
in Figure 2F. ERG" and EdU"* double-positive endothelial cells
(Fig. 2F, purple cells, arrowheads) were highlighted using the
Image] Colocalization plug-in. For quantification in Figure 2G,
all ERG" cells were counted using the Cell Counter plug-in
from Image]J, and the percentage of those also EAU* was consid-
ered proliferative. The data were compiled from four E14.5
C57Bl/6 wild-type hearts.

Polarity quantification in developing hearts Endothelial cell polarity
in developing coronary arteries was determined by measuring the
Golgi (GOLPH4) position relative to the nuclei (ERG) and sorting
the cells into an “against flow,” “static,” or “with flow” category
based on their angle relative to the local blood flow direction.
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Figure 2, H and I, was quantified from four wild-type arteries. Fig-
ure 3, G and H, was quantified from seven control and nine Dach1
eCKO arteries.

Echocardiography Left ventricular geometry and function were
evaluated in 3- to 5-mo-old mice (n=8 wild type; n=8 Dachl
eCKO,) with a high-resolution (30 MHz) Vevo 2100 transthoracic
echocardiography system (VisualSonics). Chest hair was removed
with depilatory cream, and mice were sedated with 1%-3% in-
haled isoflurane titrated to a heart rate between 350 and 450 per
minute. Images were obtained through a parasternal short axis
view with M-mode ultrasound at the level of the papillary muscle
and midway between the papillary muscle and apex. Ejection
fraction, fractional shortening, and internal ventricular dimen-
sions were computed with the Vevo 770 standard measurement
package. All analyses were performed by a single investigator
blinded to the genotype.

Quantification of Dach1 fluorescence

Expression in the developing hearts DACHI expression levels in
capillary vessels and developing arteries (Fig. 2B'-D’) were quan-
tified from confocal images of hearts immunostained for VE-cad-
herin and DACHI. Expression in capillary, remodeling zone, and
arterial vessels was quantified from the same z-plane by selecting
a line segment along the endothelial cells of each vessel type in
Image]. Next, average fluorescence intensity was calculated for
each segment. N=6 hearts per time point, and VE-cadherin
served as a control.

Expression under in vitro flow DACH]1 levels were quantified by
calculating fluorescence intensity within the nucleus using
Image]. To delineate the nucleus, DAPI-positive regions were se-
lected using the thresholding function, and DACHI1 fluorescence
in this region was measured. Background fluorescence was calcu-
lated by averaging the fluorescence intensity of five cell-free re-
gions and subtracted from the DACHI intensity values. Each
experiment was replicated three times, in which two or more
fields of view (FOVs) were quantified for each treatment (parallel
plate) or region (impinging flow, Y-shaped chamber).

Expression at arterial branch points For mouse tissues, P7 through
adult retinas were fixed and stained for confocal imaging. Optical
sections through the tissue were taken for each retina, and the im-
ages were subsequently analyzed using Image]. Vessel segments
around the branch point were divided into five separate 20-pm-
long regions of different distances from the branch point for mea-
surements. Within each segment, a line was drawn though endo-
thelial cell nuclei, and the maximum DACHI intensity was
recorded. Fifty-eight total branches were analyzed (n=25 from
three animals at P7/P9; n =10 from two animals at P19; and n=
23 from two adult animals).

For human arteries, the left anterior descending artery, the
left circumflex artery, and the right coronary artery from pediatric
(n=1)and adult (n = 3) donors were fixed, opened lengthwise, and
stained for confocal imaging as described above. Stained arteries
were opened and oriented lumen side up on a microscope slide
for en face imaging. For quantification, a total of two 200-um?
FOVs from each of eight separate branch points (n=1-3 branch
points per donor) and four straight regions (n = 1 per donor) were
imaged using the same settings and analyzed for fluorescence in-
tensity as described above (see “Expression Under In Vitro
Flow”).
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Quantification of Cxcll2 expression

To examine Cxcl12 expression levels in vivo, we bred the Dach1
knockout mice with a Cxcl12 reporter line where DsRed replaces
the endogenous Cxcl12 gene and generated wild-type, Dach1 het-
erozygous, and Dach1 knockout embryos under a Cxcl12-DsRed
background as seen in Figure 5, C and D. Note that these mice
were also heterozygous for the Cxcl12 gene. Confocal images of
hearts with endogenous expression of DsRed (a readout of
Cxcl12 expression) were used for quantification. Expression in
capillary, remodeling zone, and arterial vessels were quantified
from the same z-planes (maximum projection of four optical sec-
tions) by selecting three 50-um line segments along the endothe-
lial cells of each vessel type in Image]. Next, average fluorescence
intensity was calculated for each segment, which was normalized
to the wild-type capillary vessels within litters. n =4 Dach1 wild
type, n=8 Dachl1 heterozygous, and n=5 Dachl knockout, all
containing one copy of the Cxcl12-DsRed allele.

Cxcl12 in situ hybridization

In situ hybridization on paraffin sections was performed as de-
scribed previously (de la Pompa et al. 1997). Briefly, E16.5 control
and Dachl eCKO embryos (n=9 control; n=5 Dachl eCKO)
were dissected in 1x PBS and fixed in 4% PFA overnight at 4°C.
Fixed embryos were embedded in paraffin and sectioned at 10-
pm thickness.

Slides were hybridized overnight with 1 pg/mL antisense
Cxcl12 digoxigenin-labeled probe at 65°C. After washing in salt
sodium citrate (SSC) buffer, slides were incubated with alkaline
phosphatase-coupled anti-digoxigenin antibodies overnight.
BM-purple (Sigma-Aldrich, 11442074001) was used to develop
the color in the dark to the desired extent. Slides were then fixed
in 4% PFA for 20 min, dehydrated through ethanol series and xy-
lene (Sigma-Aldrich, 534056), and mounted using Entellan (Elec-
tron Microscopy Sciences, 14800). Images were acquired using
the Zeiss Axio imager.A2 upright microscope.

Dachl depletion in primary endothelial cell cultures

Lentiviral introduction of shRNAs specific for either a con-
trol gene (BCR; Mission shRNA, Sigma-Aldrich, SHCLNG-
NM_001081412) or Dachl (Dachl; Mission shRNA, Sigma-Al-
drich, SHCLNG-NM_004392) were used to knock down mRNA
in HCAECs (Lonza). shRNA-expressing lentiviral particles were
prepared by transfecting (Lipofectamine 2000, Thermo Fisher
Scientific) VSVG, delta8.2, and Sigma Mission shRNA plasmids
into HEK293T cells in DMEM with penicillin/streptomycin and
10% FBS. Viral particles were collected after 48 h and then mixed
with polybrene (to increase infectivity) and EGM2-MV medium
before being added to HCAECs. Infected cells were selected
using a puromycin selection step. Knockdown specifically in
Dach1 shRNA was analyzed by immunofluorescence and qPCR
(Supplemental Fig. S3H,1).

Migration of HCAECs (Fig. 3I) was performed using Falcon cell
culture inserts with 8-pm pores (Corning, 353097). The bottom of
the inserts was precoated with fibronectin (1:100; Sigma, F0895)
for at least 1 h prior to the start of the experiment. Endothelial
cells (5 x 10* cells) were used 48 h after lentiviral shRNA infec-
tions were suspended in EBM2 basal medium (Lonza) and added
to the tops of the inserts. Each insert was then placed in one
well of a 24-well plate containing 500 pL of EGM2-MV medium.
Cells were cultured for 3.5 h at 37°C and 5% CO,. Cells were
fixed with 4% paraformaldehyde (Electron Microscopy Sciences)
for 20 min, permeabilized with 100% methanol for 20 min at
room temperature, and stained with 0.1% Crystal Violet acetate.
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The cells remaining on top of the insert membrane were removed
using a cotton swab, after which those that migrated across to the
bottom were imaged at 71x magnification on a stereomicroscope
(Zeiss SteREO Discovery.V20). For quantification, the total num-
ber of cells in five comparable FOVs for each condition was count-
ed. The entire experiment was repeated three times.

Exposure of endothelial cells to shear stress

Parallel plate and Y-shaped chamber HCAECS (not more than pas-
sage 8) were plated at 90% confluency in each lane of either a
p-Slide VI®# (Ibidi, 80601) or pi-Slide Y-shaped (Ibidi, 80121) cham-
ber coated with fibronectin (1:100; Sigma, F0895) 2 h prior to the
experiment. Culture medium consisted of Leibowitz’s L-15 medi-
um without phenol red (ThermoFisher Scientific, 21083-027)
supplemented with EGM2-MV SingleQuot kit supplement and
growth factors (Lonza, CC-4147). Uniform laminar shear stress
(continuous at 5, 20, or 35 dynes/cm?) was created by attaching
slide chambers to an Ibidi pump system (Ibidi, 10902) mounted
on an inverted microscope (Zeiss Axio Observer.Z1) fitted with
a heated Plexiglas enclosed incubator. Time-lapse images were
taken every 15 min, starting 30 min after pump initiation. The ex-
periment was also performed at 20 dynes/cm” using pulsatile
flow. For CXCR4 inhibition experiments, 10 pM AMD3100 was
added to the medium prior to the experiment (¢t = 0 h) and mixed
in with L15 and added again at 48 h into the experiment. A sepa-
rate fluidic unit supplied medium without AMD3100 for the con-
trol cells. All parallel plate experiments were repeated three
times. The Y-shaped chamber experiment was repeated twice.

Orbital shaker In order to collect the required number of cells for
qPCR and Western analyses, an orbital shaker was used to gener-
ate laminar shear stress as described previously (Dardik et al.
2005). Endothelial cells were plated in six-well plates and placed
on an orbital shaker set at 210 rpm, which recapitulates a shear
stress of ~14 dyne/cm?. Cells were subjected to rotation for 24—
48 h before RNA was collected using a Qiagen RNeasy minikit
(Qiagen, 74104) and used in qPCR experiments (details below in
“qPCR Analysis”). In some experiments, protein lysates were
also collected for subsequent Western analyses.

Impinging jet The impinging flow device has been described pre-
viously (Ostrowski et al. 2014) and consisted of a source of jetted
medium mounted on a motorized microscope stage within a tem-
perature-controlled cabinet. The device was suspended at a fixed
height above a glass-bottom six-well cell culture dish (six-well
no. 1.5 glass-bottom dishes; In Vitro Scientific) coated with
0.2% gelatin (Sigma-Aldrich) containing confluent layers of
HCAECSs. A peristaltic pump was used to deliver cell culture me-
dium consisting of Leibowitz’s L-15 medium without phenol red
(ThermoFisher Scientific, 21083-027) supplemented with EGM2-
MV SingleQuot kit supplement and growth factors (Lonza, CC-
4147) perpendicular to the cell surface at 3 L/min. Cells were
maintained under constant impinging for 24 h before being
fixed, immunostained for DACHI1, and quantified as described
above. n = 14 FOVs per position from seven experiments.

Overexpression of Dachl in human coronary endothelial cells

For Dachl overexpression experiments, pCMVé mouse Dachs-
hund1 GFP-tagged (transcript variant 1, OriGene Technologies,
MG216327) was purchased, and the Dachl-coding region was
subcloned into a lentiviral-ready pLJM-eGFP plasmid (Addgene,
plasmid 19319). Lentiviral particles were produced by trans-
fection (Lipofectamine 2000, Thermo Fisher Scientific) of the
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pLJM1-Dach1-eGFP (or pL]M1-eGFP for control), VSVG, and
psPAX?2 plasmids into HEK293T cells in DMEM with penicil-
lin/streptomycin and 10% FBS. Viral particles were collected af-
ter 48 h and mixed with polybrene (to increase infectivity) and
EGM2-MV medium before being added to HCAECs. Infected
HCAECs were analyzed for transduction efficiency 48 h follow-
ing infection by observing GFP fluorescence. Cultures with
>90% of cells visibly expressing GFP were used for experiments,
parallel plate flow chamber, and RNA sequencing. For analysis of
HCAEC migration (Figs. 4B,C, 5F), the mTrack]J plug-in of Image]
was used to follow cell tracks of individual cells from time-lapse
images taken under flow conditions (described above). A total of
40 randomly selected cells among four FOVs from each of three
experiments (120 migration tracks total) was quantified per con-
dition. The polarity of cells from the in vitro experiments in Fig-
ures 41 and 5G was quantified after the flow experiment endpoint
at 72 h by measuring the angle of the line connecting the nuclei
and Golgi relative to the flow direction (see the schematic in
Fig. 4G). Because the channel of the flow chamber is straight, uni-
form laminar flow direction is directly parallel from the flow inlet
to the flow outlet. Cells with Golgi aligned within 45° against the
flow direction were classified as “against flow,” while cells 45°
with the flow direction were classified as “with flow.” The re-
maining cells were placed in the “static” category.

RNA sequencing

RNA was collected from HCAECs using the RNeasy minikit (Qia-
gen, 74104). RNA from embryonic hearts at E17.5 was collected
using the Arcturus PicoPure RNA isolation kit (Applied Biosys-
tems, 12204-01). RNA quantity and quality (RNA integrity num-
berscore) were verified viaRNA Qubit and the Agilent Bioanalyzer
QC service provided by the Stanford Protein and Nucleic Acid
(PAN) Facility. The cDNA libraries were then created from the
RNA using the NEBNext Ultra Directional RNA library prepara-
tion kit for Illumina (New England Biolabs, E7420S) following
the manufacturer’s instructions. The cDNA libraries were
checked for quality by DNA Qubit and the Bioanalyzer QC. Subse-
quently, they were sent for [llumina sequencing at the Stanford
Center for Genomics and Personalized Medicine (SCGPM) (paired
end, HiSeq 2000, 101 bases twice). The RNA sequencing reads
were first aligned to the reference genome (mm9 for mice and
hg19 for humans) using the Burrows-Wheeler Alignment (BWA)
tool by the SCGPM. Read counting and differential gene expres-
sion were analyzed through the Bioconductor (3.2) package rnaseq-
Gene in R, which uses DESeq2. P-adjusted values were calculated
using the Benjamini-Hochberg adjustment, with the FDR value of
0.1% asthe cutoff. GO analysis was analyzed using the Bioconduc-
tor package goseq (1.22.0). A subset of the differentially expressed
genes found in the data set was subsequently validated by qPCR.

gPCR analysis

RNA was isolated with the RNeasy Plus minikit from Qiagen
(74104). Two-hundred nanograms of RNA was used for the RT re-
action using the iScript RT mix from Bio-Rad (1708840). qPCR
was performed using the iTaq Universal SYBR Green Supermix
from Bio-Rad (1725121) and run on a CFX96 Touch real-time
PCR detection system. Primers were designed and ordered from
IDT using the PrimerQuest real-time PCR design tool.
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