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Abstract

Rationale—Mutations of TBX5 cause Holt—Oram syndrome (HOS) in humans, a disease
characterized by atrial or occasionally ventricular septal defects in the heart and skeletal
abnormalities of the upper extremity. Previous studies have demonstrated that Thx5 regulates
Osr1 expression in the second heart field (SHF) of E9.5 mouse embryos. However, it is unknown
whether and how Thx5 and Osr1 interact in atrial septation.

Objective—To determine if and how Thx5 and Osr1 interact in the posterior SHF for cardiac
septation.

Methods and Results—In the present study, genetic inducible fate mapping showed that Osr1-
expressing cells contribute to atrial septum progenitors between E8.0 and E11.0. Osr1 expression
in the pSHF was dependent on the level of Thx5 at E8.5 and E9.5 but not E10.5, suggesting that
the embryo stage before E10.5 is critical for Thx5 interacting with Osrl in atrial septation.
Significantly more atrioventricular septal defects (AVSDs) were observed in embryos with
compound haploinsufficiency for Thx5 and Osr1. Conditional compound haploinsufficiency for
Thx5 and Osr1 resulted in a significant cell proliferation defect in the SHF, which was associated
with fewer cells in the G2 and M phases and a decreased level of Cdk6 expression. Remarkably,
genetically targeted disruption of Pten expression in atrial septum progenitors rescued AVSDs
caused by Thx5 and Osr1 compound haploinsufficiency. There was a significant decrease in Smo
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expression, which is a Hedgehog (Hh) signaling pathway modulator, in the pSHF of Osr1
knockout embryos at E9.5, implying a role for Osrl in regulating Hh signaling.
Conclusions—Tbx5 and Osr1l interact to regulate posterior SHF cell cycle progression for

cardiac septation.
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Introduction

Atrial septation is the division of a common atrium into the left and right atria and is
observed in a structurally mature four-chambered tetrapod heart. Atrial septal defects
(ASDs) are one of the most common forms of human congenital heart diseases, affecting
almost 1 child per 1,500 live births per year and make up 30% to 40% of all adult congenital
heart diseases [1]. The atrial septum is formed by the atrioventricular endocardial cushions,
the primary atrial septum, and the spina vestibuli or dorsal mesenchymal protrusion (SV/
DMP), which undergo concurrent morphogenesis [2-8]. Failure to develop these distinct
structures results in specific types of ASDs. Specifically, deficiency of the DMP results in
primum ASDs, a type of atrioventricular septal defect (AVSD). Recent elucidation of the
cellular sources of atrial septation has resulted in the identification of a role for second heart
field (SHF) cardiac progenitors in atrial septation [9-14]. These studies demonstrate that
progenitors of much, if not all, of the atrial septum, including the primary atrial septum
(PAS) and SV/DMP, are SHF derivatives.

Long-standing genetic studies have shown that haploinsufficiency of GATA4, NKX2-5, and
TBXS5 causes ASDs in humans [15-18]. Tbx5 is a member of the T-box transcription factor
family and a key regulator of early cardiac morphogenesis; its importance is highlighted by
the fact that haploinsufficiency of TBX5 causes Holt-Oram syndrome (HOS) in humans.
HOS, characterized by forelimb deformities frequently combined with congenital heart
defects [15, 17], is an autosomal-dominant disease, affecting one of every 100,000 live
births. The majority of patients with HOS have cardiac defects, and ASDs occur in
approximately half of those patients [19]. Thx5 is known to interact with Nkx2-5 and Gata4
and to positively regulate transcription in the developing heart [16, 20]. Studies of Thx5 in
cardiac development have identified Gjal, Gja5, and Nppa as its target genes, but it is not
known whether these targets regulate the development of the atrial septum [21, 22].
Recently, the Moskowitz laboratory reported that Thx5 is required in the posterior second
heart field (pSHF) for atrial septation and that Odd-skipped 1 (Osr1) is a direct downstream
target of Tbx5 in the pSHF [23].

The Osrl gene encodes a putative transcription factor containing four C2H2-type zinc finger
motifs [24]. Osr1 knockout mice are reported to develop AVSDs, with dilated atria and
hypoplastic venous valves [25]. In the heart region, Osr1 is expressed in the dorsal
mesocardium and the atrial myocardium at E9.5. By E10.5, Osr1 is highly expressed in the
septum primum as well as in the dorsal mesocardium, and expression is maintained at least
through E13.5 [23, 25]. Although it has been established that Thx5 binds to the promoter
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region of Osrl and regulates its transcription in the SHF [23], it still remains unclear
whether and how Thx5 and Osr1l interact in the process of atrial septation.

Methods

Mouse lines

All mouse experiments were performed with mice with a mixed B6/129/SvEv background.
Tox5*, Osr1¢¢-ERT2/+ moyse lines were obtained from Dr. Ivan Moskowitz (University of
Chicago). R26R [Gt(ROSA)26Sortm1Sor/J], Osr1*- and Ptenf/fl mouse lines were obtained
from the Jackson Laboratory. Mouse experiments were completed according to a protocol
reviewed and approved by the Institutional Animal Care and Use Committee of the
University of North Dakota, in compliance with the USA Public Health Service Policy on
Humane Care and Use of Laboratory Animals.

Tamoxifen administration

Tamoxifen-induced activation of CreERT2 was accomplished by oral gavage with 75 mg/kg
tamoxifen (TM) at E6.5, E7.5, E9.5 or E10.5 for the genetic inducible fate mapping (GIFM)
study. To induce ASDs, TM was administered at E7.5 and E8.5 or at E8.5 and E9.5 with 75
mg/Kkg.

Histology study

Embryos were fixed in 4% paraformaldehyde overnight at 4°C and then embedded in
paraffin. Hematoxylin and eosin (HE) staining of heart sections was conducted according to
standard methods to identify any defects. X-gal staining of embryos was performed as
described [11]. A BrdU immunohistochemistry kit (EMD Millipore) was used for BrdU
staining. For BrdU incorporation assays, 2 doses of 100 mg/kg body weight of BrdU
solution (10 mg/ml) were given 3 hours and 6 hours before sacrifice at E9.0. TUNEL
staining was performed by using an ApopTag plus peroxidase In-Situ apoptosis detection kit
(Millipore). Rabbit anti-mouse p-Histone-H3 (ser10) (Abcam) was used for
immunohistochemical staining. For colorimetric staining, slides were incubated with rabbit
ImmPress reagent (Vector Labs), developed by using the DAB substrate kit (\Vector Labs),
and counterstained with hematoxylin.

Microdissection of pSHF and RNA extraction

E9.5 and E10.5 embryos were dissected as previously described [23, 26]. The heart, aSHF,
and pSHF were collected separately in RNA Later and then stored at —20°C until genotyping
was completed. Total RNA was extracted from the pSHF regions of mouse embryos hearts
by using the RNeasy Mini Kit (QIAGEN), according to the manufacturer's instructions.

Quantitative RT-PCR

DNA contamination was removed from RNA samples by incubating the sample(s) with
ribonuclease-free deoxyribonuclease | (RNase-free DNase I, Qiagen) at room temperature
for 15 minutes. Two hundred nanograms of total RNA underwent reverse transcription by
using a SuperScriptTM |11 Reverse Transcriptase kit (Invitrogen). qPCR was performed
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with a POWER SYBER Green PCR master mix (Applied Biosystems) and an iQ5 thermal
cycler (Bio-Rad) for real-time PCR. Results were analyzed by using the delta-delta Ct
method with GAPDH as a normalization control [27]. Primers used are listed in Table 1.

Tbx5 Mutagenesis and Dual-Luciferase Assay

Thx5-pcDNA 3.1 plasmid was kindly provided by the laboratory of Dr. Ivan Moskowitz
(University of Chicago). Thx5 mutants (R237Q, R237W) were made using QuikChange®
XL Site-Directed Mutagenesis Kit (Agilent Technology) according to the manufacture's
instruction. Primer sequences for R237Q were: 5’-
CGCCAAAGGCTTTTGGGGCAGTGATGACC-3 and 5'-
GGTCATCACTGCCCCAAAAGCCTTTGGCG-3'. Primer sequences for R237Q were 5’-
CGCCAAAGGCTTTCAGGGCAGTGATGACC-3 and 5~
GGTCATCACTGCCCTGAAAGCCTTTGGCG-3. Using FuGene HD (Promega),
transient transfections were performed in HEK-293T cells. After 48 hours post-transfection,
total cell lysates were prepared and luciferase activity was measured using the Dual-
luciferase Reporter Assay System (Promega).

Results

Osrl is expressed in developing DMP

Osr1 plays a role in atrial septation [25]. Osr1 knockout mouse embryos have missing atrial
septa at E11.5 [25]. To confirm this finding and to examine the possibility of a later rescue
of ASD, we analyzed Osr1 knockout embryos at E13.5 when normal atrial septation is
completed. The Osr1tMIRY+ mice, referred to as Osr17* mice, have a lacZ gene inserted into
the first coding exon of the Osr1 gene; thus, the mutation results in a functional -
galactosidase fusion gene and the loss of Osr1 gene function [25]. We found that 50% of
Osr17~ embryos died before E13.5 (12/24), mostly between E11.5 and E12.5 as indicated by
their tail somite numbers. Osr17- embryos that survived through E13.5 showed AVSDs,
whereas no AVSDs were seen in either Osr17* or wild-type embryos (Figure 1B and 1D vs.
1A and 1C) (9/12 vs. 0/10, respectively; p=0.000367, Table 2). Our results confirm that
Osrlis involved in atrial septation.

Previously, we reported that Osrl is expressed in the SHF of E9.5 mouse embryos [23];
therefore, we hypothesized that Osr1 is expressed in the developing DMP. To follow the
expression of Osr1, we conducted X-gal staining to reveal the f-galactosidase activity in
Osr17* mouse embryos at E9.5 (Figure 1E-H) and E10.5 (Figure 11-L). B-Galactosidase was
observed in the dorsal mesocardium, the DMP reflection, the PAS bud, and the atrial wall
adjacent to the dorsal mesocardium at E9.5 (Figure 1E-G). At E10.5, B-galactosidase was
expressed in the dorsal mesocardium, the forming DMP and PAS, and a portion of the atrial
wall (Figure 11-K). At both E9.5 and E10.5, B-galactosidase was not expressed in the
ventricles, atrioventricular cushion, and outflow tract (Figure 1H and L).

Osrl-expressing cells contribute to the atrial septum progenitors between E8.0 and E11.0

To test our hypothesis that Osr1 is required for atrial septation, we performed genetic
inducible fate mapping (GIFM) [28] and thus marked descendant cells that expressed Osr1
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during early cardiac morphogenesis. The location(s) of the marked cells was then evaluated
at E13.5. Descendant cells of Osr1-positive cells were marked in space and time by using a
tamoxifen (TM)-inducible Cre recombinase expressed from the Osr1 locus (Osr1cre: ERT)
[29]. Embryos were given TM (75 mg/kg) at E6.5, E7.5, E8.5, E9.5, or E10.5, and f3-
galactosidase expression was evaluated in R26ROS'1-CréERTZ/+ empryos at E13.5.

TM administration at E6.5 did not induce p-galactosidase expression in R26ROS'1-CreERT2/+
embryos (data not shown). However, TM administration at E7.5, E8.5, or E9.5 resulted in p-
galactosidase expression in Osrl descendant cells that contributed to the atrial septation and
the atrial wall of R26ROS 1-CreERT2/+ empyryos (Figure 2A-C and 2E-G). The marked atrial
septal structures included the whole mesenchymal core of the DMP, the PAS, and the
mesenchymal cap of the PAS. However, there were very few marked cells in the atrial
septum of the R26ROS'1-CreéERT2/+ empyryos given TM at E10.5 (Figure 2D and 2H). We did
not notice any p-galactosidase expression in the ventricular chamber and the atrioventricular
cushion in all embryos; however, the free atrial wall was marked in the TM-treated

R26ROs 1-CreERT/+ embyryos at all evaluated time points after E6.5 (Figure 21-P). Considering
that TM activates expression 12 hours after injection and that such lasts for 24 hours
[29-31], these results suggest that Osr1 plays a role in atrial septum progenitors between
E8.0 and E11.

Regulation of Osrl by Thx5 in pSHF is time-sensitive

Our previous study showed that Osrl expression is dependent on Thx5 transactivity in the
pSHF [23]. We investigated whether Thx5-dependent Osr1 expression followed a time-
serial change in the SHF because the proliferation of atrial progenitors is varied during
different developmental stages. We dissected the pSHF, aSHF and heart as described by
Moskowitz [23, 26]. In order to verify our micro-dissection, we measured the expression
levels of tissue-specific genes using realtime-PCR. Nkx2.5, a marker for first heart field [32,
33], was strongly expressed in the E9.5 heart, but very low in aSHF and pSHF. In contrast,
Isl1 and Thx1, markers for SHF [32, 33], were dominantly expressed in both aSHF and
pSHF, but not in heart. The expression of Thx1, a well-known transcription factor for
outflow tract development [32, 34-36], was significantly higher in aSHF than in pSHF. In
addition, Thx5 and Osr1 expression was remarkably high in pSHF and extremely low in
aSHF, which is in consistent with previous reports [23, 25]. These results verified our micro-
dissection on heart, pPSHF and aSHF.

Osr1 expression in the dorsal mesocardium of Thx5*/- and wild-type mouse embryos was
measured by RT-PCR at E8.5, E9.5, and E10.5. Knockout of one copy of Thx5 caused
diminished Osr1 expression at E8.5 (0.669 + 0.087, p=0.0001) and E9.5 (0.544 + 0.105,
p=0.006) but not at E10.5 (0.986 + 0.065, p=0.837) (Figure 3B). However, expression of
Isl1 was unchanged in Tbx5*/- embryos at both E8.5 (1.146 + 0.117) and E9.5 (0.908 +
0.104).

Osrl interacts with Tbx5 in atrial septum progenitors

We hypothesized that Osr1 interacts with Thx5 for atrial septation. We tested this hypothesis
by analyzing embryos with compound haploinsufficiency for Osr1 and Tbx5 (Osr1*/";
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Thx5*""). Osr1*- embryos did not show ASDs (0/8; Figure 3C and 3F), and 40% of E13.5
Thx5*"~ mouse embryos developed AVSDs, as reported earlier [23, 25, 37] (Figure 3D and
3G). The incidence of AVSDs was significantly greater in Osr1*/~; Tbx5*"- mouse embryos
(11/11, Figure 3E and 3H) than in either Osr1*/~ embryos (0/8, p=0.001) or Tbx5*- embryos
(5/10, p=0.0149, Table 2).

We showed that Osr1-expressing cells contributed to atrial septum progenitors between E8.0
and E11. Therefore, we tested our hypothesis that Tbx5 interacts with Osr1 by analyzing
Osr1 and Thx5-conditional haploinsufficiency, using Osr1:CreERT2. The Osr1:CreERT2 is
a “knock-in” allele that both abolishes Osr1 gene function and encodes TM-inducible Cre
recombinase (CreERT2). The conditional knockdown of Thx5 in Osr1-expressing cells that
constituted atrial septum progenitors (Thx5OS 1-CreERT2/+) \yas activated by TM
administration at E7.5 and E8.5 or at E8.5 and E9.5. The Thx50S'1-CreERTZ/+ empyryos had
one copy of conditionally abolished Thx5 combined with Osr1 abolishment. We observed
AVSDs in 63.7% of Thx5OS1-CreERTZ/+ empryos at E13.5 (TM at E7.5 and 8.5) (Figure 3K
and 3N, 7/11), whereas AVSDs were absent in Osr1€"€ERT2* embryos (0/7, p=0.0035;
Figure 3J and 3M) and Tbx5/* embryos (0/7, p=0.0035; Figure 31 and 3L, Table 2). For
those embryos treated with TM at E8.5 and E9.5, the incidence of AVSDs was similar to
that of embryos treated with TM at E7.5 and E8.5 (Table 2). These results suggest that Tbx5
genetically interacts with Osr1 in atrial septum progenitors.

Tbhx5 and Osr1 interact in regulating the proliferation of pSHF cardiac progenitors

Increased apoptosis of pSHF cardiac progenitors could lead to the absence of the atrial
septum. Indeed, increased nephrogenic mesenchymal cell death has been observed in Osrl
knockout mouse embryos [25]. Therefore, we assessed cell survival in Osr17- embryos at
E10.5. TUNEL staining did not detect apoptotic cells in the pSHF and the DMP region of
either Osr1”7~ or wild-type embryos (Figure 4A-D); this absence of apoptotic cells suggests
that Osr1 is not involved in cell survival in this region.

Although neither Thx5 nor Osrl plays a role in the survival of pSHF cardiac progenitors
[23], we could not exclude the possibility that Thx5 interacts or co-operates with Osrl in
regulating cell survival. However, results of the TUNEL assays showed that no apoptotic
cells were present within the pSHF and the DMP in Thx5OS 1-CreéERTZ/+ an( |ittermate
control embryos (Figure 4E-H).

Because Thx5 is required for proliferation of atrial progenitors (Xie et al., 2012), we
hypothesized that Osr1 also regulates cell proliferation in the pSHF. Using BrdU
incorporation assay, we determined the proportion of proliferating cells in the pSHF of
Osr17~ and wild-type embryos at E9.5. By counting a total of 500 cells in the pSHF region
of five serial sections across the DMP reflection from four embryos (Figure 4J-L, framed
region), we found that Osr17~ embryos had 54.8% fewer BrdU-positive cells than did wild-
type embryos (Figure 4K, L, and I, J; 31.7% + 2.52% vs. 70.0% * 4.58%, respectively;
p=0.008). These results suggest that Osr1 is required for the proliferation of pSHF cardiac
progenitors.
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Because both Tbx5 and Osr1 are required in the proliferation of pSHF atrial progenitors, we
tested the hypothesis that Tbx5 and Osr1 interact in regulating cell proliferation in the pSHF.
Using BrdU incorporation assays, we notice a substantial decrease in the number of
proliferating cells in the SHF of Thx5051-CreERT2* empryos at E10.5, a result in contrast to
that seen in either Osr1CT€ERTZ* or Thy5fl+ embryos (Figure 4N vs. P). The number of
proliferating cells in the pSHF around and in the DMP of Thx5°051-CreERT2/* empryos was
36.5% less than that inOsr 1°7€ERT2* empbryos (Figure 4R, 48.7% + 3.06% vs. 76.7% +
5.03%, respectively; p=0.001). In contrast, the BrdU-positive cells in the first bronchial arch
did not differ between Thx50S'1-CreERT2/* emppryos and Osr1€7€ERTZ+ embryos (Figure 4M
vs 40, 82% =+ 2.65% vs. 81.7% + 2.52%, respectively; p=0.882). These results demonstrate
that Thx5 and Osr1 interact in regulating pSHF cell proliferation but not in cell survival.

Tbhx5 and Osr1 interact in regulating the cell cycle progression of pSHF cardiac

progenitors

We tested the hypothesis that Osr1 regulates pSHF cell cycle progression by conducting
phosphorylated Ser10-H3-histone (H3S10) immunohistochemical analysis, which
differentially marks mitotic cells in G2 (staining is punctate) and M phases (staining is
homogeneous) [23, 38]. Evaluation of 500 cells in the pSHF around and in the DMP (Figure
5C and D, framed region) found that the number of H3S10-positive cells in the M phase of
Osr17- embryos was 53.7% less than that in wild-type embryos (Figure 51, red bar, 10.3% +
0.58% vs. 26.7% + 0.57%, respectively; p=0.002). However, there was no difference in the
proportion of G2 cells in pSHF (Figure 51, blue bar, 22.3% + 0.58% vs. 23.0 % + 1.00 %,
respectively; p=0.18). Therefore, Osr1 is required for progression of pSHF cells through the
M phase of the cell cycle.

Osrl expression in the pSHF is under the transcriptional control of Thx5 [23], and Thx5 and
Osrl genetically interact in atrial septation (this study). We hypothesized that the interaction
of Thx5 and Osrl in SHF is required for cell cycle progression. As shown in Figure 5 (H and
G), the number of mitotic pSHF progenitors, which were marked by H3S10, in the

Thx505 1-CreERT2+ empbryos was 26.6% less than the number in Osr1CT€ERTZ+ embryos. In
addition, the number of pSHF progenitors in the G2 phase in Thx50S1-CreERT2/* empryos
was 24.3% less than that in the Osr 1€€ERT2+ embryos at E10.5 (Figure 5J, 7.01% + 0.62%
vs. 9.55% + 0.56%, respectively; p=0.006 for the M phase; 10.9% + 0.32% vs.14.4% +
0.92%, respectively; p=0.003 for the G2 phase). We have shown that pSHF cells of either
Osr17- (Figure 51) or Thx5™- embryos have defects only in the M phase [23]. The more
severe cell cycle defects of Thx5OS'1-CreERT2+ nSHF cardiac progenitors suggest an
interactive role of Tbx5 and Osr1 in cell cycle regulation.

We examined the expression level of several cell cycle genes, including Cdk4, Cdk6, Cyclin
D2, Cdknla, Trp53 and Pten, that are responsible for the G1-S phase transition in pSHF of
wild-type, Tbx5*-, Osr1*-, and Thx5*/-;Osr1*- embryos at E9.5. The expression of Cdk6
and Cyclin D2 was significantly less in pSHF tissues of Thx5*/", Osr1*/", and
Tbx5*;Osr1*/- mouse embryos than in those of wild-type embryos (Figure 5K).
Specifically, there was a further reduction of Cdk6 expression in Tbx5*/-;0sr1*/- pSHF as
compared with that in Tbx5*- pSHF (0.020 + 0.009 vs. 0.448 + 0.079, respectively;
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p=0.0001) or Osr1*~ pSHF (0.020 + 0.009 vs.0.446 + 0.058, respectively; p=0.006) (Figure
5K).

These results suggest that Thx5 and Osr1 interact at the cellular and molecular level in
regulating the cell cycle progression of cardiac progenitors in the pSHF.

Genetically targeted disruption of Pten expression in atrial septum progenitors rescued
ASDs in Thx50sr1-CreERT2+ empryos

Phosphatase and tensin homolog (Pten) is a tumor suppressor that negatively regulates cell
cycle progression by negatively regulating the PI-3K/AKT pathway and Cyclin D
expression; thus, Pten inhibits cell proliferation and induces G1-S phase arrest [39-44]. We
hypothesized that disruption of Pten in atrial septum progenitors will rescue ASDs in
Thx5051-CreERT2+ empryos because decreased Pten expression will release G1-S phase
arrest and this release will lead to progression through the cell cycle. In control

Pten Osr1-CreERT2* embryos, normal atrial septal development was observed at E14.5 (7/7,
Figure 5M and 5P). Conditionally repressing Pten expression in atrial septum progenitors by
Osr1: CreERT?2 resulted in the rescue of AVSDs in Thx5051-CreéERT2* empryos: AVSDs
were observed in 16.7% of Thx50S'1-CreERT2/+. pTEN Osr1-CreERT2/+ embyryos (1/6) in
contrast to 66.7% of Thx50S 1-CreERT2* empryos (8/12, p=0.0062) (Table 2, Figure 5Q vs.
50).

To test the hypothesis that Pten knockdown in the pSHF normalizes the cell cycle defect, we
quantitated the percentage of pSHF cells at E9.5 in G2 phase and M phase by H3S10
staining. The results showed no significant increase of G2 and M phase, marked by H3S10
positive, in pSHF of PTENOS'1-CréERT2/+, comparing to Thx5f1/+; Ptenl/* embryos (Figure
5R, G2: 13.17% +0.8% vs 12.36% +1.2%.; M: 8.95% + 1.01% vs.8.41% +1.66%, p=0.81).
However, there was rescue of decreased G2 and M phase in pSHF of Tbx5°S"Y* when one
copy of Pten gene was knockout in pSHF (Figure 5R, G2: 8.1% £1.37% vs. 11.47%
+1.72%; M: 5.83% + 1.62% vs.9.38% £0.96%, p=0.037) and the number of H3S10 positive
cells in pSHF of PTENOS'1-CreERT2/+, T 50sr1-CreERT2/+, \yas not different than that of
PTENT* Thx51/* (Figure 5R, G2: 11.47% +1.72% vs. 12.36% +1.2%: M: 9.38% +0.96%
vs. 8.41% +1.66%, p=0.79). These results suggest that deletion of Pten rescues the
morphologic defects in Thx50S1-CréERT2/+ embryos by a mechanism that includes
normalization of cell cycle progression.

Integrity of the Hedgehog (Hh) signaling pathway was differentially regulated at E9.5 and

E10.5

Previous work demonstrated that Tbx5 acts upstream and parallel to Hh signaling in the
SHF and that Osr1 is a target downstream gene required for atrial septation [23]; however,
the detailed interaction among Thx5, Osrl, and Hh signaling is unclear. We quantitatively
evaluated the expression of Smo, Glil, and Gli3 genes, which are key modulators of Hh
signaling pathway, in the pSHF of Osr17- embryos at E9.5. Smo expression was decreased
in Osr1”- embryos (0.314 + 0.104, p=0.010), but Gli1 expression (0.924 + 0.517, p=0.788)
and Gli3 expression (1.172 + 0.238, p=0.329) was not (Figure 6A). As previously reported,

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 9

Thx5 expression was not changed in Osr1 knockout mouse embryos (1.493 + 0.521,
p=0.213) [25].

We hypothesized that Thx5 and Osrl interactively regulate Hedgehog (Hh) signaling, and
we tested this hypothesis by quantitatively evaluating the expression of Smo, Glil, and Gli3
in the pSHF of Tbx5"", Osr1*/-, Thx5*/;0sr1*/", and wild-type mouse embryos, at both
E9.5 and E10.5 (Figure 6B and 6C). Real-time PCR analysis indicated that Smo and Glil
expression was significantly reduced at E9.5 in the pSHF of Tbx5*/- embryos (Smo: 0.570 +
0.099, p=0.007; Gli1: 0.408 + 0.125, p=0.002) and Thx5*""; Osr1*/- embryos (Smo: 0.521 +
0.108, p=0.021; Gli1: 0.275 + 0.080, p=0.001) but not Osr1*~- embryos (Smo: 1.142 +
0.141, p=0.296; Gli1: 1.000 £ 0.503, p=0.997). However, Smo and Gli1 expression were not
changed in the pSHF of Tbx5*- embryos (Smo: 1.149 + 0.250, p=0.171; Glil: 1.243 +
0.177, p=0.141), Osr1*- embryos (Smo: 1.137 £ 0.223, p=0.453; Glil: 1.056 + 0.145,
p=0.699), or Tbx5*~;Osr1*/- embryos (Smo: 1.099 + 0.230, p=0.587; Gli1: 1.116 + 0.065,
p=0.302) at E10.5. At E9.5, expression levels of other tested genes—Foxfla, Fgf8, Fgfl5,
Myl2, Myl3, Myl 7, and Myl9— were similar to those at E10.5. None of these genes showed
expression change in Osr1*/- embryos at both E9.5 and E10.5.

Osrl transcription is affected by Thx5 mutation that causes Holt-Oram Syndrome (HOS)

It has been estimated that 74% of patients who meet strict diagnostic criteria for Holt-Oram
Syndrome (HOS) will have an identifiable mutation in the TBX5 gene [45]. The mutation
spectrum in the TBX5 gene is wide. So far, more than 30 reported single base pair
substitutions have been reported to result HOS, including R237W and R237Q that are
among the top five most reported mutations responsible for about 50% of cases of HOS
[46]. We hypothesized that disrupted Osr 1 trans-activation induced by TBX5 mutation was a
potential cause of ASD in HOS. We replicated the point mutation R237Q and R237W of
human TBX5 in mouse and generated mutated mouse Thx5 accordingly (see Methods).
Previously, two distinct Osr1 genomic regions, Osr1F1 and Osr1F4, responsive to Thx5
trans-activation have been reported [23]. Our results show that R237Q-Tbx5 and R237W-
Thx5 are unable to induce trans-activated luciferase expression from Osr1F1 and OsrlF4,
while widltype Tbx5 did (Figure 7A).

The crystal structures of human TBX5 T-box domain have been demonstrated both in its
DNA-free form and DNA-bound form [47]. In light of this development, we investigated if
and how the point mutation (R237Q-Tbx5 and R237W-Tbx5) affected the DNA binding
ability of Tbx5. We first generated the structures of those two mutants using Rosetta
software designed for protein structure modeling [48]. AAG value given by the difference in
rosetta energy between the wild-type structure and the point mutant structure is used to
predict the change in protein stability. For R237W-Thx5 and R237Q-Tbx5, the AAG value is
0.941 and 3.267 respectively, suggesting that both these mutants can destabilize the protein.
We further analyzed how the binding structure of mutant Tbx5 and DNA was changed using
Pymol (version 1.7), which is designed for molecular visualization. We especially studied a
region including the 31g-helix at the C-terminus of the T-box domain (residues F232-R237)
which is inserted into the minor groove of DNA in binding form. We predicted that the
hydrogen bonds (H-bond) between Lys234 and DNA that usually maintain the binding

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 10

structure of DNA and wildtype Tbx5 are missing in both the two mutants, together with
several interactions within this region (Figure 7B). Specifically, the salt bridge between
Arg237 and Glu228 no longer existed in R237W-Thx5, as well as the H-bond between
Arg237 and Asn230. In R237Q-Thx5, instead of forming H-bond between Arg237 and
Asn230, a new H-bond formed between Arg237 and Lys234. These results suggest that
mutation R237W and R237Q can destabilize Thx5 and induce conformational changes
within the 31g-helix region, thus reducing its ability to bind to promoter region of Osrl.

Discussion

In the present study, we demonstrated that Osr1-expressing cells contribute to atrial septum
progenitors between E8.0 and E10.5, a time during which Hh signaling is required for the
specification of atrial septal progenitors (Figures 1 and 2) [11]. Osr1 expression in the pSHF
was dependent on the level of Thx5 at E8.5 and E9.5 but not at E10.5 (Figure 3A); this
result suggests that the embryo stage before E10.5 is critical for the interaction of Tbx5 with
Osrl in atrial septation. Significantly more AVSDs (primum ASD) occurred in embryos
with compound haploinsufficiency for Thx5 and Osr1 than in those with single
haploinsufficiency for Thx5 or Osrl (Figure 3 and Table 2). The increased incidence of
AVSD in mice with compound haploinsufficiency for Thx5 and Osr1 was associated with a
severe proliferation defect in atrial progenitors through defective cell cycle progression and
was related at least in part with decreased CdK6 regulation (Figures 4 and 5). Remarkably,
genetically targeted disruption of Pten expression in atrial septum progenitors rescued
AVSDs caused by Thx5 and Osr1 compound haploinsufficiency via rescue of cell
proliferation in pSHF (Figure 5). A significant reduction in Smo expression was observed in
the pSHF of Osr1 knockout embryos at E9.5, implying a role for Osrl in regulating Hh
signaling (Figure 6). Furthermore, Osr1 transcription was blocked by Thx5 mutation by
luciferase reporter assay (Figure 7), which suggests that disrupted interaction between thx5
and Osr1l is a potential mechanism in Holt-Oram Syndrome (HOS).

Wang et al. reported the occurrence of ASDs in Osr1 knockout mouse embryos at E11.5
[25], a result that suggested a role for Osrl in atrial septation. However, it remained unclear
when and where Osr1 is required for atrial septation; therefore, this topic was a focus of our
study. We showed that Osr1 was expressed in the dorsal mesocardium, the forming DMP,
and the PAS, but not in the ventricles, atrioventricular cushion, and outflow tract at E9.5 and
E10.5 (Figure 1) [23]. Using GIFM, we found that Osrl descendant cells contributed to the
PAS and DMP from ES8 to E10.5 (Figure 2), which overlaps where and when atrial septal
progenitors, marked by Gli1Cre positive [10, 11, 23], are required by atrial septation. We
conclude that Osr1 is required in the atrial septal progenitors from E8 to E10.5.

The implication of Thx5 and Osr1 interaction in the SHF for atrioventricular septation
buttresses our previous implication of Thx5 and a growing body of literature indicating that
SHF defects can cause AVSDs [10, 11, 23, 49-51]. In the present report, we showed an
increased incidence of primum AVSDs in Thx5 and Osr1 compound heterozygotes (Figure
3), a result that confirmed the interaction between Thx5 and Osr1 in the pSHF for atrial
septation. The fact that mutation of Thx5 found in human blocked the transactivation of
Osrl (Figure 7A) also suggested that disruption of Thx5 and Osr1 interaction as a potential
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molecular mechanism of HOS. We observed that the numbers of cells in the G2 and M
phases were decreased in the pSHF of Thx5 and Osr1 compound heterozygotes. Expression
of Cdk6, which is required for G1-S phase progression and is a direct transcription target of
Thx5 [23], was shown to depend on Thx5-Osr1 interaction in the pSHF (Figure 5). In
addition, a specific decrement in expression of Pten, a tumor repressor that negatively
regulates the Cyclin D gene, rescued the cardiac morphogenesis defects caused by Tbx5 and
Osr1 double haploinsufficiency via repair of cell cycle defects (Figure 5). These
observations support the concept that Thx5 and Osr1 interact to promote SHF cardiac
progenitor proliferation, promote expression of cell cycle genes related to the G1-S phase
transition, and generate a progenitor pool capable of supporting atrial septum morphogenesis
(Figure 7C).

Interestingly, we were not able to detect significant differences in Osr1 expression in the
pSHF of Thx5*"; Osr1*- embryos and of Thx5*/- embryos at all embryonic stages tested
(Figure 6B vs. C); however, all Tbx5*"; Osr1*- embryos displayed ASDs, whereas only
40% of Thx5 single heterozygotes had AVSDs. It is possible that enlarging the sample size
may disclose the trivial but critical dose difference of Osr1 in the pSHF of Thx5*/"; Osr1*/-
embryos and Thx5*~ embryos. Possible evidence is that the level of Cdké in the pSHF was
significantly lower in Thx5*/"; Osr1*/- embryos than in Thx5*~ or Osr1*/- embryos (Figure
5K). In addition, both our realtime PCR results (Figure 2A) and RNA sequencing data (data
not shown) showed a trend of a 20% reduction in Osr1 expression in the pSHF of Thx5*/";
Osr1*/- embryos as compared with that in Thx5*/- embryos at E9.5. In addition, the greater
incidence of ASD in Thx5*/"; Osr1*/- embryos might be associated with the level of Osr1
expression that was 65% of that in wild-type throughout all developmental stages, but the
level of Osr1 expression was normal at E10.5 in the pSHF of Tbx5*- mouse embryos.

The finding that Thx5 directly regulates Osr1 transcription in the pSHF only before E10.5
suggests that Osr1 activity, which is under Thx5 regulation in the pSHF, is strictly
embryonic stage-dependent. In addition, the finding implies that different molecular
signaling in the pSHF is required before and after E10.5. It is noted that not only Osr1 but
also the integrity of Hh signaling of Tbx5*~ mouse embryos was affected at E9.5 but not at
E10.5. These results extend our understanding and provide evidence to demonstrate that the
signaling networks in the pSHF are not only spatially but also temporally regulated. Before
E10.5, Thx5 directly transactivates Osr1 and interactively regulates Hh signaling and
expression of genes involved in cell cycle regulation (Figure 7C). At E10.5, Osr1
transcription and Hh signaling in the pSHF are no longer directly dependent on level of
Tbx5. Detailed roles for the requirement of these important cardiac transcription factors in
atrial septation and human ASDs at later developmental stages, such as after E10.5, should
be further studied.
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Figure 1. Osrl is expressed in the dorsal mesocardium and DMP
(A-D) Histology of the Osr17- embryos that survive through E13.5 and their littermate

control. (E-H) Expression of Osr1 was detected by X-gal staining to reveal the 3-
galactosidase activity in Osr17* mouse embryos at E9.5.

(I-L) Expression of Osr1 was detected by X-gal staining to reveal the p-galactosidase
activity in Osr1”* mouse embryos at E10.5.

Magnification in panels A and B, 40x; magnification in panels C and D, 100x;
magnification in panels E-L, 200x. The “*” indicates missing of structures of atrial
septation. DM, dorsal mesocardium; PAS, primary atrial septum; DMP, dorsal mesenchymal
protrusion; OFT, outflow tract
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Figure 2. Osrl-expressing cells contribute to the atrial septal structure during E8 to E10.5
Descendant cells of Osrl1-positive cells were marked in space and time by using a TM-

inducible Cre recombinase expressed from the Osr1 locus (Osr1lcre: ERT). Embryos were
given TM (75 mg/kg) at E6.5, E7.5 (A, E, | and M), E8.5 (B, F, Jand N), E9.5 (C, G, K and
0), or E10.5 (D, H, L and P), and p-galactosidase expression was evaluated in

R26ROS 1-CreERT2/*+ empryos at E13.5. Magnification in panels A-D and I-L, 40x;
magnification in panels E-H and M-P, 100x. PAS, primary atrial septum; DMP, dorsal
mesenchymal protrusion
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Figure 3. Osrl interacts with Thx5 in atrial septum progenitors
(A) Expression levels of Gapdh, Nkx2-5, 1911, Thx1, Thx5 and Osr1 in the micro-dissected

heart, pSHF and aSHF of E9.5 wildtype mouse embryos were evaluated by real-time PCR
analysis. Expression of Nkx2-5, Isl1, Thx1, Thx5 and Osr1 versus Gapdh were calculated by
ACt method [27]. Significant difference of each gene expression among heart, aSHF and
pSHF was tested by ANOVA analysis using ACt value. Different letters denote significant
difference (P<0.05) among heart, aSHF and pSHF.

(B) Expression levels of Osrl in the pSHF at E8.5, E9.5, and E10.5 were evaluated by real-
time PCR analysis. * P<0.05 vs. WT

(C-H) Histology of Osr1*/- (B and E), Tbx5"/- (C and F) and Tbx5*" ;0sr1*/- (D and G) at
E13.5.

(1-N) Histology of Thx50S'1-CreéERT2/* and their littermate control embryos at E13.5.
Magnification in panels B-D and H-J, 40x; Magnification in panels E-G and K-M, 100x. *,
missing of structures of atrial septation. The “*” indicates missing structures of atrial
septation. PAS, primary atrial septum; DMP, dorsal mesenchymal protrusion; RA, right
ventricle
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Figure 4. Osrl plays an important role in regulating pSHF cardiac progenitors' proliferation
(A-D) Apoptosis within the pSHF of either Osr17- embryos (A, B) or wild-type littermate

control embryos (C, D) was analyzed by TUNEL staining.

(E-H) Apoptosis within the pSHF of either Tbx5OS 1r&ERT2/+ (G H) or Osr1Cre-ERT2+

embryos (E, F) was analyzed by TUNEL staining.

(1-L) Proliferating cells within the pSHF of Osr1”- embryos (1, J) or wild-type littermate

control embryos (K, L) was detected by BrdU incorporation.

(M-P) Proliferating cells within the pSHF of either Thx5OS1cr&-ERT2/+ (Q p) or

Osr1CreERT2* embryos (M, N) was detected by BrdU incorporation.

(Q and R) The ratio of BrdU-positive cardiac progenitors to pSHF cells was calculated

within a total of 500 cells (100 cells/section) in the pSHF and the DMP region (an example

of a typical region is indicated as the framed areas). The mean values +SEM (n=3 or 4

embryos) are presented. Difference among treatment groups was tested by one-way analysis

of covariance (ANOVA). * P<0.05

Magnification in panels A, C, E, G, I, K, M, and O, 100x; magnification in B, D, F, H, J, L,

N, and P, 200x.
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Figure 5. Thx5 and Osr1 interact in regulating the transition from the G1-S phase of pSHF
cardiac progenitors

A-D) G2 and M phase cells within the pSHF of either Osr17- embryos (B, D) or wild-type
littermate control embryos (A, C) was detected by immunohistological staining of H3S10.
(The black arrow indicates a typical cell in M phase, and the red arrow indicates a typical
cell in G2 phase). Enlargement of the framed region are shown in panel ¢ and d.

(E-H) G2 and M phase cells within the pSHF of either Thx5OS 1ere-ERT2/+ (£ H) or

Osr 1Cr¢ERT2*+ embryos (E, G) was detected by immunohistological staining of H3S10.
(The black arrow indicates a typical cell in M phase, and the red arrow indicates a typical
cell in G2 phase). Enlargement of the framed region are shown in panel g and h.

(I'and J) The proportion of H3S10-positive cardiac progenitors within a total of 500 cells in
the pSHF and the DMP region was calculated (an example of a typical region is shown in c,
d, g, and h). Total of five hundred cells (100 cells/section) were counted within the pSHF
region of each embryo and percentage of positive cells were calculated. These were repeated
on three or four embryos in each treatment groups and difference among treatment groups
was tested by ANOVA.

(K) Expression levels of Cdk4, Cdk6, Cyclin D2, Cdknla, Trp53 and Pten in the pSHF at
E9.5 were detected by real-time PCR. Data is expressed as “mean fold change (vs. wildtype)
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+ SE” calculated using a AACt method [27]. Differences among the four groups were
analyzed by ANOVA using ACt value, *p<0.05, n=3 embryos

(L-Q)Histology of ptenOsrlCre-ERTZ+’ TbX5OsrlCre-ERTZ+; or TbX5OsrlCreERTZ+;

PtenOs'1 Cre-ERT2* empryos at E14.5.

(R) The proportion of H3S10-positive cardiac progenitors within a total of 500 cells in the
pSHF and the DMP region of Pten’*; Tbx5/*, or PtenOS'1Cre-ERT2/+ o Thy50s 1Cre-ERT2/+-
or Thx5Os 1Cre-ERT2/+. prenOsr1Cre-ERT2/+ empyryos was calculated. Total of five hundred
cells (100 cells/section) were counted within the pSHF region of each embryo and
percentage of positive cells were calculated. These were repeated on three or four embryos
in each treatment groups and difference among treatment groups was tested by one-way
analysis of covariance (ANOVA). Magnification in panels A, B, E, and F, 100x;
magnification in panels C, D, G, and H, 200, magnification in panels c, d, g, and h, 400x;
magnification in panels M-R, 40x. PAS, primary atrial septum; DMP, dorsal mesenchymal
protrusion; A, atrium
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Figure 6. Hh signaling was differentially regulated in the pSHF at E9.5 and E10.5

(A) Expression |
detected by real
calculated using

evels of Thx5, Osr1, Smo, Gli, Gli3 and Foxfla in the pSHF at E9.5 were

-time PCR. Data is expressed as “mean fold change (vs. wildtype) + SE”

a AACt method [27]. Differences among the four groups were analyzed by

ANOVA using ACt value, *p<0.05, n=3 embryos

(B and C) Heart
detected by real
calculated using

related gene expression in the pSHF at E9.5 (B) and E10.5 (C) were

-time PCR. Data is expressed as “mean fold change (vs. wildtype) + SE”

a AACt method[27]. Differences among the four groups were analyzed by

ANOVA using ACt value, *p<0.05, n=3 embryos
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Figure 7. Mutation of Tbx5 blocked Osrl transactivation, which might be associated with lower
binding stability between Thx5 and DNA strand
A) Luciferase reporter assay was carried out to test if point mutation of Thx5 failed to

transactivate Osrl through known Osrl promoter region (Osrl-F1 and Osrl-F4). Data are
presented as mean + SEM, n=3.

B) Structure differences between Thx5 and the Tbx5 mutants. Hydrogen bond between
DNA strand (in light brown) and Thx5 protein (in green) is indicated by purple dashed line,
H-bonds within interested region including 310-helix are shown as blue dashed line. The
distance between atoms used to form an H-bond is indicated by red dashed line.

C) Working model for Thx5 and Osrl interaction in atrial septation at before E10.5. Thx5
directly activating Osrl1, which impacts on the Hh signaling by regulating the expression
levels of Smo and Glil. Thx5 also plays upstream of Osrl on regulating the cell cycle gene
Cdk6 and Cycline D2 expression. Pten, plays in a parallel pathway of Thx5 and Osrl to
control the proliferation of atrial septal progenitors.
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Primers used for RT-PCR

Table 1

Forward

Reverse

Cdk4

5-GCTCGCGGCCTGTGTCTAT-3

5-CCATTCTCGAAGCAGGGGAT-¥

Cdk6

5-TCACGGACGGACAGAGAAAC-3

5-GCCGGGCTCTGGAACTTTAT-3

Cdk5r2

5-TCGTTCACCCTTTCCGTCTG-3

5-GGTGGACTTTGAGATGCCCA-3’

Cdknla

5-CGGTGTCAGAGTCTAGGGGA-3

5-AGGATTGGACATGGTGCCTG-3

Cyclin D2

5-GCCAAGATCACCCACACTGA-3

5-GCGTTATGCTGCTCTTGACG-3

Thx5

5-GCTCCCAGCAAGTCTCCATC-3

5-TTCGTGGAACTTCAGCCACA-3

Osrl

5-GTGACCAAGCTATCCCCAGA-¥

5-CCACAGAACTTGCAAACGAA-3

Smo

5-GCTGAAGGTGATGAGCACAA-3

5-CAGCAAGATCAACGAGACCA-3

Glil

5-GCCTTGAAAACCTCAAGACG-3’

5-ATGGCTTCTCATTGGAGTGG-3’

Gli3

5-ACCCTGCTGCTCTGACTCAT-3

5-GCAACCTCACTCTGCAACAA-3

Foxfla

5-GCTCAACGAGTGCTTCATCA-3

5-CGCATCGATGGTCCAGTAGT-3

Fgf8

5-GCGGGTAGTTGAGGAACTCG-3

5-GTACATGGCCTTTACCCGGA-3’

Fgf15

5-TGAGCCATCCAGTTGTGTCC-3’

5-CCACTGGAGAATTTGGGGCT-3’

Myl2

5-GAAGGACTGAGCCCTGAACC-3’

5-TGTTTATTTGCGCACAGCCC-3’

Myl3

5-AGCCCAAGAAGGATGATGCC-¥

5-AGGCATCAAACTCGGCTTCC-3

Myl7

5-GCTCGGGAGGGTAAGTGTTC-3

5-GTCCCATTGAGCTTCTCCCC-3

Myl9

5-GCCAAGGACAAGGACGACTAA-3

5-CTAATTCGTCACGGGGAGGG-3’
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Incidence of ASDs in embryos.

Table 2

Page 25

(A)Knockout of Osr1

Genotype AVSD | Total | P value(y? test)

Osr1 9 12 Osr17-(9/12):WT(0/10) P=0.000367
Osr17-(9/12):0sr 1+~ (0/10) P=0.000367

(B) Thx5 — Osr1 compound mutant embryos

Tox5-; Osr 1+ 1 11 Tox5*; Osr1+-(11/11):0sr 1+-(0/8) P=0.001
Tox5*"; Osr 1*-(11/11): Tbx5*(5/10) P=0.0149

Thx5Os lere-ERT2/+ 7 11 Thxs0s 1creERT2/+(7 /11):Thx5 fI/+(0 /7) P=0.0138
Thx50s LereERT2/+(7/1 1): Osr 197¢ERT2/+(0/7) P=0.0138

(C) Effect of TMX administration on ASD in Thx5 Os1creERT2* empryos,

Tox5Os 1ere ERT2Z+ (T\VX 8.5;9.5) 9 11 Thx5 Os'1ereERT2H(TM X 8.5;9.5) (9/11): P=0.3161
Thx5 Os'1ereERT2H(TM X 7.5;8.5) (7/11):

(D) Pten — Thx5 — Osr1 compound mutant embryos

Tbx50810reERT2/+; Ptenos lcre-ERT2/+ 1 6 Thx5Os 1ere-ERT2/+ ;ptenGIilERTZ-CraH(l/G): TbX5OsrlcreEF€T2/+(8/12) P=0.0062
Thx5Os lere-ERT2/+ ;ptenGIilERTZ-CraH(l/G): ptmOsrlcr&ERT2/+(0/7) P=0.2038

*
Incidence of AVSDs was evaluated in mutant embryos at E13.5. Significance in AVSD incidence between mutant embryos and littermate controls

was analyzed by the XZ test.
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