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Circulating Transforming Growth Factor §-1 Level
in Japanese Patients With Marfan Syndrome

Naomi Ocawa,’ MD, Yasushi Ima1,' MD, Hiroshi NIsHIMURA,' MD, Masayoshi Kato,' MD,
Norifumi TAKEDA,' MD, Kan NawaTa,” MD, Tsuyoshi TAKETANI,> MD, Tetsuro MOROTA,” MD,
Shinichi TAkAMOTO,” MD, Ryozo Nagal,'® MD, and Yasunobu HiraTa,' MD

SUMMARY

Marfan syndrome (MES) is an inherited connective tissue disorder mainly caused by the fibrillin-1 mutation. Defi-
cient fibrillin-1 is thought to result in the failed sequestration of transforming growth factor f (TGFf) and subsequent ac-
tivation of the TGF# signaling pathway, suggesting that the circulating TGFS level may be elevated in MFS, although its
accurate measurement is complex due to ex vivo release from platelet stores upon platelet activation. We measured the
plasma TGFfS1 levels of 32 Japanese MFS patients (22 medically untreated, 10 treated, 20 males, 30.1 + 9.6 years old)
and 30 healthy volunteers (19 males, 29.5 + 5.8 years old) by ruthenium-based electrochemiluminescence platform
(ECL). PF4 was also measured by enzyme immunoassay (EIA) as a platelet degranulation marker. There was no signifi-
cant difference in the mean plasma TGES1 level between the MES group (1.31 = 0.40 ng/mL) and controls (1.17 £ 0.33
ng/mL) (P = 0.16, NS). Also, there was no significant difference between the untreated (1.24 + 0.37 ng/mL) and treated
(1.46 = 0.45 ng/mL) MFS patients (P = 0.15, NS). We also measured PF4, which showed wide deviations but no signifi-
cant difference between the two groups (P = 0.50). A difference in circulating TGEf1 levels between MFS patients and
controls was not detected in this Japanese population, Circulating TGFS1 is not a diagnostic and therapeutic marker {or
Japanese MFS patients, although our findings do not eliminate the possible association of TGFS with the pathogencsis of

MES. (Int Heart ] 2013; 54: 23-26)

Key words: Aortic aneurysm, Aortic dissection, Connective tissue disease, Adult congenital disease, Fibrillin-1

arfan syndrome (MFS, OMIM #154700} is an auto-
M somal dominant heritable disorder of connective
tissue with prominent involvement of the cardio-
vascular, ocular, and skeletal systems. MFS is caused by muta-
tions of the fibrillin-1 gene (FBNT) at 15q21.1“ that encodes
the cysteine-rich, extracellular matrix glycoprotein fibrillin-
I(FBN1), which is the major structural component of 10 nm
microfibrils. Cardiovascular phenotype is the most important
phenotype because it is often related to life-threatening events
such as aortic dissection and aneurysmal rupture.” )
Initially, because FBNI is a structural element of the ex-
tracellular matrix, it was believed a mutation in this gene or
changes in its character or amount would bring about structural
problems in the vasculature. However, it has subsequently been
discovered that changes in FBNI, due to binding of the cy-
tokine TGEf to FBN|, are correlated to cytokine abnormali-
ties. This is thought to be one important aspect of the patho-
physiology of MFS. The TGF cytokines are secreted as large
latent complexes, consisting of TGFS, latency-assoctated pep-
tide, and one of three latent TGFS binding proteins. On secre-
tion, the large latent complex is sequestered by the extracellu-

lar matrix that includes FBN1. Tt is hypothesized that deficient
or abnormal fibrillin-1 leads to failed sequestration of TGFS
and causes dysregulation of the TGFJ signaling cascade.
Several lines of evidence from the analyses of genetical-
ly-engineered mice support an additional role for FBNI as a
regulator of the cytokine TGES. Mice homozygous for a hypo-
morphic FBNJ allele have impaired pulmonary alveolar septa-
tion associated with increased TGFf signaling that can be pre-
vented by perinatal administration of a polyclonal TGFS
neutralizing antibody.” Similarly, myxomatous changes in the
mitral valve” in mice harboring a FENJ missense mutation
and aortic aneurysm” in mice heterozygous for an FBNI allele
encoding a cysteine substitution C1039G are attenuated by
TGFf neutralizing antibody or losartan, an angiotensin II type
1 receptor blocker. Additional clinical evidence for (his mecha-
nism was provided by Ahimastos’ report in which the ACE in-
hibitor perindopril reduced both aortic stiffness and aortic root
diameter in MFES patients and, in addition, both the active and
latent forms of plasma TGF-# were remarkably reduced by
perindopril administration.” In addition, an angiotensin II type
1 receptor blocker, which may attenuate the TGFS signaling
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pathway, significantly reduced the rate of aortic ditation in a
small cohort study of MFS children.”

Taken together, these findings suggest that the dysregula-
tion of TGFp, which is an aulocrine and paracrine growth fac-
tor with involvement in a wide range of biological processes,
contributes Lo the multisystem pathogenesis of MFS. From the
above findings, we believe that the level of circulating TGFS
may be elevated in MFS and might reflect the clinical severity
and manifestations. However, the accurate measurement of cir-
culating TGFBI is complex due to ex vivo release of TGESI
from platelet stores upon platelet activation. To avoid miseval-
uation, it is necessary to deterrine markers for platelet degran-
ulation such as platelet factor 4 (PF4) simultaneously with
TGFA1.

The objective of this study was to examine the circulating
TGFf1 level in Japanese patients with MFS to determine
whether it can be used as a diagnostic marker and if it can re-
flect the pathological role of the TGES pathway in MFS.

METHODS

Patients: Thirty-two consecutive MES patients who visited
the Marfan clinic at the University of Tokyo Hospital and ful-
filled the Ghent criteria (20 males, age range 17-50, 30.1 £ 9.6
years old) and 30 healthy volunteers (19 males, age range 21-
45, 29.5 = 5.8 years old) were enrolled. Al patients were as-
sessed using the Ghent criteria.*” Twenty-two of the MFS pa-
tients were untreated and 10 were treated with either an
angiotensin II type [ receptor blocker (ARB) or a beta-blocker,
or both. All of the control subjects were without any known
diseases and were not taking any medications.

This study was conducted according to the Declaration of

Helsinki and was approved by the Ethics Commiltee of the
Graduate School of Medicine, The University of Tokyo. Writ-
ten informed consent was obtained from all the participants af-
ter providing a detailed explanation of the study.
Plasma total TGFZ1 measurement in MFS patients: Blood
was drawn using a syringe with a 21G needle from a cubital
vein and 5 mL was (ransferred to a tube containing EDTA2Na
and immediately placed in iced water and kept for 15 to 30
minutes. Samples were centrifuged at 3000 g for 15 minutes at
4°C. Plasma samples were immediately frozen at -80°C and
stored until further analysis.

The plasma total TGFA level in each patient was assayed
using a ruthenium-based electrochemiluminescence platform
(Meso Scale Discovery, Gaithersburg, MD, USA} according to
the manufacturer’s protocol. TGFS1 samples were first acid-
activated (with IN HCI) before assaying. All samples were run
in duplicate in this assay. This assay system covers concentra-
tions from 0.1 1o 10 ng/mL, and the cumulative interassay co-
efficient of variation was 14.1%.

Platelet activation greatly affects the results of TGFS1
measurement. The level of platelet factor 4, which reflects the
degree of platelet activation, was also evaluated by enzyme im-
munoassay (Roche Diagnostics, Japan) according to the manu-
facturer’s protocol at the same time as ELISA assay.

Statistical analysis: Continuous variables are expressed as the
mean = standard deviation (SD}. Comparisons of means were
performed using the Mann-Whitney U test for unpaired values;
the correlation coefficient was calculated. All analyses were
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performed using SPSS software (SAS Institute, USA). A value
of P < 0.05 was considered significant.

RESULTS

Patient characteristics:  All of the MFS patients had aortic root
dilatation or a history of cardiovascular surgery including aor-
tic root. Almost 69% of the patients had a positive family his-
tory for MFS. We have not done genetic analysis for all the
MFS patients, however, 76% of the genetic analyses we have
completed have FBN] mutations. Skeletal phenotypes were
observed in about two thirds of the MFS subjects. Ectopia len-
tis, pneumothorax, and dural ectasia were also frequently
found in the MFS patients (Table).

Circulating total TGFf1 level in Marfan syndrome: The total
TGFfI1 level measured by the ECL platform was 1.31 + 040
ng/mL in the MFS group and 1.17 +0.33 ng/mL in the control
group, and the difference was not statistically significant (P =
0.16) (Figure 1). When confined (o the MFS patients, it was
1.24 £ 0.37 ng/mL in the untreated group and 1.46 + 045 ng/
mL in the treated group (P = 0.15) and the difference was not
statistically significant (Figure 1). In the MFES patients we
evaluated whether there are correlations between the TGFS1
concentration and clinical severity/phenotypes, however, we
did not detect any significant associations.

The PF4 level was also measured at the same time. The
concentration of PF4 varied considerably among the individu-
als in each group. The concentration was 18,34 +20.01 ng/mL
in the MFS group and 15.30 £ 15.04 ng/mL in the control
group, and there was no significant difference between the two
groups (P = 0.503) (Figure 2). Among the MFS patients, the
concentration was [9.86 1 20.42 ng/mL in the untreated group
and 15.00 + 19.71 ng/mlL in the treated group, which also indi-
cated there was no significant difference (P = 0.533)(Figure 2).

DiscussioN

In our study the circulating TGFS1 level was not elevated

Table. Clinical Characteristics of the Patients With Marfan Syndrome

Total Untreated Treated

Number 32 22 10
Male/Femule 20412 1577 6/4
Age (years) 30,196 278487 352101
Cardiovascular

Aortic root dilatation 32 22 10

History of aortic surgery 3 2 1
Skeletal

Major critesia, satisfied 9 6 3

Minor criteria, satisfied 13 9 4
Ectopia Lentis 14 9 5
Pneumothorax 14 11 3
Skin lesion 22 15 7
Dural ectasta 18 15 3
Family History 22 13 9
FBN! mutation 13/17 69 8
ARB - 7
Beta Blocker - 6

ARB indicutes angiatensin Il type 1 receptor blocker.
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Figure 1. Comparison of TGFES1 concentration measured by ECL. There
was no significant difference between the control subjects and the total
MFS patient population, There was also no significant difference in the

comparisen between the MFS patients with or without medications. NS
indicates not significant.
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Figure 2. Comparison of PF4, indicative for platelet activation. There was
no significant difference between the control subjects and the total MFS
patient population. There was also no significant difference in the compar-

ison between the MFS patients with or without medications, NS indicates
not significant.

in the MFS paticnts compared to the control group. While we
were preparing and conducting our study, Matt, et af reported
that the mean TGEFS1 level of MFS patients was about 6 times
higher than control subjects in the GenTAC population, al-
though they did not evaluate PF4 level along with TGFSI, and
their sampling scheme was not homogeneous since it was a
multicenter study.' There was a large discrepancy in the cir-
culating TGFS! levels of MFS patients between their report
and our study. This difference may be partially due to racial
and ethnic differences and the smaller number of patients in
our study population. However, the TGES! level in their study

was 15 £ 1.7 ng/mL [mean = SEM, n =53], that is, 15 124
ng/mL [mean + SD] when recalculated. Thus, there seems to
be a wide range of variation in the TGFf! levels in MFS pa-
tients in this previous report as well, Ahimastos, ef a!® reported
latent and active TGES1 levels of 17 MFS patients using an
ELISA method which showed even higher levels with mean
latent TGFS! of 59 ng/mL and active TGFS! of 46 ng/mL. We
also measured our samples using ELISA and showed very low
levels which were almost identical to the levels with ECL (data
not shown). One important factor that may help explain this
discrepancy is the degree of platelet activation between sample
collection and TGFS1 measurements. The accurate measure-
ment of circulating TGFA1 is complex due to ex vivo release of
TGFA! from platelet stores upon platelet activation. In addi-
{ion, contamination by platelets can make the TGFA! level ap-
pear very high. Since some level of platelet contamination and
activation will occur even with the best methods for plasma
collection, markers for platelet degranulation such as platelet
factor 4 should be determined together with TGFA1. The low
TGFA! levels in some MFS patients reported in their study and
also in our patients make it difficult to use TGFf! as a diag-
nostic marker of MFS.

In contrast, Radonic, er al'" reported very low levels of
plasma TGFB1, which were 124 pg/mL for MES patients with
aortic dilatation and 10 pg/mL for MFS patients with normal
aorta using ELISA, and showed large discrepancies from the
above studies. Further studies are needed to define the optimal
methed for plasma TGES! measurement.

They also stated the mean TGFf1 level in the treated
MFS group was lower than in the untreated MFS group, and
concluded the difference was due to a medication effect, rais-
ing the possibility of using TGFf1 as a therapeutic marker.
However, we did not observe a statistically significant differ-
ence in the TGFS!] level between the treated and untreated
MFS patients in our study population. More prospective stud-
ies are required to clarify the effects of medication.

Theoretically, the activated (free) TGFS! level should in-
crease while the total TGFB1 level remains Lthe same because it
is believed that failed sequestration of TGES1 will lead to acli-
vation of the TGF# signal and subsequent TGFS pathway in
MFS. We attempled to measure activated TGFf1, however, it
was difficult due to its significantly low level. Therefore, we
can not deny the possibility that the activated TGFB! level
might be elevated in MFS.

Some of the MFS patients in the above studies*® had
very high TGFS! levels. We think it is important to identify the
specific clinical/genetic factors accounting for the high TGFZ1
levels. One possible factor might be a genetic difference, spe-
cifically the presence of a mutation, in TGFS receplor genes
rather than in the FBNI gene. However, we measured the TGF
level in one patient with Loeys-Dietz syndrome with a TGF-
BR2 deletion mutation. However, the TGFS1 level remained
low (data not shown). Thus, caution is needed when interpret-
ing the circulating TGFS1 levels in MFS patients at this mo-
ment, and further analysis is needed, at least in Japanese and
other Asian patients.

Conclusion: Circulating TGFS1 showed no elevation in our
Japanese MFS patients, demonstrating that circulating TGF£1
is not a diagnostic and therapeutic marker for Japanese MFS
patients, although we can not deny the possible association of
TGFB with the pathogenesis of MFS. Further analysis is need-
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ed to elucidate the factors that contribute to the high TGFS1 4.
levels in certain subgroups with MFS and to identify novel
clinical indicators for MFS.
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To understand complex biological systems, such as the development
of multicellular organisms, it is important to characterize the gene
expression dynamics. However, there is currently no universal
technique for targeted insertion of reporter genes and quantita-
tive imaging in multicellular model systems. Recently, genome
editing using zinc-finger nucleases (ZFNs) has been reported in
several models. ZFNs consist of a zinc-finger DNA-binding array
with the nuclease domain of the restriction enzyme Fokl and
facilitate targeted transgene insertion. In this study, we successfully
inserted a GFP reporter cassette into the HpEtsT gene locus of the
sea urchin, Hemicentrotus pulcherrimus. We achieved this insertion
by injecting eggs with a pair of ZFNs for HpEts1 with a targeting
donor construct that contained ~1-kb homology arms and a 2A-
histone H2B-GFP cassette. We increased the efficiency of the ZFN-
mediated targeted transgene insertion by in situ linearization of
the targeting donor construct and cointroduction of an mRNA for
a dominant-negative form of HpLig4, which encodes the H. pul-
cherrimus homolog of DNA ligase IV required for error-prone non-
homologous end joining. We measured the fluorescence intensity
of GFP at the single-cell level in living embryos during develop-
ment and found that there was variation in HpEts1 expression
among the primary mesenchyme cells. These findings demonstrate
the feasibility of ZFN-mediated targeted transgene insertion to
enable quantification of the expression levels of endogenous
genes during development in living sea urchin embryos.

live imaging | quantitative biology

he phenotype and behavior of cells are largely determined by

the expression levels of thousands of genes (1, 2). In some
cases, the expression dynamics of specific genes also affect cell
behavior (3). Therefore, to understand the molecular mecha-
nisms of cellular events, it is necessary to quantify the expression
of genes and their dynamics at the single-cell level. Techniques
for insertion of a reporter gene into a genomic locus of interest
and quantitative imaging of the reporter activities have been
developed for this purpose (1, 4). By using these techniques in
bacteria, yeast, and mammalian cells, it has been reported that a
population of genetically identical cells can exhibit extensive cell-
to-cell variability in the expression levels of many genes (3-6).
However, for multicellular organisms, a universal technique for
gene targeting and quantitative imaging has not yet been estab-
lished in living animals.

Recently, a method for targeted gene editing using engineered
zinc-finger nucleases (ZFNs) has been used in Drosophila (7), sea
urchins (8), zebrafish (9, 10), plants (11), and human cultured
cells (12, 13). ZFNs consist of a customized array of zinc-finger
domains that bind to a specific DNA sequence and the nuclease
domain of the restriction enzyme FokI. When two ZFNs bind to
their associated target sequences in the appropriate direction,
the nuclease domains dimerize, and a double-stranded break

www.pnas.org/cgi/doi/10.1073/pnas. 1202768109

(DSB) is introduced. The ZFN-induced DSB can then be
repaired with high efficiency by either homology-directed repair
(HDR) or error-prone nonhomologous end joining (NHEJ) re-
pair independently of a DNA template. Therefore, ZFNs can
introduce a site-specific insertion or deletion at the DSB site
after NHEJ repair (9, 11). Alternatively, ZFNs can produce
defined genetic modifications, including the insertion of a re-
porter gene, near the site of the DSB by HDR using an ex-
ogenous targeting donor construct (7, 11). In animals, it has
been noted that ZFN-induced DSBs are mainly repaired by
NHEJ, and therefore ZFN-mediated targeted gene correction and
transgene insertion are considered to be challenging (7, 14).

In the present study, we performed targeted insertion of a
GFP reporter cassette into the endogenous HpEtsI locus of the
sea urchin, Hemicentrotus pulcherrimus, by injecting a pair of
ZFNs with a targeting donor construct. The sea urchin embryo,
which is transparent, simple, and readily accessible to experi-
mental perturbations, offers a unique opportunity to study the
regulation of morphogenesis during early development. In ad-
dition, in vivo quantitative imaging methodology at the cellular
level has been established by using confocal laser scanning mi-
croscopy (CLSM) (15). Using CLSM, we measured the fluores-
cence intensity of GFP at single-cell resolution in reporter
knock-in sea urchin embryos and found that there was variation
in HpEts1 expression among primary mesenchyme cells (PMCs).
These findings suggest that ZFN-mediated targeted transgene
insertion can be used to quantify the expression levels of en-
dogenous genes during development in sea urchin embryos.

Results

Targeted Transgene Insertion into the HpEts1 Locus Using ZFNs. To
explore the possibility of inserting a reporter cassette into a ge-
nomic site of interest in the sea urchin, H. pulcherrimus, we
selected the HpEts1L and HpEts1R ZFNs, whose target sites
(5’-GGGGTTGACG-3' and 5-GATGATGACT-3', respectively)
are located upstream of the stop codon of the HpEtsI gene re-
sponsible for PMC differentiation (16), by bacterial one-hybrid
(B1H) and single-strand annealing (SSA) screenings (8) (Fig. 14
and Fig. S1). Zygotic expression of the HpEts1 transcription fac-
tor, which is encoded by the HpEts! gene, is detected in the nuclei
of presumptive PMCs at the hatched blastula stage and in PMCs
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Fig. 1. The HpEts1 ZFNs introduce a DSB at a target site in sea urchin em-
bryos. (A) The HpEts? gene showing the ZFN target site. A schematic rep-
resentation of the H. pulcherrimus homolog of the Ets7 gene (HpEts?) is
shown. Exons are indicated by boxes. The gray and black boxes represent
untranslated and coding regions, respectively. The bent arrow depicts
the transcription start site. The ZFN-targeted sequence and the interaction
site of the pair of ZFNs used in this study are shown. The red bar indicates the
stop codon of the HpEts? gene. (B) Analysis of the mutations induced by
ZFNs. A schematic representation of the HpEts? genomic region used for the
PCR-based analysis is shown in Upper. The primer sites are indicated by
arrows. The amplified region contains a target site for the HpEts1 ZFNs and
two Acil sites. One of the Acil sites is within the HpEts1 ZFN target site. Lower
shows a representative analysis of the PCR products. The PCR products am-
plified from genomic DNA extracted at 2.5 and 3.5 hpf from sea urchin
embryos injected with the HpEts? ZFN mRNAs (ZFNs) or noninjected control
embryos (Noninj.) were purified, digested with Acil, and analyzed by aga-
rose gel electrophoresis.

at the mesenchyme blastula stage (17, 18). To examine the activity
of the HpEtsl ZFNs in sea urchin embryos, we amplified the
DNA fragments around the target sites for the HpEts1 ZFNs by
PCR using genomic DNA extracted from HpEts] ZFN mRNA-
injected embryos and control embryos at 2.5 and 3.5 h post-
fertilization (hpf) and digested with the restriction enzyme Acil
(Fig. 1B). An Acil-resistant fragment showing the introduction
of mutagenesis was observed among the DNA fragments from
the HpEts] ZFN mRNA-injected embryos at 2.5 hpf (two- to
four-cell stage), and the amount of this fragment was slightly
increased at 3.5 hpf (four- to eight-cell stage), indicating that
mutagenic NHEJ events occurred after the injection of the
HpEts] ZFN mRNAs. These findings suggest that the HpEtsl
ZFNs introduced a DSB at their target site as early as 2.5 hpf.

Next, to examine the availability of ZFN-mediated targeted
transgene insertion in sea urchin embryos, we prepared two
targeting donor constructs, designated Ets-HRD (Fig. 24) and
Ets-HRD+T (Fig. 2B). The first targeting donor construct, Ets-
HRD, contained ~1-kb homology arms and a 24-H2B-GFP
cassette (2A is a self-cleaving peptide sequence) (19). Therefore,
insertion of the reporter cassette into the HpEfsl locus was
expected to result in the expression of two polypeptides: full-
length HpEts1 fused with the 17-amino acid sequence of the 2A
peptide and H2B-GFP, which localizes to the nucleus where its
fluorescence can be accurately quantified (20) (Fig. 24). We
confirmed that the 2A peptide mediated protein cleavage in sea
urchin embryos by injecting mRNAs for 2A-linked constructs
and performing Western blot analyses (Fig. S2). The other tar-
geting donor vector, Ets-HRD+T, contained HpEtsl ZFN tar-
get sites at both ends of an Ets-HRD donor cassette and thus
generated a linearized targeting donor in the embryos (Fig.
2B). In Drosophila, it was reported that the efficiency of ZFN-
mediated targeted gene modification was increased by using
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Ets-HRD+T
C
HpEts1 ZFN mRNAs - + - + + -
DN-lig4 mRNA - - - - + .
targeting donor H H T T T -

HpEts1-2A-H2B-GFP

HpArs

Fig. 2. ZFN-mediated targeted gene insertion. (A) Targeting donor con-
struct (Ets-HRD) for insertion of the 2A-H2B-GFP cassette into the HpEts?
locus. The structure of the HpEtsT locus and the targeted HpEts? allele are
shown. The gray and black boxes represent coding and noncoding exons,
respectively. Schematic representations of the proteins derived from the
targeted HpEtsT allele are also shown. These proteins are separated into the
full-length HpEts1 protein and H2B-GFP during translation by the 2A self-
cleaving peptide. The primer sites for the genomic PCR analysis are in-
dicated. (B) Structure of the targeting donor construct Ets-HRD+T, which
contains HpEts1 ZFN target sites at both ends of the Ets-HRD cassette. (C)
Representative results of PCR-based genotyping analysis of the HpEtsT locus.
PCR was performed on genomic DNA extracted from embryos, which had
been injected immediately after fertilization at 24 hpf. The primers used
were either primers 1 and 2 (as shown in A) or primers to amplify the control
gene HpArs. The PCR products were separated by gel electrophoresis. H and
T represent injection of the Ets-HRD and Ets-HRD+T targeting donor con-
structs, respectively. (D-F) GFP-expressing embryo at 30 hpf injected with
HpEts1 ZFN mRNAs, DN-ligd mRNA, and Ets-HRD+T. A representative embryo
expressing GFP in the PMCs is viewed from the vegetal pole. (G-/) Noninjected
control embryo at 30 hpf. (D and G) Bright field images. (€ and H) Fluorescent
images. (F and /) Merged images of D and E and of G and H, respectively. The
arrowheads indicate GFP fluorescence in the nuclei of PMCs. Background
autofluorescence is denoted by asterisks. (Scale bars, 20 pm.)

an extrachromosomal linear donor, which is linearized in situ,
compared with a circular donor (21). In addition, we planned to
repress NHE] repair in the sea urchin embryos. For this purpose,
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Table 1. Frequencies of GFP-expressing embryos
HpEts1 ZFN DN-lig4 Mean GFP-expressing Mean abnormal

Targeting donor construct mRNAs, each, pg mRNA, pg embryos, %* embryos, %*
Ets-HRD (40 fg) — — 0 (+0) 6.10 (+0.98)
Ets-HRD (40 fg) 1 —_ 1.86 (+0.60) 10.01 (+1.16)
Ets-HRD+T (40 fq) — — 0 (+0) 6.97 (+0.26)
Ets-HRD+T (40 fg) — 12.01 (+0.77) 7.71 (+1.82)
Ets-HRD+T (40 fg) 5 15.92 (+1.55) 11.67 (+1.84)

There were three experiments for each targeting donor construct, and in each experiment, 200 embryos were injected.
*Values are mean percentages (averages of all trials) of GFP-expressing and abnormal embryos, respectively, with the SEM in parentheses.

we cloned a ¢cDNA for the carboxyl-terminal tandem BRCT
repeat of DNA ligase IV and prepared its mRNA (DN-lig4)
with the expectation that overexpression of this mRNA would
induce a dominant-negative effect, as reported in human
cultured cells (22).

To validate the utility of ZFN-mediated targeted transgene
insertion in the sea urchin, we injected several combinations of
the targeting donor constructs, HpEts] ZFN mRNAs, and DN-
ligd mRNA, and we then performed PCR analyses using genomic
DNA extracted from the embryos at 24 hpf (Fig. 2C). As
expected, no PCR products were detected in the noninjected
and donor-injected samples. In contrast, PCR products of the
expected size were observed in the donor/ZFN-coinjected sam-
ples and were significantly increased in the Ets-HRD+T/ZFN-
coinjected samples compared with the Ets-HRD/ZFN-coinjected
samples. Furthermore, the amount of the PCR product was
slightly increased in the embryos coinjected with HpEts] ZFN
mRNAs, Ets-HRD+T, and DN-lig¢ mRNA compared with
those that did not receive DN-lig# mRNA. Sequencing of the
PCR products confirmed the occurrence of the targeted

insertion using the donor constructs (Fig. S3). Next, we exam-
ined H2B-GFP expression in the injected embryos using epi-
fluorescence microscopy at 30 hpf (gastrula stage) and counted
the numbers of H2B-GFP-expressing embryos (Fig. 2 D-I and
Table 1). In some embryos, GFP fluorescence was observed in
the nuclei of PMCs, in which HpEts1 is expressed (16, 17), and
was never detected in other cell types. Consistent with the geno-
mic PCR analysis, GFP-expressing embryos were more frequently
observed after injection of Ets-HRD+T, HpEtsl ZFNs, and DN-
ligd mRNAs than after injections with other combinations. These
findings suggest that targeted transgene insertion using ZFNs is
feasible in sea urchin embryos and that the combined use of donor
constructs containing the target sites and DN-lig4 increases the
insertion efficiencies.

Quantitative Imaging of Endogenous Gene Expression in Living Sea
Urchin Embryos. In sea urchin embryos, in vivo quantification of
GFP reporter gene expression at the single-cell level has been
established by using CLSM (15). We predicted that application
of this technique to embryos in which the GFP gene was knocked

2]

800

o2}
o
=1

B SRR SR

S
i=3
(=]

-
e

™
p=
S

B T e - S

0 30 60
16 hpf (N = 6) %

0 30 60
18 hpf (N = 8) %

20hpt (N=15) %

0 30 60
24 hpf (N = 8) %

0 30 60 0 30 60

22 hpt (N = 7) %

Fig. 3. Quantification of the mean fluorescence intensities in the nuclei of GFP-expressing cells during development. (A-£) Projections of z-stack images of
GFP-expressing embryos. Representative GFP-expressing embryos injected with HpEts? ZFN mRNAs, DN-lig4 mRNA, and Ets-HRD+T were imaged at 16 (A), 18
(B), 20 (C), 22 (D), and 24 (E) hpf by using CLSM. The double-headed arrows indicate the animal pole (represented as a red A) and vegetal pole (represented as
a green V). The white arrowheads indicate GFP fluorescence in the nuclei of PMCs. The white dotted lines indicate the outside cell surfaces of the embryos.
(Scale bars, 10 pm.) (F-J) Distributions of the fluorescence intensity of GFP-expressing cells during development. The scatter plots on the left show the dis-
tributions of the GFP fluorescence intensities in individual embryos at 16 (F), 18 (G), 20 (H), 22 (/), and 24 (J) hpf. The orange lines represent the mean
fluorescence intensities of GFP-expressing cells at each time point. The histograms on the right show the distributions of the fluorescence intensities of GFP-

expressing cells at each time point.
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into an endogenous genomic locus would enable real-time quan-
tification of endogenous gene expression. To explore this hy-
pothesis, we imaged embryos injected with Ets-HRD+T, HpEts]
ZFNs, and DN-lig4 mRNAs at 16, 18, 20, 22, and 24 hpf using
CLSM (Fig. 3 A-F). GFP fluorescence was observed in the nu-
clei of migrating PMCs at 16 and 18 hpf and in those of PMCs
from 18 to 24 hpf. The numbers of GFP-expressing PMCs in the
individual embryos ranged from 3 to 43 at 24 hpf (Table S1).
Considering that an H. pulcherrimus embryo contains 55 + 10
PMCs at this stage (23), the result suggests that ZFN-mediated
targeted transgene insertion occurred at the developmental stage
when there were 2-16 PMC-generating cells (Table S1).

As shown in Fig. 3, the mean fluorescence intensity in the cells
increased during development. In addition, variation in the
fluorescence intensity among cells increased after 18 h (Fig. 3 F-/).
There are several possible reasons for this observation. First, it
may have been caused by variation in the GFP copy number,
because some GFP-expressing cells may only have had one GFP
reporter gene monoallelically inserted into the HpFEtsl locus,
whereas other GFP-expressing cells may have had two GFP
reporter genes biallelically inserted into the HpEtsI locus. To ex-
plore this possibility, we coinjected more than 200 fertilized eggs
with HpEtsl ZFNs and DN-ligé mRNA together with Ets-HRD
+T and Ets-HRD+mT containing an mCherry cDNA instead of
the GFP cDNA (Fig. S44). We obtained fluorescence images at
24 hpf by CLSM (Fig. S4B). In most fluorescent protein-
expressing embryos, only one type of fluorescence was observed;
7% and 8% of injected embryos expressed GFP and mCherry,
respectively. Although 2% of the embryos possessed both GFP-
and mCherry-expressing PMCs, there were no embryos with
GFP/mCherry double-positive PMCs. These findings suggest that
the reporter construct is monoallelically inserted into the HpEtsl
locus in most fluorescent protein-expressing PMCs. Another
possibility is that the variation in fluorescence intensity may have
originated from differences in the endogenous HpEtsl expres-
sion levels between PMCs. To explore this possibility, we ex-
amined the fluorescence intensity of GFP-expressing PMCs and
the ingression of PMCs in embryos injected with HpEts] ZFN
mRNAs, DN-ligd mRNA, Ets-HRD+T, and a moderate dose of
an mRNA for a dominant-negative form of HpEtsl (AHpEts)
(ref. 16; Fig. 4). We expected that the threshold level at which
HpEtsl activates PMC differentiation would be raised by the
expression of AHpEts, which lacks the activation domain and
antagonizes native HpEts1 function by blocking its binding to the
target site. If the GFP fluorescence intensity is related to the
expression level of endogenous HpEtsl, we expected that some
presumptive PMCs expressing above-threshold levels of HpEts1
and H2B-GFP would differentiate into PMCs, whereas others
with below-threshold levels of HpEtsl and H2B-GFP would not
migrate into the blastocoel. Consistent with this hypothesis,
significantly higher fluorescence intensity was observed in the
nuclei of the PMC population than in the other GFP-positive cell
population in the blastoderm (Fig. 4). These findings suggest that
there is variation in zygotic HpEtsl expression among PMCs.

Discussion

In this study, we have demonstrated that targeted transgene in-
sertion into the HpFtsl locus can be efficiently achieved by
cointroduction of ZFNs and a targeting donor construct in sea
urchin embryos. Moreover, by combining this technique with
fluorescence quantification, we were able to measure the ex-
pression levels of endogenous genes in living sea urchin embryos.

Targeted Transgene Insertion in Sea Urchin Embryos Using ZFNs. In-
sertion of the reporter gene into the target site was detected in
embryos coinjected with the targeting donor construct and ZFN
mRNAs, but not in embryos injected with the targeting donor
alone. These findings indicate that spontaneous homologous
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Fig. 4. Variation in fluorescence intensity among GFP-expressing cells.
HpEts1 ZFNs, DN-ligd mRNA, Ets-HRD+T, and AHpEts mRNA were injected
into fertilized eggs, and the fluorescence intensities of GFP-positive cells
were quantified at 24 hpf. (A) Distribution of the GFP fluorescence in-
tensities in migratory, nonmigratory, or total GFP-positive (GP) cells in em-
bryos injected with a low dose of AHpEts mRNA. (B—F) Representative
projections of z-stack images of a GFP-expressing embryo coinjected with
AHpEts mRNA. B, C, and D show GFP, Texas Red, and merged images, re-
spectively. (£) Pseudocolored and enlarged image of the area marked by the
white square in B. Inset represents the pixel intensity profile. The filled and
open arrowheads indicate GFP-positive cells ingressed and not ingressed into
the blastocoel, respectively. (Scale bars, 20 pm.)

recombination is a rare event in the sea urchin embryo and that
a ZFN-induced DSB at the target site stimulates HDR, resulting in
the induction of targeted transgene insertion at a detectable level.
This result is in agreement with earlier work using Drosophila and
mice (7, 14), suggesting that ZFN-mediated targeted insertion is
feasible in model animals, although the efficiency of the insertion
may depend on the species. Addition of ZFN target sites at both
ends of the targeting donor cassette significantly increased the
efficiency of ZFN-mediated targeted transgene insertion. In Dro-
sophila, it was reported that an inserted donor was quite inefficient,
an excised circular donor was better, and an extrachromosomal
linear donor was best for HDR-mediated targeted gene modifi-
cation (21). Therefore, it is considered that linearization of the
targeting donor by ZFNs facilitates DNA strand invasion, which is
required for HDR, or stimulates SSA, which involves extensive end
processing to reveal complementary single strands in each repeat.

Ochiai et al.

— 327 —



2
Ve

Cointroduction of DN-lig4 mRNA increased the efficiency of
ZFN-mediated targeted transgene insertion. It has been reported
that DNA ligase IV, a major component of the NHE]J path-
way, forms a complex with XRCC4 and seals DNA ends (22).
Moreover, DSB repair can be biased toward HDR by disrupting
the function of DNA ligase IV, resulting in an increase in the
efficiency of targeted gene modification (7). Therefore, we hy-
pothesized that in the sea urchin, inhibition of DNA ligase IV
through the introduction of DN-lig4 mRNA increases the pro-
pensity to repair ZFN-induced DSBs through HDR, resulting in
enhanced efficiency of ZFN-mediated targeted transgene in-
sertion. However, in the Lig4 mutant of Drosophila, DSB repair
was almost completely biased toward HDR, whereas in the sea
urchin, the DN-ligd-mediated enhancement of the efficiency of
ZFN-mediated targeted transgene insertion was modest (7). This
result may arise because when DSBs are introduced by ZFNs,
the DN-lig4 protein is not translated at a sufficiently high rate to
completely inhibit the function of the endogenous DNA ligase
IV. Therefore, the introduction of recombinant DN-ligd and
ZFN proteins into fertilized sea urchin eggs may enhance the
efficiency of ZFN-mediated targeted transgene insertion.

Unintentional off-target cleavages are a potential problem
with genome editing using ZFNs (24-26). Potential off-target
sites are typically defined by scanning the genome for sites similar
to the ZFN recognition sequences. However, because we could
not directly search for putative off-target sites, owing to the lack
of availability of the H. pulcherrimus genomic sequence, we
searched for putative off-target sites that contained zero or one
mismatches relative to each HpEtsl ZFN target site in the
genome of Strongylocentrotus purpuratus, which is closely re-
lated to H. pulcherrimus. We found only one sequence con-
taining one mismatch on Sp-Etsl/2, the ortholog of HpEtsl.
This finding implies that the HpEts1 ZFN target site on the
HpEtsl gene is a unique on-target site in the H. pulcherrimus
genome and that insertion of the reporter gene into other
genomiic sites is a rare event when HpEtsl ZFNs are used in
H. pulcherrimus embryos.

Quantitative Imaging of Endogenous Gene Expression in Living Sea
Urchin Embryos. We successfully demonstrated visualization of
endogenous gene expression in living sea urchin embryos by
ZFN-mediated insertion of a 24-H2B-GFP cassette into the
HpE:ts] locus. In this study, we used the 2A peptide, which is
useful for balanced coexpression of multiple proteins from a
single promoter, to avoid the synthesis of a fusion protein (19).
Although a GFP fusion protein provides subcellular localization
information as well as indicates the expression level of the gene
of interest (1, 3), GFP may inhibit the function of its fusion
partner. In our study, most of the reporter knock-in embryos
exhibited normal development, and fluorescent signals were
clearly detected in the nuclei of PMCs, suggesting that ZFN-
mediated insertion of the 24-H2B-GFP cassette is a useful
technique for quantitative imaging of gene expression at the
single-cell level in developing embryos.

In the present study, we found variation in the expression
levels of zygotic HpEts1 among PMCs. However, variation in the
amounts of HpEts] mRNA and HpEtsl protein has not been
detected by standard whole-mount in situ hybridization and
immunostaining (16, 18). This variation may arise because these
relatively low-sensitivity techniques cannot distinguish subtle
variation in the expression levels. Another possibility is that
substantial amounts of the HpEtsI gene product, which was
reported to be maternally expressed at abundant levels in whole
sea urchin embryos (16), mask the variation in the amounts of
the zygotic HpEtsI gene product. In the latter case, it is difficult
to distinguish between maternal and zygotic expression by con-
ventional methods. In fact, although HpEts] mRNA is maternally
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expressed at abundant levels in the whole embryo during early
development (16) and the mRNA and HpEtsl protein can be
detected in presumptive PMCs and PMCs from the hatching
blastula stage, it remains unclear whether this expression pattern
is because of zygotic expression of HpEts1, selective degradation
of maternal gene products except in presumptive PMCs and
PMCs, or both. Therefore, ZFN-mediated reporter insertion is a
useful technique for detecting the zygotic expression of an en-
dogenous gene of interest. OQur findings also show that PMC
differentiation depends on the expression levels of zygotic
HpEts1, suggesting that if maternal HpEts] mRNA and maternal
HpEts1 protein remain in PMCs, they are functionally negligible.
Further investigations are needed to understand the biological
relevance of the variation in the zygotic HpEts1 expression levels
among PMCs.

In most model animals, including the sea urchin, conventional
transgenic methods, such as introduction of a reporter construct
containing a cis-regulatory element of genes into embryos, are
carried out to analyze the regulatory mechanism for the spatio-
temporal expression of genes (27). However, in these methods,
the reporter gene is randomly integrated into the genome, and its
expression in embryos may be affected by positional effects,
depending on the integration site (28). It was reported that the
expression levels of some genes are regulated by distal regulatory
elements (29). Therefore, it is uncertain whether sufficient reg-
ulatory elements required for endogenous expression are con-
tained in the reporter constructs. In addition, the exogenous
DNAs introduced into the sea urchin embryo are joined into
concatemers, and multiple copies of them become incorporated
into the chromosome (30), meaning that the reporter expression
level is not always consistent with the endogenous expression
level. In contrast, the combination of the ZFN-mediated tar-
geted gene insertion and in vivo quantitative imaging techniques
avoids the above-mentioned problems and enables quantification
of the endogenous gene expression level in each cell in real time.
The combination of ZFN-mediated targeted gene insertion and
live imaging can potentially be applied to examine the relation-
ship between the gene expression level in a cell and its fate. For
example, it may be useful for elucidating the transfating mech-
anisms of presumptive blastocoelar cells to PMCs in embryos
whose PMCs were depleted at the mesenchyme stage (31). The
combined approach described here using sea urchin embryos
might be extended to other multicellular model systems, such as
nematodes and zebrafish, in which not only fluorescence imaging
techniques but also ZFN-mediated genome modification tech-
niques are available (9, 10, 32).

Materials and Methods

ZFNs targeting HpEtsT were selected by B1H and SSA screenings as described
(8); further information is included in S/ Materials and Methods. Full
descriptions of the constructions of the plasmids used in this study and the
sea urchin culture conditions, as well as descriptions of the mRNA synthesis
and microinjection, PCR-based genotyping assay, and imaging analysis, are
detailed in S/ Materials and Methods and Fig. S5. The sequences of
oligonucleotides used in this study are listed in Tables 52 and $3.
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1 CHARGE fEfREE 26 Pl Ak, AbbE BT

= =} BRE e s SESF | g it/ .
CHD7 | [urlfems|ma |20 Hil/gR| BE |7 BENT]  eine g — AR -
Py R e G L R mw | R V| WEER KB nen RER (RHEBE) TonoeRE
1 {nonsense| 11/f{ 5 | 38 {3030] + - - | -21/-35 + + + - -/—| CLP - O WE, ¥7)FE
S5e RigiZERE
2 |nonsense|1l/m| 11 38 |2426| + | PDA - | -15/-31 + + + - +/-| - - #0 PLEER
R ASD 1Q30 BT
3 |nonsemse| 13/f| 9| 39 |2535| + | PDA + | -25/-35 + + + - /=] - JEMATIPFRARE e+ Ry (R0
R SR Gm~ 9y)
4 |nonsense{15/m| 10 | 40 |2598| + - - | —30/-39 + + + Rt +/+ | CP BT REs Bh—an
L3 GH 37 1Q50 GER (ope) (14y BEMS)
5 |nonsense [18/m| 3 | 40 |2948| + PDA - | -12/-3 + + + - -/ - unknown f23m] BB PR A it
£5R VSD ALHH RPEIEIR
6 Eranzze;% 10/m| 3| 39 |3300| ~ - - | -13/-21 + + + GER (ape) +/~ | CLP - RO+ REES () FLRIR AR
shift &
7 |splicesite] 14/ 2| 38 |2778| + | PDA - | —~22/-41 + - + GER +/~ | CP - SRR (9y ~) s
R 1Q20 BLF
8 |missense| &m| 1 | 38 (2686 + PDA - | =-21/-27 + - + - - - - - & TR RIC T
ZER e
9 | missense| 9/m|{ 6 | 35 {1985{ + | ASD - | ~24/-44 + - +  |RERAAN=T| -/~ | CLP TN LI B -0
TR GH 4 1Q33 GER S50 (1~ 5y) (5y HIEMH)
10 |missense | 12/f| 5| 38 [2650] — | PDA - }-18/-38 + - + - -/+ | CLP feEFE (0~ 6m) #i
2R GHH#i% |B{rtt1Qlo0
11 | 81| 1571 13 | 32 [1452] — | PDA + | —32/-38 + + + GER =/ = | RMATERSTHE (1~ R0 Thdh
Sm) PEUREHIL — e WE, TARE
12 | R4 L | 28/f] 24 | 40 |2430] + g}gﬁ - | =-23/-31 + + + - +/- | CLP - 2] ipi
13| b | 7/6| 0 37 (2582 + | PDA - | —2/-33 + + + GER (ope) ~/=| CP EWATIHEEN  [BO0-+85 G5 RUNRE, AR
VSD SETW (Tm) Thhrh, PRBRRET
4| NT 4/ | 0|40 (2990 + | PDA + | -14/-34 Q+ unknown| + - +/ - - - by —RE0 2y ~)
1047
15 NT 5/f1 3138124501 + TGA - | -32/-48 + unknown + - —/+ | - unknown R —#E0 (3y ~)
PDA
16 NT 7i| 0|40 |2592] + | PDA + | =19/-47 + unknown| + GER /= -~ | RATFRES (0~ B8N IERGIR A Mo
1Q30 ly) LR L — bt PIEB IR IR ST,
17| NT |8m| 1|40 {3440{ + |DORVPS| — |[~-13/-38 + + + GER ~/= 1 CLP RHIFEE B A |BEESZEnERE W5
Ebstein Q20 BLF WFIRAT T RE (3y) TAPA, FIRBRBRRIET
18| NT 8/6| 1141|2878 + | PDAPS| + |-23/-37 + unknown| 4+ |EMEBAAV=T| +/- | - - : RO+ 550G (GER) W, WK
Ebstein 1Q27 GER (ope) SHBRTAMA
19| NT |9%m| 940 [3480] + - - | -34/-80 + + + GER -/~ - - ik (YH0
20 NT [13/m| 0| 41 [2864] + PDA + | —03/-1 + + + GER (ope) +/-| CL - RO+ £ (D) e
VSD
21 NT j15/£) 14| 38 {3080] + | Truncus | — | -31/-47 + + + GER -] - - B30 (9y ~)
arteriosus
22| NT |18/f] 2| 38 |2484] — f;’éﬁ - | -26/-45 + unknown| + - -/=1 = - 230 ] ke
23| NT [20/m| 12| 38 |3450| + | TOF - | —27/-32 + + + GER -f=] - - 0 wz
IQ20 AT
2% NT |2o/8] 1140|3005 - vSD + | ~12/-04 I+ + +/+ GER +/= | - - el W, A
Q48
25 | NT |zo/8] 7|40 (2550 + | PDA - | —20/-42 . Q+20 unknown| +/+ GER -/ | = - Fadul Bltee o
26 NT |2%7/f] 3| 41 12650 — PDA + -0.3/10 ] 548 + +/+ - -/ - unknown £qO FHEE A R A R

ASD : atrial septal defect VSD : ventricular septal defect PDA ! patent ductus arteriosus ECD © endocardial cushion defect TOF : tetralogy of Fallot TGA ! transposition of great arteries DORV :
double outlet right ventricle PS : pulmonary stenosis GER : gastroesophageal reflux CLP ! cleft lip and palate CL @ cleft lip

CP : cleft palate NT : not tested
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