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Abstract

Background: Fgfi0is expressed in various tissues and organs, such as the limb bud, heart, inner
ear and head mesenchyme. Previous studies identified FgfZ0enhancers for the inner ear and heart.
However, Fgfi0enhancers for other tissues have not been identified.

Results: By using primary culture chick embryo lateral plate mesoderm cells, we compared
activities of deletion constructs of the Fgf10 promoter region, cloned into a promoter-less
luciferase reporter vector. We identified a 0.34kb proximal promoter that can activate luciferase
expression. Then, we cloned 11 evolutionarily conserved sequences located within or outside of
the Fgf10gene into the 0.34kb-promoter-luciferase vector, and tested their activities /n vitro using
primary cultured cells. Two sequences showed the highest activities. By using the Tol2 system and
electroporation into chick embryos, activities of the 0.34 kb promoter with and without the two
sequences were tested /7 vivo. No activities were detected in limb buds. However, the 0.34kb-
promoter exhibited activities in the dorsal midline of the brain, while FgfI0was detected in
broader region in the brain. The two non-coding sequences negatively acted on the 0.34kb-
promoter in the brain.

Conclusions: The proximal 0.34kb promoter has activities to drive expression in restricted areas

of the brain.
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INTRODUCTION

Fibroblast growth factor 10 (Fgf10), which encodes a secreted factor, is one of the earliest
genes to be expressed during limb development (Ohuchi et al., 1997), and has multiple
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important roles. During initiation of limb development, both cellular and molecular events
are coordinated to form nascent limb buds. More specifically, localized epithelial-to-
mesenchymal transition of the coelomic epithelium within the presumptive limb field
generates mesenchymal limb progenitors (Gros and Tabin, 2014). Subsequently, localized
regulation of proliferation at the limb-forming region (Searls and Janners, 1971), as well as
oriented cell motility and division (Wyngaarden et al., 2010; Gros and Tabin, 2014), lead to
initial outgrowth of limb buds. During these processes, Fgf10is induced in the limb-forming
region at Hamburger-Hamilton (HH) stage 13/14 in chick embryos (embryonic day 2)
(Hamburger and Hamilton, 1951; Ohuchi et al., 1997), and acts on the somatopleure
epithelium to contribute to the epithelial-to-mesenchymal transition process (Gros and
Tabin, 2014).

Fgfi0also initiates the molecular events for limb outgrowth. At HH stage 16 (embryonic
day 2.25) in chick embryos, mesenchymal FGF10 induces Fgf8expression in the overlying
ectoderm that develops into the apical ectodermal ridge, a specialized ectodermal tissue
(Crossley et al., 1996; Vogel et al., 1996; Ohuchi et al., 1997). This process involves
WNT/B-catenin signaling (Kengaku et al., 1998; Kawakami et al., 2001; Barrow et al., 2003;
Soshnikova et al., 2003) and the Sp transcription factor family members, SP6 and SP8 (Haro
et al., 2014). FGF8, together with other FGFs produced by the apical ectodermal ridge,
signals to the mesenchyme to promote mesenchymal survival and proliferation and also
maintains Fgfl0expression (Ohuchi et al., 1997; Sun et al., 2002; Boulet et al., 2004;
Mariani et al., 2008). The FGF10-FGF8 feedback loop interacts with other genes, such as
Shh, Gremlinl and Bmp4 (Delgado and Torres, 2017), to maintain limb outgrowth until
tissue growth disconnects the feedback loop (Scherz et al., 2004; Verheyden and Sun, 2008).

During the stages of FgfZ0induction in limb progenitors, Fgf10is also expressed in other
tissues. For instance, Fgf10is expressed in the secondary heart field (Watanabe et al., 2012)
and the lung bud (Teshima et al., 2016) in mouse embryos, and is required for the
development of the heart and lung (Sekine et al., 1999; Watanabe et al., 2010). In chick
embryos, Fgfi0expression is detected in the proepicardium (Kruithof et al., 2006) and
paraxial mesoderm (Ohuchi et al., 1997; Karabagli et al., 2002). Fgf10is also expressed in
various tissues in craniofacial structures, such as the inner ear in chick and mouse embryos
(Alvarez et al., 2003; Kruithof et al., 2006; Sanchez-Calderon et al., 2007; Bothe et al.,
2011) and in pharyngeal arches (Havens et al., 2006; Bothe et al., 2011). Genetic
experiments in mice revealed that FgfI0is required in the cranial neural crest cells that
contribute to the development of the palate and salivary gland (Teshima et al., 2016; Chatzeli
etal., 2017). In addition, Fgfi10expression has been reported in chick craniofacial
development (Bothe et al., 2011).

Cis-regulatory elements are DNA sequence elements where transcription factors and
chromatin modifying enzymes act to control gene expression (Rister and Desplan, 2010;
Suryamohan and Halfon, 2015; Peter and Davidson, 2016). For instance, promoter
sequences are cfs-regulatory elements that are bound by basal transcriptional machinery,
including RNA polymerase |1, and determine transcriptional initiation sites of genes. Distal
cis-regulatory modules include insulators and enhancers, where multiple transcription
factors bind and cooperate. While insulators function for isolating regulatory domains of the
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genome, enhancers function to determine tissue or cell type-specific gene expression in a
spatial-temporal manner during embryonic development (Spielmann and Mundlos, 2016;
Petit et al., 2017). Tissue-specific enhancers, bound by transcription factors, contact
corresponding gene promoters to stabilize RNA polymerase 1l and the general transcription
factors, leading to regulation of tissue-specific expression for proper tissue and organ
development (Amano et al., 2009; Birnbaum et al., 2012; Williamson et al., 2016; Hu and
Tee, 2017). Identifying and characterizing such enhancers is an important approach in
understanding the mechanisms of tissue-specific gene expression.

Our knowledge about the location and function of tissue-specific enhancers is limited,
compared to genes and proteins they encode in animal genome (Visel et al., 2007).
Evolutionary conservation of non-coding sequences and analysis of chromatin modifications
offer prediction of enhancer sequences, yet experimental testing /77 vivo is needed to
determine enhancers (Visel et al., 2007; Cunningham et al., 2018; Osterwalder et al., 2018).
VISTA Enhancer Browser (https://enhancer.lbl.gov/) has been established to generate
functional /n vivo datasets with standardized methodology and consistent functional
annotation (Visel et al., 2007). This web site provides a centralized resource for in vivo
enhancer data of human and mouse sequences, assayed in E11.5 mouse embryos by
transgenesis; however, researchers still need to assay activities of putative enhancers for
tissue- and stage-specific developmental expression.

In the case of Fgf10, an in vitro study characterized the Fgf10promoter region. A sequence
of 6.5 kb upstream of the Fgf10gene contains three T-box protein binding elements and a
LEF/TCF binding motif, which are conserved between human and mouse. The 6.5 kb
sequence could be transcriptionally activated in luciferase reporter assays by co-transfection
of a Tbx5-expressing construct or by activation of R-catenin signaling (Agarwal et al., 2003).
An /n vivo LacZ-reporter transgenesis experiments in mouse embryos also characterized
Fgf10promoter region (Sasaki et al., 2002). A 2.0 kb fragment, consisting of 1.3 kb
proximal promoter sequence and 0.7 kb 5* untranslated region (UTR), did not have activities
to regulate Fgfi0expression in the limb buds at E11.5. In contrast, the same study
determined that a 0.7 kb sequence upstream of initiation ATG codon (i.e. 5 UTR sequence)
contained activities to drive reporter expression at the distal tip of condensing digit
primordia at E12.5. In addition to these promoter characterization studies, several studies
have identified and characterized tissue-specific enhancers for Fgri10expression /n vivo.
These include an inner ear enhancer (Ohuchi et al., 2005; Economou et al., 2013) and a
cardiac enhancer (Watanabe et al., 2012). In the limb, a recent report identified that
evolutionarily conserved AGAAAR clusters in the Fgf10promoter region act to regulate
limb bud mesenchyme-specific Fgf10expression in the FGF10-FGF8 feedback loop
maintenance during limb outgrowth (Yamamoto-Shiraishi et al., 2014). However, cis-
regulatory modules for Fgfl0expression during limb initiation and expression in other
tissues remain unknown.

In an attempt to better understand the transcriptional regulation of Fgf10, we compared
genomic sequences surrounding the Fgfl0gene in vertebrates and selected conserved non-
coding sequences as candidates of cis-regulatory modules of Fgf10. Through luciferase-
reporter assays using a chick lateral plate mesoderm (LPM)-derived primary culture system,
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we identified and characterized the activities of non-coding sequences in stimulating reporter
expression. We tested the activities of the proximal promoter and two c¢/s elements in
developing embryos by electroporating reporter constructs in chick embryos. Our /n vivo
data suggest that, rather than acting in limb progenitors, the proximal promoter and the two
c/s elements might function in regulation of FgfZ0expression in the craniofacial region.

Activities of Fgf10 promoter region

We sought to characterize candidate sequences in the regulation of FgfZ0expression in limb
progenitor cells by reporter assays using primary cultured LPM cells from chick embryos. In
the chick embryo, forelimb buds and hindlimb buds develop at 15-20t" and 2025t somite
levels, respectively (Burke et al., 1995). Previous experiments have demonstrated that flank
tissues can respond to stimuli, such as ectopic FGF8, which mimic the formation of the
FGF10-FGF8 feedback loop, and initiate ectopic FgfZ0expression and ectopic limb
formation (Cohn et al., 1995; Gibson-Brown et al., 1998; Isaac et al., 1998; Logan et al.,
1998; Ohuchi et al., 1998; Isaac et al., 2000). In order to test activities of c/s-elements to
drive Fgfi0expression, we used LPM cells from HH stage 14-16 chick embryos that
possess endogenous factors to drive expression of Fgr10. We dissected LPM posterior to the
14t to 15! somite levels, and set up primary cultures (Figure 1). In order to test whether the
LPM cells in culture maintain endogenous Fgfl0expression, we performed a qunatitative
reverse transcription-polymerase chain reaction (QRT-PCR) assay (Figure 1B). The LPM
cells in culture maintained FgrZ0expression for up to 22 hours. This result suggest that
cultured primary LPM cells could be used to test activities of c/s-elements for Fgf10
expression.

A previous study has shown that a 3.7 kb sequence upstream of the FgfZ0gene is conserved
among humans, mice and chickens (Ohuchi et al., 2005). In previous studies, tissue-specific
regulatory elements are identified by their conservation between humans and non-
mammalian vertebrates across long evolutionary distances (Pennacchio et al., 2006; Visel et
al., 2007). Therefore, we tested mouse DNA sequences in the chick system in this study. We
cloned the mouse sequence of —3.7kb to +384 bp position, relative to the transcription start
site (TSS), into a promoter-less luciferase vector. To characterize the activities of the
sequence upstream of the Fgf10gene, we generated deletion mutants from the —3.7 kb-
luciferase construct, consisting of —1.3 kb, =757 bp and —341 bp to +384 bp sequences
(Figure 2). We also generated a luciferase construct without a promoter but with a 5’
untranslated region (UTR) sequence.

By transfecting primary culture LPM cells with the promoter-luciferrase constructs, we
compared the activities of sequences upstream of the FgfZ0gene. Transfecting a reporter
that lacked the promoter sequence but possessed a 384 bp 5° UTR sequence resulted in only
an approximately 2 fold activation of luciferase activities, compared to the promoter-less
luciferase vector. Therefore, we compared activities of promoter-containing constructs to the
promoter-less 5° UTR-luciferase construct. We detected approximately 10 and 10.5 fold
luciferase activity with the —3.7 kb and —1.3 kb promoter reporters, respectively. Deletions
to =757 bp and to —341 bp promoters decreased the activities to 6.8 and 5.9 fold,
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respectively. These results suggest that the 341 bp sequence upstream of the FgfI0TSS is
able to to drive luciferase reporter expression, and extending the sequence to —1.3 kb
position further enhances this activity.

Activities of a previously characterized cis element within the 3.7 kb promoter region

Next, we sought to characterize potential FgfI0 cis-elements using the LPM primary
culture-luciferase assay system. Because enhancers interact with promoters for activation of
gene expression (Amano et al., 2009; Shlyueva et al., 2014; Williamson et al., 2016), we
cloned candidate c/s-elements into the luciferase vector with the FgfZ0 promoter sequence.
In this setting, putative enhancers are cloned in close proximity to the Fgf10 promoter,
which do not test potential contribution of distance between the promoter and an enhancer to
transcriptional regulation. We chose the 341 bp promoter sequence plus the 384 bp 5 UTR
sequence, which we referred to as —0.34k pro (Figure 2B) for the following reasons. The
VISTA Enhancer Browser (https://enhancer.lbl.gov/) contains enhancer activities examined
by LacZ transgenesis in mouse embryos (Visel et al., 2007). One of sequences, termed
hs516, covered the =562 to +696 bp position of the human FGF10gene, which exhibited
LacZ reporter staining in a part of hindlimb buds, but not forelimb buds, at E11.5. Although
this data does not provide information about hs516 activities at the time of limb bud
initiation, the result implies that the proximal promoter region of the FGF10gene
contributes to FGF10expression. Moreover, the proximal promoter covering the —341 to
+384 bp position showed significant activity in the LPM cells in culture (Figure 2A).
Therefore, we chose to use this sequence as a proximal promoter in combination with c/s-
elements.

We first tested activities of the inner ear-specific c/s-element. Previous reports demonstrated
that the sequence located approximately 3 kb upstream from the mouse FgfZ0TSS is able to
drive reporter expression in a inner ear-specific manner (Ohuchi et al., 2005; Economou et
al., 2013). In four independent assays (n=3 each), the inner ear element exhibited 1.6 + 0.4
fold activation. As an example, Figure 2B shows a result with 1.4 fold activation of the
luciferase activities in the LPM cells. This weak activation may be due to the weak activity
of the inner ear enhancer to drive a LacZ reporter expression in the LPM in mouse embryos,
as observed in a previous study (Ohuchi et al., 2005). Therefore, we consider that activation
below 2 fold is weak and unlikely contributes to FgfZ0expression during limb initiation.

Activities of candidate cis elements located in the intron sequence

Next, we compared genome sequences in order to identify evolutionarily conserved
sequences which may function in regulating Fgf10expression. By using the VISTA Brower,
we compared the human sequence with sequences of other limb-developing animals. Due to
the high degree of conservation of non-coding sequence among mammals, which makes it
difficult to select evolutionarily-conserved sequences, we limited our comparison of the
human genome to mice, chickens, and frogs. First, we analyzed intronic sequences using
genomic information from these animals. The FGF10gene consists of three exons, as well
as two introns: the first intronic sequence is approximately 83 kb in length, while the second
intronic sequence is approximately 5.5 kb in length (Figure 3). We chose six intronic
sequences from the mouse genome based on conservation of the sequences between human
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and mouse genomes. Figure 3 and Table 1 show the positions of these sequences, and
nucleotide sequence alighments are shown in Supplemental information. The VISTA
Enhancer Browser shows the activities of one cis-element, mm917, located in intron 1 of the
mouse Fgf10gene. The mm917 sequence showed LacZ reporter expression in the dorsal
root ganglion and the limb at E11.5 by LacZ transgenesis in mouse embryos. The mm917
sequence covers three of the cis-elements we analyzed; M79, M80 and M83. Among these
three sequences, M80 exhibited approximately 3.2 fold activation, comparred to the —0.34kb
promoter construct (Figure 3C), while the M79 and M83 elements showed 1.4 and 1.7 fold
activation, respectively.

The M78 and M84 sequences, also located in intron 1, exhibited subtle (1.2 fold) and weak
activation (1.7 fold), respectively. We also tested the activities of the M85 sequence, located
44.5 kb downstream of the FgfI0TSS. This sequence is a part of the 1.7 kb element that has
been shown to act as cardiac enhancer (Watanabe et al., 2012). The M85 sequence also
exhibited only weak (1.5 fold) activity in LPM cells. These results show only weak
activation of the luciferase reporter in LPM primary cell culture, and suggest that these
sequences may not function in the activation of FgfZ0during limb development.

Activities of candidate cis elements located in the 5’ or 3’ of the Fgf10 gene

Next, we searched for conserved sequences in the upstream and downstream regions of the
FGFI10gene. In the 5" upstream region, we chose two sequences, M81 and M82 (Figure 4A,
Table 1, Supplemental information). The human M81 sequence is conserved among mice
and chickens, but not in frogs. In contrast, the M82 sequence showed conservation among all
four species. Luciferase assays in primary chick LPM cells showed 6.6 fold activation by the
M81 sequence, while M82 sequence did not show any activation (Figure 4B).

We also searched sequences in the 3’ region of the FGF10gene. In this region, three
sequences were analyzed by the VISTA Enhancer Browser (Figure 4A). Among the three
sequences, the mm606 and mm918 sequences did not show any activity at E11.5 by the
LacZ reporter transgenesis assay in the mouse embryos. The mm605 sequence showed
activity in the facial mesenchyme and cranial ganglion at E11.5. Furthermore, we analyzed
two sequences, M87 and M86, which are disinct from the sequences shown in the VISTA
Enhancer Browser (Table 1, Supplemental information). Both M87 and M86 show
conservation among mice, chickens and frogs. Although the M86 sequence showed only
weak activity (1.4 fold), the M87 sequence exhibited a 7.7 fold activation of the luciferase
reporter.

These results suggest that the M81 sequence, located 5° of the Fgf10gene, and the M87
sequence, located 3°, showed the highest activation of luciferase activity among the tested
sequences in primary cultured LPM cells.

Activities of cis elements in limb buds in vivo

We next tested the activities of the M81 and M87 sequences /7 vivo, which showed the
highest level of activity in primary culture LPM cells. We chose to use the Tol2 transposone
system in combination with electroporation in chick embryos, which has been shown to be
efficient to stably transduce constructs in developing embryos (Sato et al., 2007). The
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constructs were electroporated into the LPM including presumptive limb field of HH stage
11-13 embryos. When the pCAGGS-EGFP, a constitutive EGFP-expression construct
(Figure 5A), was electroporated into the LPM of hindlimb-forming region, the EGFP signal
was observed within 24 hours. The signal was maintained in the broad region of the
hindlimb bud at 48 hours post electroporation (Figure 5B-D, n=11/15). By electroporating a
construct that contained the —0.34k promoter and EGFP (Figure 5A), we did not detect the
EGFP signal in the LPM and limb bud (n=10), suggesting that the —0.34 kb proximal
promoter sequence does not have sufficient activity to induce downstream reporter gene
expression in the LPM and limb bud.

We next tested whether the 5’ element (M81) or the 3’ element (M87) had any activity when
combined with the proximal promoter. We performed electroporation of constructs which
contained the —0.34k promoter, an EGFP reporter, and either the 5’ (M81) sequence (n=34)
or the 3* (M87) sequence (n=64) (Figure 5A). We also tested co-electroporation of these
constructs together (n=24). In two out of the 64 embryos with the 3’ sequence (M87), we
observed weak EGFP signals in the anterior edge of the hindlimb bud and the flank region
(Figure 5E-G). However, we did not detect EGFP signals in all other embryos. We also did
not detect the EGFP signal by plasmid introduction and electroporation at an earlier stage
(HH stage 9-10, n=20).

Activities of cis elements in the craniofacial region in vivo

Fgf10is expressed in tissues outside of limb buds, and we reasoned that the cis elements
identified in our /in vitro assay may have activities outside of the limb bud. Therefore, we
tested whether the 5” element (M81) or the 3’ element (M87) had activity in other tissues.
The developing face and brain are other regions where Fgfi0is expressed around the time of
its expression in limb progenitors (Havens et al., 2006; Teshima et al., 2016; Chatzeli et al.,
2017).

By electroporation of the pCAGGS-EGFP construct into the frontonasal region of HH stage
14-15 embryos, a strong EGFP signal was detected in the frontonasal prominence, maxirally
prominence and ventral region of the optic vesicle within 24 hours (n=5/5, Figure 6A),
showing successful introduction of a reporter construct in the frontonasal region. We next
performed electroporation using the construct with the —0.34k promoter and EGFP reporter.
We detected the EGFP signal in the frontonasal and maxillary prominence (n=3/4, Figure
6B, arrow), showing the activity of the —0.34k proximal promoter to drive a reporter
expression in the frontonsal and maxillary region. The EGFP signal was restricted to a
narrow region of the face compared to the broad signal by the constitutive pCAGGS-EGFP
construct, suggesting that the activity of the proximal promoter shows spatial specificity in
the facial region. Moreover, the reproducible reporter expression also suggests that the
reporter signals are unlikely caused by integration-position effects. Next, we electroporated
-0.34k promoter + EGFP with either the 5’ (M81) or the 3" (M87) sequences into the facial
prominence. We found that each construct induced EGFP reporter expression (n=9/12, in
each experiment) (Figure 6C, D, arrows), which was comparable to that induced by the
—0.34k promoter construct. These results suggest that the 5’ element (M81) and the 3’
element (M87) do not have detectable activity in the facial region.
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We also tested activity in the brain vesicle by injecting constructs into the anterior region of
the neural tube. By introducing the pPCAGGS-EGFP construct into the anterior region of the
neural tube, we detected broad and strong EGFP signals in the dorsal region of the posterior
forebrain and midbrain (n=5/5, Figure 6E, arrow). In addition, weak EGFP signals were also
detected in the hindbrain in this experimental setting (Figure 6E, arrowhead). Introduction of
the —0.34k promoter + EGFP reporter led to strong EGFP expression in the dorsal midline of
the midbrain (Figure 6F, arrow) and weak expression in the hindbrain (Figure 6F,
arrowhead) in a restricted manner (n=4/8). Introduction of the —0.34k promoter + EGFP
with either the 5’ (M81) or the 3* (M87) sequences resulted in the expression of the EGFP
reporter in the same domain as —0.34k promoter + EGFP construct (Figure 6G, H), but the
frequency of EGFP-positive embryos dropped significantly (n=1/10 for both the 5” and 3’
sequences). The lower frequencies of EGFP-positive embryos with reporters containing the
5’ or 3’ sequernces suggest that these sequences negatively affect the activities of the —0.34k
proximal promoter.

Prior genetic experiments demonstrated that FgfZ0is expressed in the cranial neural crest
(Teshima et al., 2016). Gene expression experiments in chick embryos also showed Fgf10
expression in head development (Bothe et al., 2011). Accordingly, we detected weak
expression of Fgfi0signals by whole mount /n7 situ hybridization in the forebrain (fb) and
midbrain (mb), the frontonasal prominence (fp), the 1st pharyngenal arch (pa), the otic
vesicle (ov), in addition to strong expression in the limb bud at HH stage 19-20 (Figure 61,
J). As the brain vesicle tends to get non-specific signals by /n situ hybridization analysis, we
dissected the brain vesicle, pharyngeal arches and limb bud (Figure 6K), and examined
Fgfi0expression by RT-PCR. This analysis showed evident amplicons of FgfZ0transcripts
from the brain vesicle, similar to limb buds and pharyngeal arches (Figure 6L). This data
further provides evidence that Fgf10is expressed in the brain vesicle. Although our initial
analysis was intended to characterize FgfZI0enhancer in limb progenitors, our /n vivo
analysis suggests that the —0.34k promoter region has an activity to drive expression in the
dorsal midline of the midbrain and anterior hindbrain. Furthermore, the significantly reduced
frequency of EGFP reporter expression with the 5” (M81) and 3’ (M87) sequences suggests
that these sequences may negatively regulate the activity of the —0.34k promoter sequence in
the brain.

DISCUSSION

In the past decade, several studies attempted to characterize cis-regulatory elements
controlling Fgfi10expression. In particular, several previous /n vitro experiments also
characterized activities of the FgfZ0 promoter region. For instance, a luciferase construct
containing —6.5 kb to TSS of the Fgf10gene can be activated by 7bx5 when transfected into
COST7 cells, a fibroblast-like cell line derived from African green monkey kidney (Agarwal
et al., 2003). Another study showed that a 500 bp sequence, located approximately 2kb
upstream of the TSS, can be activated by Hoxd9 when transfected into P19, a pluripotent
mouse embryonic carcinoma cell line (Sheth et al., 2013). Such an approach, co-transfection
of transcription factors of interest and luciferase reporter constructs with putative regulatory
elements, is widely used to study transcriptional regulation. Results from such experiments
can provide insights into how specific transcription factors of interest act on the regulatory
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elements, if the transcription factors of interest are not endogenously expressed in the cell
lines. Compared to such an approach, our experiment was designed to test enhancer
activities by endogenous factors in LPM cells without transfecting exogenous transcription
factors. In this experimental setting, cells may change gene expression pattern due to
alterations of the native molecular environment. Because the levels of Fgfi0expression did
not show significant changes during culture of LPM cells, these cells would maintain LPM/
limb progenitor status during the /in vitro assay. Although a limb bud cell line that represent
E11.5 limb bud mesenchyme status has been recently reported (Peluso et al., 2017), so far,
there is no cell line that represents LPM and/or early limb progenitor status for in vitro
assays. Therefore, the use of primary cultured cells from developing embryos could offer an
assay of activities of putative regulatory elements in limb progenitor cells /n vitro.

Our characterization of the Fgf10promoter region show higher activities when longer
sequences are used in the assay. This observation suggests that, while the proximal 0.34 kb
sequence has promoter activities, further upstream sequences in the promoter region may
receive more input for transcriptional activation. A recent study in mouse embryos
demonstrated that a proximal promoter of the mouse Fgf10gene regulates Fgf10expression
in developing forelimb buds and hindlimb buds at E10.75 through the FGF10-FGF8
feedback loop (YYamamoto-Shiraishi et al., 2014). This element is located between -768 to
+ 14 bp relative to the TSS of the Fgf10gene, and exhibited transcriptional activities in the
distal limb mesenchyme. In our /n vitro experiment, the —0.78k construct (=781 to +384)
and —0.34k construct (=341 to +384) exhibited similar levels of activity. However, the
—0.34k construct did not show activity in our /in vivo electroporation experiment. The
difference between our data and the data by the recent publication suggest that sequences
between —781 and —341 may be needed during limb outgrowth /n vivo.

In the last two decades, technologies to introduce plasmid DNA into developing chick
embryos have been developed. These methods include /n ovo electroporation and
sonoporation (ltasaki et al., 1999; Nakamura et al., 2000; Ohta et al., 2008). By /n ovo
transfection methods, enhancer-reporter constructs were introduced into tissues in
developing chick embryos to test enhancer activities /n vivo (Timmer et al., 2001). Such
applications lead to identification of enhancers of the chick Sox2gene, which regulate
distinct spatial-temporal specificities of Sox2expression (Uchikawa et al., 2003). More
recently, activities of enhancer sequences obtained from mouse and catshark genomic
sequences were tested in the developing chick limb bud system (Onimaru et al., 2015; Haro
etal., 2017). These studies demonstrated the usefulness of developing chick embryos as a
platform to test putative enhancer activities of other species. Although previous reports
demonstrated robust reporter expression in the in ovo enhancer assays, introduced plasmid
DNA can be diluted by active cell proliferation. Therefore, we combined the Tol2-based
integration of plasmids (Kawakami, 2007; Sato et al., 2007), so the reporter constructs could
be stably inherited to daughter cells. While our study focused on enhancer activities only
after short period of time from introduction of plasmid DNA, such stable-integration
approach may be beneficial for longer period of analysis.

We characterized activities of a total of 11 c/s-elements by /n vitro assays, two of which
exhibited higher activities than others. One element is located far upstream of the TSS of the
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Fgf10gene and the other is located immediately 3’ to the Fgfi0gene. In vivo
characterization of these c/s-elements using an EGFP reporter and the 70/2system in the
LPM did not show evident activity. One possible reason for the lack of activity is that the
activity by these elements alone are weak, and may be dependent on the activity of other
sequences to elicit higher activities. Interestingly, when the —0.34k promoter-reporter
construct was introduced into the craniofacial region, EGFP reporter expression was
successfully driven. Fgf10is expressed in the craniofacial region (Havens et al., 2006;
Chatzeli et al., 2017). Moreover, genetic inactivation of FgfZ0in cranial neural crest cells
results in defects in the palate, salivary gland, ocular gland and circumvallate papilla of the
tongue (Teshima et al., 2016), demonstrating the requirement of Fgf10in neural crest cells
in the development of these tissues. Accordingly, we also detected expression of FgfI0in
the brain vesicle by RT-PCR analysis. The /in vivo analysis by electroporation in chick
embryos suggests that the —0.34k promoter sequence possesses an activity in the dorsal
midline of the brain. Although we initially characterized the 5° (M81) and the 3’ (M87)
sequences by using LPM cells, these elements might negatively function on the —0.34k
promoter sequences in the brain.

Given the importance of Fgfi10functions /n vivo, several studies reported cis-elements that
regulate the spatial-temporal expression of Fgf10in sites other than the developing limb bud.
Those studies identified that the sequence located approximately 3 kb upstream of the Fgf10
transcription start site regulate inner ear expression (Ohuchi et al., 2005). In addition, a c/s-
element in intron 1 of the Fgf10gene regulates Fgfi0expression in the heart (Golzio et al.,
2012; Watanabe et al., 2012). Further studies in the future to elucidate the detailed
mechanisms regulating Fgr10expression will enhance the understanding of the upstream
regulation of Fgf10during limb initiation and outgrowth, as well as during the development
of other tissues.

EXPERIMENTAL PROCEDURES

Comparative genome analysis

A comparative genome analysis of the Fgf10genomic sequence, including regions covering
420kb upstream of the TSS and 600kb downstream of the transcriptional stop site, was
performed using the VISTA Genome Pipeline (http://pipeline.Ibl.gov). The browser allowed
comparison between Feb 2009/GFCh37/hg19 version human sequences only with
mammalian sequences. Therefore, we also used the Mar. 2006/NCBI136/hg18 version human
sequence, which allowed for comparison with mouse (July 2007/NCBI137/mm9), chick (May
2006/WCUGSC 2.1/galGal3), and frog (Xenopus tropicalis, ver. JGI 4.1.XenTro2)
sequences in order to identify evolutionarily-conserved regions.

Fgf10 promoter reporter constructs

A 3.7 kb mouse Fgfi10promoter region, including 384 bp of the 5* UTR, were cloned into
pGL3-Basic vector. Serial deletion constructs containing 1.3 kb, 781 bp and 341 bp
proximal promoters were generated. A deletion construct without the promoter but the 5
UTR clone was also generated.
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Fgf10 enhancer reporter constructs

Consensus sequences conserved among three (human, mouse, chick) or four (human, mouse,
chick, frog) species were amplified from mouse genome by polymerase chain reaction using
the Expand High Fidelity PCR System (Roche) (Table 1). We primarily chose sequences
with more than 70% conservation between human, mouse, and chick and/or frog sequences.
We also selected sequences that are less conserved, when compared to chick and/or frog
sequences, in the case that human and mouse sequences show high conservation.

Amplified DNA fragments were subcloned into the pGL3-Basic luciferase vector containing
the 341 bp Fgfi0proximal promoter and 384 bp 5’ UTR sequences, with a short spacer
sequence, CTCTTACGCGTGCTAGCCCG. The constructs were verified by Sanger
sequencing.

Luciferase reporter assays

Chick embryos at HH stage 15-16 (staging according to (Hamburger and Hamilton, 1951))
were isolated into plastic dishes containing Hank’s Balanced Salt Solution with antibiotics.
The lateral plate mesoderm (LPM), posterior to 14™ - 15t somite levels, was dissected by
cutting the tissue from dorsal side between the paraxial mesoderm and LPM using fine
tungsten needles (Figure 1). The dissected tissues were kept in a 15-ml tube with Hank’s
Balanced Salt Solution with antibiotics on ice until desired amount of the tissue was
collected. The collected tissues were then dissociated by TripLE digestion (Invitrogen) and
pipetting, and the reaction was stopped by adding D-MEM plus 10% fetal bovine serum.
Cells were filtered through 100 pm Cell Strainer (BD Falcon), pelleted by centrifugation,
washed with PBS twice, and plated at 1.2x10° cells/well in a 96 well plates (BD Falcon).
Cells were cultured in Opti-MEM supplemented with 1% fetal bovine serum and antibiotics.
Immediately after plating, cells were transfected with 100 ng of the luciferase reporter
construct and 10 ng of pRL-TK using FUGENE 6 (Promega). Cells were cultured 24 hours
after transfection, and luciferase activity was measured using the Dual-Luciferase reporter
assay system according to the manufacturer’s instructions (Promega). Luciferase activity
was normalized to the Renilla luciferase internal control. Experiments were repeated in
triplicate in three independent assays. We repeated experiments at least three times to ensure
the results.

Quantitative RT-PCR analysis of primary culture LPM cells

Chick LPM cells, immediately before plating, were harvested with Trizol (Invitrogen) as the
time point 0 hour. LPM cells in culture were harvested at time points, 2, 12 and 22 hours
after plating using Trizol. cDNA was prepared using one microgram of total RNA and oligo
dT primers using Super Script Il (Invitrogen). Quantitative PCR was done by using cDNA
that corresponds to 20 ng RNA per reaction by using GoTaq qPCR master mix (Promega).
The primers for Fgfl0are GTTGTGGCAGTTAAGTCCATC (nucleotide 610 — 630 of
NM_204696, in the exon 2) and TCCCCTTCCATTCAGAGCAAC (nucleotide 784 — 804 of
NM_204696, in the exon 3). Gapah expression was used as a reference with the primers,
GTCATCCATGACAACTTTGGC (nucleotide 538 — 558 of NM_204305, exon 6) and
CAGGTCAACAACAGAGACATTG (nucleotide 765 — 786, NM_204305, exon 8).
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In vivo analysis of enhancer activities in developing chick embryos

To test the activity of c/s-elements and the promoter regions to drive expression in
developing chick embryos, we used the Tol2 system (Kawakami, 2007). The 341 bp
proximal promoter and 381 bp 5° UTR were cloned into the 7o/2transposable vector that
contains EGFP and SV40 polyA signal sequences. An enhancer element was cloned in front
of the Fgf10promoter-5’UTR sequence.

Plasmid solutions were adjusted to a final concentration of 2.5-4.0 pug/ul with distilled water
colored with Fast Green. The amnion membrane on the posterior half of the embryo was
removed from HH stage 11-13 chick embryos, then, 50-100 nl of plasmid solution (Tol2
reporter plasmid and pCAGGS-Transposase, 1:1 in volume) was injected into the LPM of
the presumptive hindlimb field. Electroporation into the LPM was performed as previously
described (Suzuki and Ogura, 2008). In short, the cathode electrode was placed under the
LPM, and the anode electrode was positioned on top of the LMP, and electric pulse was
charged. The pulse was combined with one short pulse (25v, 0.05 msec pulse-on, 0.1 msec
pulse-off), and five long pulses (5v, 10.0 msec pulse-on, 1.0 msec pulse-off). Then, eggs
were re-incubated, and the GFP signals were detected 24—-48hr after electroporation.

Electroporation into the facial region was performed as previously described (Nakamura et
al., 2000) with a slight modification. The plasmid solution was injected beneath the
ectoderm of the frontonasal prominence of HH stage 14-15 embryos. The cathode electrode
was placed along the frontonasal prominence, and the anode electrode was set along the
dorsal side of the brain. Then an electric pulse (25v, 50 msec pulse-on, 950 msec pulse-off,
five repetitions) was charged. Electroporation into the brain vesicle was also performed in a
similar manner with the plasmid solution injection into the anterior lumen of the neural tube.
The pulse for the brain vesicle was the same as for the facial region.

RT-PCR for Fgfl10, expressed in tissue primodia

Chick brain vesicle, pharyngeal arch and limb buds were dissected from HH stage 16-17
embryos (Figure 6K). Total RNA was prepared using the NucleoSpin Gel and PCR clean-up
kit (Takara/Macherey-Nagel), and cDNA was prepared by Superscript 111 with oligo dT
primer. Fgf10expression was confirmed by RT-PCR with the same primers used in the qRT-
PCR experiment for LPM cell culture. The PCR products were further confirmed to be a part
of Fgfl0and Gapdhby Sanger sequencing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key findings:

. Primary culture of lateral plate mesoderm from chick embryos is used to test
activities of cis-elements of FgfZ10by luciferase reporter assays.

. Among 11 sequences tested, two sequences in combination with a proximal
promoter showed higher luciferase reporter activities than others.

. The sequences with high activity /n vitro did not show significant activities in
developing limb buds in chick embryos.

. The proximal promoter showed activity in the dorsal midline of the brain in

developing chick embryos
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Figure 1. Schematic of luciferase reporter assay using primary cultured cells from LPM of chick
embryos

(A) Chick embryo LPM was dissected, and cell were plated after dissociation. Luciferase
reporter constructs were transfected and the luciferase activities in the LPM cells were
measured.

(B) Quantitative RT-PCR for Fgfi0at indicated time points of LPM cell culture. Gapdhwas
used as a reference. The y axis represents relative levels of Fgf10expression compared to
time point 0 (cells just before plating). Average + standard deviation with n=3 is shown at
each time point. No statistical difference was observed at each time point, compared to time
point 0 by t-test.
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Figure 2. Activities of Fgf10 promoter regions and inner ear enhancer in LPM cells in vitro
(A) Luciferase reporter activities of indicated promoter constructs. Blue bars indicate

various deletion versions of the proximal promoter of the FgfZ0gene. The red and gray bars
represent 5 UTR of FgfZ0and luciferase-polyA cassette, respectively.

(B) Comparison of activities of —0.34k promoter construct with and without previously-
characterized inner ear enhancer.

Luciferase activities are shown as mean + S.D.
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Figure 3. Activities of conserved non-coding sequences in the introns of the Fgf10 gene in vitro
(A) VISTA comparison of the Fgf10locus in human vs mouse (upper) and human vs mouse

vs chick vs frog (lower). Peaks with orange color indicate conserved non-coding sequences.
The Fgf10gene and exons are indicated with a bar and boxes at the top. Previously
characterized sequences are shown with blue columns with their names at the top. The six
sequences in intron 1 used in this study are indicated by light gray columns with their names
on the top.

(B) Schematic presentation of —0.34k promoter-luciferase vector (upper) and a construct
with a tested cis-element.

(C) Comparison of activities of —0.34k promoter construct and the six constructs with
indicated cis-elements. Luciferase activities are shown as mean + S.D.
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Figure 4. Activities of conserved non-coding sequences in the 5’ and 3’ of the Fgf10 gene in vitro
(A) VISTA comparison of the Fgfi0locus in human vs mouse (upper) and human vs mouse

vs chick vs frog (lower). The Fgfi0gene is indicated as a bar at the top. Previously
characterized sequences are shown with blue columns with their names at the top. Two
sequences in the 5’ and two sequences in the 3’ to the Fgf10 gene, tested in this study are
indicated by light gray columns with their names on the top.

(B) Comparison of activities of —0.34k promoter construct and the four constructs with
indicated cis-elements. Luciferase activities are shown as mean + S.D.
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Figure 5. Activities of proximal promoter with and without two cis-elements in the developing
chick limb bud

(A) Schematics of constructs used in the Tol2 vectors. Top: the pPCAGGS-EGFP. Middle:
-0.34k promoter-EGFP. Bottom: —0.34k promoter-EGFP with either M81 sequence or M87
sequence.

(B-D) Images of the hindlimb bud of an embryo in which the 70/2-pCAGGS-EGFP and
PCAGGS-transposase constructs were electroporated into the LPM of hindlimb-forming
region. Bright field (B), EGFP (C) and a merged image (D) of the hindlimb bud. EGFP
signal was observed throughout the limb mesenchyme at 48 hours after electroporation
(n=11/15).

(E-G) Images of an embryo in which the 70/2-0.34k promoter-EGFP with the M87
sequence and pCAGGS-transposase constructs were electroporated into the LPM. Bright
field (E), EGFP (F) and a merged image (G) of the hindlimb bud. Weak EGFP signal in the
anterior edge of the hindlimb bud and the flank region at 48hr after electroporation.
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Figure 6. Activities of proximal promoter with and without two cis-elements in the developing
craniofacial region

(A) An EGFP image of the face 24 hours after electroporation of the pCAGGS-EGFP and
PCAGGS-transposase into the frontonasal region (n=5/5). Arrow points to broad signals in
the frontonasal and maxillary region.

(B-D) EGFP images of the face 24 hours after electroporation of indicated constructs using
the Tol2 system. Arrows point to the EGFP signals in the frontonasal and maxillary region.
(E) An EGFP image of the dorsal head region 24 hours after electroporation of the
PCAGGS-EGFP and pCAGGS-transposase into the brain vesicle (n=5/5). Arrow points to
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strong signals in the dorsal side of the posterior forebrain to the midbrain, and arrowhead
points to weak signals in the hindbrain.

(F-H) EGFP images of the dorsal regions of the brain 24 hours after electroporation of
indicated constructs using the Tol2 system. Arrows point to the strong EGFP signals in the
dorsal midline of the posterior forebrain — midbrain. Arrowheads point to weak EGFP
signals in the dorsal midline of the anterior hindbrain.

(1, J) in situhybridization of Fgfl0in HH stage 19 embryo. J shows close up of the
craniofacial region. fh, forebrain; fl, forelimb bud; fp, frontonasal prominence; hl, hindlimb
bud; mb, midbrain; ov, otic vesicle; pa, pharyngeal arch.

(K) A schematic of the regions dissected from chick embryos for RT-PCR assays.

(L) RT-PCR analysis of expression of Fgfl0and Gapdh. The expression in the limb bud,
pharyngeal arch (pa) and brain vesicle (bv) at HH stage 16-17 is shown. M, DNA marker.
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Table 1

Locations of enhancer elements examined in this study

Analyzed enhancers located 5’ to the Fgf10 gene

Sequence ID  Distance from Fgf10 TSS  Chromosome position

M81 123 kb 118,592,098-118,592,348

M82 71.9 kb 118,643,131-118,643,472

Analyzed enhancers located 3’ to the Fgf10 gene

Sequence 1D Distance from 3’ end of the Fgf10 gene  Chromosome position
M86 233.3kb 119,025,892-119,026,225
m87 2.6 kb 118,789,402-118,790,008

Analyzed enhancers located in the first intron of the Fgf10 gene

Sequence 1D Distance from TSS  Chromosome position

M85 44.5 kb 118,760,110-118,759,911
M84 29.8 kb 118,745,259-118,745,148
M78 28.8 kb 118,744,148-118,744,391
M83 20.8 kb 118, 736,178-118,736,267
M80 20.7 kb 118,736,470-118,736,111
M79 19.7 kb 118,735,505-118,735,984

FgfI0TSS position is 118,715,384

3’ end of the FgfI0is 118,792,573

FgfI0TSS position is 118,715,384 on chromosome 13 in the UCSC Genome Browser on Mouse Dec. 2011 (GRCm38/mm10) Assembly
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