1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript

-, HHS Public Access
«

Biochem Biophys Res Commun. Author manuscript; available in PMC 2023 September 17.

Published in final edited form as:
Biochem Biophys Res Commun. 2019 October 22; 518(4): 672—-677. doi:10.1016/j.bbrc.2019.08.104.

Analysis of a Limb-Specific Regulatory Element in the Promoter
of the Link Protein Gene

Craig S. Rhodes?, Tomoya Matsunobu?, Yoshihiko Yamada?l

IMolecular Biology Section, National Institute of Dental and Craniofacial Research, National
Institutes of Health, Bethesda, MD 20892

Abstract

Link protein is encoded by the Hap/n1 gene and is a prototypical protein found in the

cartilage matrix. It acts as an important component of the endochondral skeleton during early
development. To study its transcriptional regulation, promoter fragments derived from the link
protein gene were coupled to the B-galactosidase reporter and used to study /n vivo transgene
expression in mice. In day 15.5 mouse embryos, a link promoter fragment spanning —1020

to +40 nucleotides demonstrated highly specific p-galactosidase staining of skeletal structures,
including the appendicular and axial cartilaginous tissues. Two shorter promoter fragments,
spanning —690 to +40 and —315 to +40 nucleotides, demonstrated limb- and genitalia-specific
expression resembling that of homeodomain-regulated tissues. Bioinformatic analysis revealed a
highly conserved, Hox-like binding site (HLBS) at approximately —220 bp of the promoter, shared
by both constructs, which contained the Hox-core consensus sequence TAATTA. Electromobility
shift assays demonstrated binding of Hox-B4 recombinant protein to the HLBS, which was
eliminated with nucleotide substitutions within the core-binding element. Co-transfection analysis
of the HLBS demonstrated a 22-fold transcriptional activation by HoxA9 expression, which was
ablated with a substitution within the core HLBS element. Together these findings establish
promoter regions within the Link protein gene that are important for in vivo expression and
identify the potential role of homeodomain-containing proteins in controlling cartilage and limb
gene expression.
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1. Introduction

Link proteins are small proteoglycans that are encoded by four different genes (Hap/ni-
Hapln4) [1-3]. The major cartilage link protein encoded by the Haplnl gene (hereafter
referred to as link protein) is an important component of cartilage and forms the initial
skeletal structure during embryonic development [4]. Link protein contributes to the
structure of cartilaginous matrix by stabilizing interactions with other components, including
aggrecan and hyaluronan [5, 6]. Highlighting its role in cartilage formation, link protein
has been identified as the most highly up-regulated gene during /7 vivo chondrogenesis of
the limb [7]. The mMRNA expression of link protein is increased approximately 200-fold
between embryonic day 11.5 to 13.5, a time period of mesenchymal condensation to form
the precursor to the limb tibia. Besides its role in cartilage, link protein also plays an
important role in the organization of extracellular matrices from other tissues, including the
heart [8-10], brain [11, 12], ovaries [13] and teeth [14].

Link protein has been studied extensively, particularly for its structural role and expression
in skeletal cartilage [2, 15, 16]. High levels of link protein mRNA are observed during

the spatial and temporal formation of cartilaginous tissues in the chicken limb and human
skeletal structures [2, 15]. Experiments using chick endochondral chondrocytes have shown
that transcriptional regulation is the major mechanism controlling link gene expression and
involves both a promoter and a 2.2 kb first intron enhancer [17]. Importantly, the link protein
gene promoter contains multiple regulatory elements [9, 17-21]. Bioinformatic analysis

of the rat, human, mouse and chicken link promoters demonstrate extensive regions of
sequence homology, suggesting they likely contain a conserved, transcriptional regulatory
network [17, 22]. One such regulatory element in the link promoter includes a serum and
glucocorticoid responsiveness region at —918 to —906 [20]. Interestingly, another cartilage
gene, collagen I1, also contains a similar DNA element which is found in the enhancer
region [23], possibly coordinating the expression of multiple cartilage genes through a
common regulatory element. Several other regulatory sequences have also been identified
and confirmed by overexpression in cell cultures of transcription factors including Sox9
[21], Runx1 and Runx2 [24], and Mef2 [25]. Experiments with preovulatory granulosa
cells of the ovary found that multiple Runx1 binding sites were present in the link protein
promoter, and co-expression of the Runx1 transcription factor up-regulated link protein
promoter activity [24]. Studies with Mef2 also found that this transcription factor bound

to two similar promoter elements. and coexpression activated the link promoter activity in
heart valve interstitial cells [25]. Understanding the /in7 vitro promoter activity of the link
protein promoter has been less-well studied in chondrocytes, in part due to difficulties in
maintaining the normal phenotype of these cells in cell culture [26].

Despite the /n vitro studies of the link protein gene promoter, the tissue-specific activity

of the promoter is not always recapitulated in cell culture. For example, Hela cells, which

do not make significant amounts of link protein, show similar promoter reporter activity as
chicken embryonic chondrocytes [17]. An explanation proposed for this discrepancy was
that plasmids introduced by transient transfection are episomal and do not adopt the normal
chromatin structure required for cell-specific expression. Moreover, little is known about the
function of the link protein gene promoter /n vivo and how it controls gene expression. Here,
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the transcriptional regulation of the link promoter was analyzed using transgenic mice /n
vivoto identify important DNA elements that confer spatial and restricted expression.

2. Materials and methods

2.1 Generation of transgenic mice harboring link protein promoter-LacZ

All the experiment described in this manuscript complied with National Institutes of Health
guidelines for the care of laboratory animals and was approved by the ACUC of the NIDCR,
NIH.

Three rat link protein gene (Hap/nI) promoter sequences were engineered to drive -
galactosidase (Lac2) expression. The largest link protein promoter fragment (from accession
number X55057), spanned —1020 to +40 nucleotides (hereafter referred to as —1020) and
included most of the first, untranslated exon of the gene [17]. Similarly, two shorter link
promoter fragments were also constructed that encompassed the —690 to +40 nucleotides
(hereafter referred to as —690) and —315 to +40 nucleotides (hereafter referred to as —315)
DNA regions. For construction of these promoter-LacZ expression cassettes, the link protein
gene promoter fragments were amplified by PCR and then subcloned into the pCH110
vector [27].

These three promoter plasmids were linearized and purified by gel electrophoresis to contain
the link protein promoter-LacZ cassette. These DNA fragments were then injected into the
pronucleus of fertilized single-cell mouse oocytes. Successful integration of the transgene
was determined by PCR using genomic DNA isolated from mouse tails or fetal placenta. All
transgenic mice were screened for the presence of the LacZ gene sequence, and mouse lines
with robust limb-specific expression were identified. The —690 promoter-LacZ and —315
promoter-LacZ were back-crossed for more than five generations; they showed Mendelian
inheritance and were used for further analysis.

2.2 Analysis of transgene link gene promoter p-galactosidase activity

Timed-pregnancy mice were generated, and day 15.5 embryos were harvested. The embryos
were fixed for 20 min (4% paraformaldehyde, 1X PBS), washed twice with 1X PBS, and
then washed two more times for 20 min each with 0.1 M phosphate buffer (pH 7.3, 2 mM
MgCls,, 0.01% sodium deoxycholate, 0.02% Nonidet P-40). B-galactosidase activity was
detected through the addition of a substrate solution containing 5-bromo-4-chloro-3-indoyl-
B-D-galactosidase (X-gal at 1.0 mg/ml), 5 mM potassium ferricyanide, and 5 mM potassium
ferrocyanide and incubated overnight at 30°C. The embryos were then photographed for
documentation of the X-gal staining pattern.

2.3 Bioinformatic analysis of the —315 link protein gene promoter

Based on the expression pattern of the =315 bp promoter region of the rat link protein gene
promoter, motif-based sequence analysis tools (http://meme-suite.org/doc/overview.html)
were employed to examine homology with the transcriptional regulatory regions of other
cartilage genes. The bioinformatic analyses revealed a 19 bp element was shared with

two similar sequences from known regulatory elements including the enhancer region of
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the aggrecan gene [28] and the promoter of Col11A2 [29]. Additional searches with this
element, designated the Hox-like binding sequence (HLBS), within the rat link promoter
were compared to the corresponding gene from other species to understand the level of
conservation of this sequence. Alignment of the conserved element from these genes was
performed using the CLUSTAL program of the McVector DNA™ analysis suite.

2.4 Electrophoretic mobility shift assays of HLBS

Transcription factor binding to the HLBS in the link protein gene promoter was analyzed
by electrophoretic mobility shift assay (EMSA). HEK-293 cells were transfected with

a HoxB4 mammalian expression vector (pF5a-MCS, Sigma) expressing a 3x-FLAG
epitope tag to generate lysates containing HoxB4 recombinant protein. These extracts
were then used to purify HoxB4 by a standard FLAG affinity purification protocol, and
HxB4 recombinant protein was eluted with 200 pg/ml of 3x-FLAG peptide (Sigma).
HoxB4 protein binding activity to the HLBS sequence was then examined using wild

type HLBS double-stranded oligonucleotides (5’-GTTAGGCTGTAATTAGAGGA-3), and
two mutant forms: HLBS-Mutl (5’-GTTAGATCA CAATTAGAG-3’ and HLBS-Mut2
(5’-GTTAGGCTGTGGCCGGAGGA-3’). For EMSA, these different double-stranded
oligonucleotides were annealed and radiolabeled with 32P-ATP using T4-polynucleotide
kinase. The 32P-labeled oligonucleotide probes (approximately 20,000 CPM) were
incubated with and without the recombinant HoxB4 protein at 4°C for 30 min in nuclear
protein binding buffer (20 mM Tris, pH 7.8, 100 mM NaCl, 40 mM KCI, 1 mM DTT).
The protein-DNA mixture was then separated on a non-denaturing 5.5% polyacrylamide gel
containing 0.25x TBE and 0.5 % tween. Following electrophoresis, the gels were fixed and
processed for autoradiography.

2.5 Transcriptional activity studies with HLBS

Transcriptional activity of the HLBS was analyzed by /n vitro reporter assays performed
in cell culture. For these transcriptional studies, we employed a common strategy

using the transactivation domain of VP16 as a fusion protein to Hox and other
transcription factors [30-34]. In order to generate this reagent, a CMV-Flag epitope-
tagged VP16 expression vector was first constructed. This plasmid was then used

to clone the full-length, murine Hoxa9transcription factor downstream of the VP16
activation domain, and the resulting mammalian expression vector was termed pCMV-
VP16- Hoxa9d. To test the activity of the HLBS in the absence of other regulatory

regions of the link promoter, we used a heterologous system for analysis. Briefly,

the 20 bp sequence of HLBS was concatenated to contain four direct repeats of this
sequence. For analysis, the wild type HLBS (5’-GTTAGGCTGTAATT AGAGGA-3)’
and four additional mutants were constructed in a similar multimeric fashion to include
HLBS-Mutl (5’-GTTAGATCACAATTAGAGG-3’), HLBS-Mut2 (5-GTTAGGCTGT
GGCCGGAGGA-3’), HLBS-Mut3 (5’-ACCGAGCTGTAATTAGAGGA-3’), and HLBS-
Mut4 (5’-GTTAGGCTGTA ATTAAGAAG-3’). The multimeric target sequences were
cloned in the Kpn/to Xhol site upstream of the basal pGL4.23 plasmid expressing

firefly luciferase as the transcriptional promoter reporter output to generate pGL4.23-4X
HLBS, pGL4.23-4X HLBS-Mutl, pGL4.23-4X HLBS--Mut2, pGL4.23-4X HLBS-Mut3,
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and pGL4.23-4X HLBS-Mut4. DNA sequencing was used to confirm the identity of these,
and other plasmids described above.

Briefly for transfection, HEK-293T cells were maintained in DMEM-5% FCS.
Approximately 18 h before transfection, the culture medium was replaced with DMEM
without serum and incubated overnight. The next day, the cells were trypsinized and
seeded into 12-well plates at 70% confluency containing 1% FCS. Each well was then
cotransfected with 1 ug of either empty vector (pGL4.23), wild type pGL4.23-4X HLBS,
or the corresponding mutant targets along with 25 ng of pPCMV-VP16- HoxA9, and 25
ng of CMV-Renillaluciferase. Transfections were performed in duplicate, and at 48 h
post-transfection, the cells were lysed in 300 pl of passive lysis buffer (Promega). For
measuring and normalizing transcriptional activity in the cell lysates, 30 pl of the cell
extract was sequentially assayed for firefly and Renilla luciferase activity, respectively,
with a luminometer (Berthold LB 940). Transcriptional activity was normalized to Renilla
luciferase activity. Data was plotted as fold increase compared to the pGL4.23 basal
promoter cotransfected with a CMV expression vector without a gene insert.

3. Results

3.1 Link protein gene promoter activity in transgenic mouse embryos

Previous studies have shown that the rat link promoter is transcriptionally active in a

variety of cell types in cell culture [17, 20, 24]. Here we sought to analyze the rat link
promoter /n vivoto study its spatial and temporal expression during embryonic development.
For these experiments, the rat link protein gene promoter region was engineered to drive -
galactosidase reporter production in mice. Initially, two different link protein gene promoter
fragments were used (Fig. 1A). These two DNA constructs were then microinjected into
oocytes and expression was determined in the developing mouse embryo. As shown,

the —1020 link promoter region in the E15.5 day embryos demonstrated tissue-specific
expression in multiple cartilaginous tissues including cervical vertebrae (C1 and C2), radius,
ulna, tibia, and fibula (Fig. 1B). No significant expression was seen in other tissues.
Sectioning and microscopy of the tibial tissue confirmed expression of the p-galactosidase
reporter by the hypertrophic chondrocytes (data not shown). These findings highlight the
marked cartilage-specific /n vivo expression of this —1020 link protein gene promoter region.

To further delineate the DNA regulatory elements within the promoter responsible for this
transcriptional activity, an additional shorter —690 promoter fragment was tested. As shown
in Fig. 1C and Fig. 1D, the —690 promoter showed a different expression pattern (5 of the 7
mice) predominantly in the front and hind limbs and external embryonic genitalia, structures
that will become fully cartilaginous tissues. However, this X-gal expression pattern showed
spatial variability from mouse to mouse (Fig. 1C and Fig. 1D). Different embryos showed
varying boundaries of expression in proximal-distal and anterior-posterior regions of the
limbs. In particular, some embryos demonstrated more posterior than anterior expression in
the paw and limb (Fig. 1C) compared to mainly in the paw (Fig. 1 D). In other embryos, the
—690 promoter region demonstrated strong hind limb-specific expression compared to the
forepaw (Fig. 1 D). These results highlight that the —1020 promoter shows cartilage-specific
expression, while the —690 promoter region confers limb and genitalia expression.
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3.2 The —315 link promoter drives high levels of limb expression in transgenic mouse
lines

Mouse transgenic lines expressing the link promoter-LacZ transgenes were also generated.
For the mouse line studies, the —690 region and a shorter —315 promoter were tested (Fig.
2A). Analysis of the =690 link promoter recapitulated the expression pattern seen with
transient expression and showed selective limb and genital expression (Fig. 2B). However,
the —315 link promoter region was even more active with high levels of X-gal staining in the
limbs, genitalia and additional expression in the epithelial layer of the skin (Fig. 2C). Further
deletion of the promoter region to —183 showed no X-gal expression in mice, suggesting that
in vivothis region is insufficient for basal promoter activity (data not shown). These findings
of both limb and genitalia-specific expression of the both the —690 and —315 promoter are
reminiscent of known Hox-expression patterns [35, 36].

3.3 Identification of a potential homeobox binding element in the link promoter

Based on the finding that both the —690 and —315 link promoter constructs exhibited high
levels of limb and genitalia expression /n vivo, bioinformatic analysis was performed with
this promoter fragment to determine whether shared, similar regulatory elements might

be found in other cartilage genes. For this bioinformatic analysis, the —315 link promoter
sequence was evaluated with the Motif-Based Sequence Analysis program and used to
screen known regulatory regions from three other cartilage-specific genes including collagen
I1-alpha 1 (Col2A1), collagen Xl-alpha 2 (Col11A2) and aggrecan (ACAN). This search
revealed that a 29 bp sequence derived from the =230 to —202 region of the link promoter
demonstrated significant homology with sequences found in the basal promoter region of
collagen 11A2 and within the known enhancer of the aggrecan gene [28] (Fig. 3A). This
highly conserved 29 bp element was a markedly AT-rich element and contained a core
TAATT sequence, which resembled the key recognition motif of homeodomain transcription
factors [37, 38]. Since this element located within the —315 link promoter was highly active
in driving /n vivo transcription in the limb and genitalia and resembled expression patterns
seen by homeobox- containing proteins, we tentatively designated this element as a Hox-like
binding site (HLBS). Moreover, the HLBS was highly, evolutionarily conserved within the
corresponding link genes of human, chicken, frog and even, coelacanth (lungfish) further
supporting its potential importance (Fig. 3A). Overall these findings suggest the possibility
that the HLBS might function in coordinately regulating transcription of the link gene and
multiple other cartilage genes such as aggrecan and collagen 11A2.

3.4 HoxB4 binding to HBLS in the link promoter

To examine whether the HLBS could be bound by a homeodomain protein, electrophoretic
mobility shift assays (EMSA) were performed. For this EMSA analysis, double-stranded
oligonucleotides derived from HLBS were radioactively labelled. The HoxB4 protein was
used as a candidate Hox protein to study potential binding to the HBLS because of its
known role in regulating the murine axial skeleton, since Hoxb4 null mice show homeotic
transformation of the vertebrae [39]. To generate sufficient quantities of HoxB4 protein,

a mammalian expression vector for FLAG epitope-tagged-HoxB4 was overexpressed in
HEK-293 cells, and then the lysate containing the recombinant protein was affinity-purified

Biochem Biophys Res Commun. Author manuscript; available in PMC 2023 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rhodes et al. Page 7

as described in Materials and Methods. As shown from the representative autoradiogram in
Fig. 3B, Lane 2, addition of the recombinant HoxB4 protein to the radioactively labelled
HLBS caused a marked shift up of the protein-DNA complex indicative of binding activity.
In contrast, this protein-DNA complex was not seen in the absence of HoxB4 protein (Fig.
3B, Lane 1). To determine whether HoxB4 protein binding to MLBS showed specificity

for the target DNA sequence, oligonucleotides containing substitutions within the HLBS
were tested. One mutant, HLBS-Mut1, replacing 5 bp of flanking nucleotides adjacent to the
core TAATT motif had a modest decline in HoxB4 binding (Fig. 3B, lane 3). In contrast,

a second mutant oligonucleotide, HLBS-Mut2, replacing 5 bp of the core Hox-binding
consensus, showed a marked loss of binding (Fig. 3B, lane 4). Overall these results confirm
that HoxB4 protein bound /n vitro to the HLBS of the link promoter and this binding activity
was sequence-specific.

3.5 Homeobox Activation of HLBS

Based on the finding that a Hox protein bound the HLBS, we next explored whether

the HLBS was involved in controlling gene expression /in7 vitro by Hox transcription

factors. Since the HoxA9 protein is expressed in the limb [40, 41], co-transfection
experiments were performed to test whether this Hox transcription factor had the potential
to activate transcription. Following on previous studies [30, 32—-34], a chimeric Hoxa%
VP16 expression vector was utilized in order to generate a transcription factor with strong
activation activity. For these studies, a concatemerized 4X HLBS target sequence was placed
upstream of a basal promoter driving the reporter of firefly luciferase. In co-transfection
experiments, the 4X HLBS promoter construct showed low activity of approximately

3-fold without co-expression of HoxA9 (Fig. 4). HoxA9-VP16 co-expression markedly
increased MLBS promoter activity 22-fold. Co-expression of HoxA9-VP16 with 4X-HLBS-
Mutl showed a modest decrease in activity. In contrast, the HLBS-Mut2, removing the

core AT-rich region which previously showed no Hox binding in EMSA, was completely
transcriptionally inactive when co-expressed with HoxA9 (Fig. 4). The two additional
mutant HLBS promoter constructs, HLBS-Mut3 and HLBS-Mut4 that were not tested in
EMSA with altered flanking sequences had slightly similar activity to the wild type HLBS
sequence (Fig. 4). Additional experiments with the —1020 link promoter luciferase reporter,
rather than only HLBS by itself, showed that HoxA9 was able to increase the promoter
activity by approximately 2-fold over background empty vector (data not shown). Taken
together these results provide evidence that the HLBS is a target of HoxA9 and may function
to control the expression of the link gene /n vivo.

4. Discussion

Previous analyses of the cell-specific transcriptional regulation of the link protein gene and
other cartilage genes using transfection approaches have been limited, mainly due to the
episomal nature of the transfected plasmid DNA and the difficulty of growing differentiated
chondrocytes in cell culture. Using an /n vivo approach, we show here that mouse embryos
expressing the link promoter driving a B-galactosidase reporter recapitulated the known
expression pattern of the endogenous link protein gene. Using this heterologous system,

the largest —1020 link promoter fragment exhibited a highly tissue-specific expression
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pattern in axial and appendicular skeletal structures resembling the normal expression of
the link protein /n vivo. A striking pattern of X-gal staining was observed in skeletal

tissues including maturing and hypertrophic cartilage, tissue sources enriched in link protein
and aggrecan [2]. These findings are also nearly identical to the expression pattern seen
with regulatory regions of aggrecan using the B-galactosidase reporter [28]. These findings
highlight how the link protein gene promoter functions /n vivoto control the spatial and
temporal specific expression of link protein during embryonic development.

Based on the results with the large link promoter fragment, this /n7 vivo expression system
was further exploited to map and understand the regulatory networks involved in this highly
regulated gene pattern using smaller link promoter fragments. The —690 link promoter
fragment-p—galactosidase reporter, deleting about 500 bp from the promoter, showed a
different expression pattern and demonstrated a visible loss of the skeletal-specific staining
and a dramatic increase in expression in the limb, particularly at the distal limb margins.
These findings are likely due to the removal of a repressor element and/or the loss of
highly-selective regulatory sequence driving cartilage expression. One possibility is that one
or more such suppressive elements are located within the —1020 to —690 region, possibly
involving a serum-like response element at —923 [20]. Moreover, MEF2c binding to a -923
AT-rich element and a similar sequence at =720 are required for maximum activation by the
MEF2c in heart valve interstitial cells, where alteration in these target sequences resulted in
loss of activity (Lockhart, 2013).

A second deletion mutant containing —315 bp of the link promoter was visibly the most
active exhibiting high levels of B-galactosidase in the limb, genitalia and with diffuse
epithelial expression. Bioinformatic analysis of this small —313 promoter region revealed

a potential Hox-like binding sequence that was evolutionarily conserved in link protein
promoters and was shared with two other regulatory regions of cartilage genes. We explored
this possibility further, demonstrating that the HLBS bound Hox protein /in vitro and could
activate gene transcription in a highly sequence-specific fashion.

Interestingly, contemporaneous whole genome chromatin immunoprecipitation (ChlP)
analysis identified the /n vivo DNA binding regions for HoxA13 and HoxD13 transcription
factors using the distal portion of the limb from the E13.5-day mouse embryo [42].
Inspection of this dataset revealed that the link promoter was the target of these transcription
factors, and the maximum peak HoxA13 and HoxD13 binding activity was found close

to the —220 nt location of HLBS that we characterized in our study. Moreover, the

HLBS region in the aggrecan gene was also found to bind HoxA13 transcription factor

by ChlIP analysis [42]. These results further validate that HLBS functions to control
coordinated cartilage gene expression by at least HoxA13. Since Hox transcription factors
normally function in regulatory networks by either heterotypic DNA associations and/or in
hierarchical competition for cis-acting regulatory elements, this interplay of interactions may
allow for fine tuning of the spatial and temporal expression of link protein. Due to the fact
that the ChIP analysis only examined HoxA13 and HoxD13 transcription factors, we do
know the normal physiologic contribution of other Hox proteins that might be involved in
cartilage skeletal formation. Lastly, it is likely there are other Hox-binding sequences located
in distant enhancers that also function to regulate link protein and other cartilage genes.
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Based on the highly conserved link promoter regions between coelacanth, frogs and humans,
there is likely to be a large amount of transcriptional information imbedded within this
region. Our current findings along with our previous studies support a hierarchical model

for gene regulation, in which Hox transcription factors play a substantial role in the
developmental expression of this gene. The observation that collagen X1a2 promoter,

and aggrecan enhancer also bind Hox transcription factors, in a similar fashion, presents

a mechanistic pathway for the coregulation of these genes during the formation of the
endochondral skeleton.
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Highlights

A 1.2 kb DNA fragment of the link protein gene promoter directed in vivo
heterologous reporter expression in mouse embryonic endochondral skeleton
including vertebrae and appendicular structures.

Two promoter deletion fragment, —690 and —315 nucleotides, demonstrated
strong and selective expression in the limb and genitalia suggesting Hox
transcription factor regulation.

A Hox-like binding sequences (HLBS) was identified at —220 in the link
promoter and was also found in the regulatory regions of other cartilage
genes, such as aggrecan and type XI collagen.

In vitro binding experiments demonstrated that HLBS bound Hox protein and
transfection analysis revealed activation of the HLBS element by Hoxa9.

These findings highlight an important role of Hox proteins in the
transcriptional regulation of link protein and other cartilage genes.
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Fig 1.

Link protein gene promoter constructs show /n vivo expression patterns in either the

skeleton or limb/genitalia. (A) Two different link protein promoter fragments consisting

of the —1020 and —690 nt regions were tested in transgenic mice. (B) A representative E15.5
mouse transiently expressing the —1020 promoter region showed only X-gal staining in
appendicular and axial cartilaginous skeletal tissues. A dark background was used to provide
contrast to the photograph to allow easy visualization of the discrete expression in cartilage
sites. (C) and (D) The shorter =690 promoter region demonstrated high-level expression in
the limb and genitalia as shown in two representative mouse embryos. As shown, embryos

showed variability of X-gal staining in the limb and hind paw regions.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2023 September 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rhodes et al.

A.

Page

Hapin1 -690 ; t
Hapin1 -315 600 400 200 0

14

lacZ

L

-690 Hapln1 - 315 Hapin1

Fig 2.

Fugrther shortening of the link protein gene promoter reveals /n vivo X-gal staining in the
limb and genitalia. (A). Two link protein gene promoter regions —690 and —315 were
studied in transgenic mouse lines. (B) Representative E15.5 mouse expressing the —690
promoter shows intense X-gal staining in the limb and genitalia. (C) Similarly, E15.5 mice
expressing the —315 promoter also showed intense X-gal staining in the limb and genitalia
with additional expression in the epidermis. Boxes indicate genitalia.
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HLBS

TAGGCTGTAATTAGAGGATCTGGGAGGAG
TCAGAGTTAATTACACAATCACAGAGATG
TGCTCTGTAATTACATGTGGCAGGACGAG
TAGGCTGTAATTAGGGGATTTGGGAGGAG
TAAGCTGTAATTAAGACATCTTGGAGGCG
AGGGCACTCATTATCCCAGCTCGGAGGCG
TAAGCAGTAATTAAGAAATCTTGGAGGCG

HLBS GTTAGGCTGTAATTAGAGGA 1 284

HLBS -Mutl GTTAGATCACAATTAGAGGA
HLBS-Mut2 GTTAGGCTGTGGCCGGAGGA

Fig 3.
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Identification of a functional Hox-like binding site (HLBS) in the link protein promoter.
(A) Bioinformatic analysis of the =315 link protein promoter identified a 29 bp Hox-like
binding site (HLBS) that was similar to sequences found within regulatory regions of two
other cartilage genes, the aggrecan enhancer and basal Col11A2 promoter. The AT-rich
core Hox-binding consensus is shown by the horizontal black line. Additional comparisons
showed the HLBS was evolutionary conserved in the link protein gene promoters from
frogs to humans. (B) HoxB4 binding to the HLBS in the link protein promoter. EMSA
was performed with recombinant HoxB4 target protein along with wild type HLBS and
mutant HLBS oligos (red font denotes nucleotide substitutions from wild type). Strong
HoxB4 binding activity was observed with wild type HLBS oligonucleotide. In comparison,
the HLBS-Mutl target sequence showed diminished binding activity and the HLBS-Mut2,
replacing the core AATTA sequence, was completely inactive.
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Fig 4.

Trgnscriptional activation of HLBS by HoxA9-VP16 expression. Transient transfection
experiments were performed in HEK-293 cells using a 4X HLBS basal promoter luciferase
reporter system in conjunction with Hoxa9-VP16 expression. As shown by the left side of
the figure, several mutant HLBS target sequences with nucleotide substitutions (as shown by
red type) were tested. Forty hours later after transfection, luciferase activity was analyzed.
Luciferase activity is plotted as fold increase over. Strong activation was observed with wild
type HLBS, but the HLBS-Mut2, replacing the core AATTA sequence, was inactive.
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