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Abstract

Kallmann syndrome (KS) is a congenital disorder characterized by idiopathic hypogonadotropic hypogonadism and olfactory dysfunc-
tion. KS is linked to variants in >34 genes, which are scattered across the human genome and show disparate biological functions.
Although the genetic basis of KS is well studied, the mechanisms by which disruptions of these diverse genes cause the same outcome
of KS are not fully understood. Here we show that disruptions of KS-linked genes affect the same biological processes, indicating
convergent molecular mechanisms underlying KS. We carried out machine learning-based predictions and found that KS-linked
mutations in heparan sulfate 6-O-sulfotransferase 1 (HS6ST1) are likely loss-of-function mutations. We next disrupted Hs6stl and
another KS-linked gene, fibroblast growth factor receptor 1 (Fgfrl), in mouse neuronal cells and measured transcriptome changes
using RNA sequencing. We found that disruptions of Hs6stl and Fgfrl altered genes in the same biological processes, including the
upregulation of genes in extracellular pathways and the downregulation of genes in chromatin pathways. Moreover, we performed
genomics and bioinformatics analyses and found that Hsést1 and Fgfrl regulate gene transcription likely via the transcription factor
Sox9/Sox10 and the chromatin regulator Chd7, which are also associated with KS. Together, our results demonstrate how different
KS-linked genes work coordinately in a convergent signaling pathway to regulate the same biological processes, thus providing new

insights into KS.

Introduction

Kallmann syndrome (KS) is a congenital disorder characterized
by idiopathic hypogonadotropic hypogonadism and olfactory dys-
function (1,2). Individuals with KS show symptoms such as incom-
plete or absent puberty, infertility, low levels of sex steroids, low
levels of gonadotropin and loss of smell. The idiopathic hypog-
onadotropic hypogonadism is caused by deficits in the produc-
tion, secretion or action of the gonadotropin-releasing hormone
(GnRH), which is mainly because of defects in the development
or migration of the GnRH producing neurons (3-5). The olfactory
dysfunction, either absence of smell (anosmia) or partial loss of
smell (hyposmia), is likely because of defects in the development
of the olfactory system, such as impaired axon guidance of the
olfactory neurons (6,7). Although some KS individuals can be
treated with hormone-replacement therapy (2), many of the KS-
associated symptoms are not treatable, which is in part due to
our limited understanding of the molecular mechanisms under-
lying KS.

KS has a strong genetic basis (1,2,8,9). The first KS-linked
gene, anosmin 1 (ANOS1, also known as KAL1), was identified in
1991 (10,11). Since then, studies in KS patients have identified
KS-linked genetic variants in > 34 genes (1,2,4,5,8,12). Although
the association between KS and several of these genes, such as
fibroblast growth factor 8 (FGF8) (13) and heparan sulfate 6-O-
sulfotransferase 1 (HS6ST1) (14), has been validated using animal
models, the exact mechanisms by which these genes contribute
to KS pathogenesis are not fully understood. Particularly, given

that the KS-linked genes show diverse biological functions, how
disruptions of these different genes cause the same outcome of
KS remains elusive.

Most KS-linked genes show low penetrance and cause variable
clinical severity (1,2,4,5,8). These findings lead to a proposed
model of oligogenicity (15), in which mutations in multiple genes
interact together to manifest a more severe phenotype. Indeed,
large cohort studies revealed that >20% of individuals with XS or
idiopathic hypogonadotropic hypogonadism are oligogenic (4,15).
The oligogenicity of KS indicates that proteins encoded by the
KS-linked genes might be involved in a same signaling pathway.
For instance, HS6ST1 (14), FGF8 (13), FGF17 (16) and FGF receptor
1 (FGFR1) (17) are genetically linked to KS. HS6ST1 catalyzes the
6-O-sulfation on heparan sulfate (HS), a glycosaminoglycan that
presents at the cell surface and extracellular matrix (ECM) of all
human cells. Notably, HS 6-O-sulfation directly interacts with FGF
and FGFR and enhances the bindings between the two (18-20),
suggesting that HS6ST1, FGF8/FGF17 and FGFR1 belong to a same
molecular pathway. However, it remains unclear how other KS-
linked proteins, such as the transcription factor SOX10 (21) and
the chromatin regulator CHD7 (22), contribute to this signaling
pathway.

In this study, we disrupted Hs6stl and Fgfrl in mouse neu-
ronal cells and carried out RNA sequencing (RNA-seq) to assess
the transcriptome changes upon the disruptions. We found that
disruptions of Hs6stl and Fgfrl altered the expression of genes
in the same biological processes, suggesting that the two genes
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belong to a same molecular pathway. We also found that Hséstl
and Fgfrl regulate gene transcription likely via Sox9 and Chd7.
Taken together, our results indicate a convergent signaling path-
way underlying multiple KS-linked genes, thus providing novel
insights into KS.

Results

KS-linked mutations in HS6ST1 affect the protein
structure

Mutations in HS6ST1 are genetically linked to KS (14) (Fig. 1A),
but the underlying mechanisms are not fully understood. To
determine how KS-linked mutations affect HS6ST1 function, we
assessed the effects of these point mutations on the protein struc-
ture of HS6ST1 using a novel machine learning-based approach.
We used the deep learning algorithm in the AlphaFold software
(23) to predict the three-dimensional structures of the wild-type
(WT) and mutant HS6ST1. We found that the WT HS6ST1 has 11
a-helices and four g-strands (Fig. 1B and Supplementary Material,
Fig. S1), which is similar to the crystal structure of the zebrafish
Hs6st3 catalytic domain (24). We also used the AlphaFold to pre-
dict the structures of the mutant HS6ST1 (Supplementary Mate-
rial, Fig. S2). We found that the KS-linked mutations affect the
local properties of the protein (Fig. 1C and Supplementary Mate-
rial, Fig. S2), but they do not alter the global protein structures
(Supplementary Material, Fig. S2). For example, R306W and R306Q,
which localize at the ninth «-helix of the protein, increase the
hydrophobicity and negative electrostatic potential of a valley-
like structure at the catalytic core of the protein (Fig. 1C and
Supplementary Material, Fig. S2). Thus, these two mutations likely
affect the enzyme activity. This finding is consistent with previous
in vitro biochemical studies that the R306Q, R306W, R382W, M404V
and R375H mutations reduce the enzyme activities (14,24,25).
In contrast, no obvious alternation of protein surface proper-
ties was observed in the R323Q HS6ST1 (Supplementary Mate-
rial, Fig. S2). Notably, the R323 localizes in the substrate-binding
pocket of the protein and interacts with the cofactor product 3'-
phosphoadenosine 5'-phosphate (24). Thus, the R323Q mutation
may directly abolish the substrate recognition or binding instead
of altering the protein structure, which is also consistent with the
in vitro biochemical studies (14,24). Together, these results suggest
that KS-linked mutations in HS6ST1 affect the protein structures
and are likely loss-of-function mutations.

Disruption of Hs6st1 in Neuro 2a cells alters the
transcriptome

To illustrate the molecular mechanisms by which HS6ST1 dys-
function contributes to KS, we disrupted Hs6stl in mouse neu-
ronal cells and assessed the transcriptome changes (Fig. 2A). We
used Neuro 2a cells, a widely used mouse neuroblastoma cell line
that expresses high levels of Hs6stl and low levels of the other
Hs6st genes (Supplementary Material, Fig. S3A). To disrupt Hs6st1,
we transfected Neuro 2a cells with siRNAs that specifically target
the messenger RNA (mRNA) of Hs6st1. Neuro 2a cells transfected
with control siRNAs against a scrambled sequence were used as
the control. We found that siRNA treatment decreased the mRNA
levels of Hs6st1 by 78% (Fig. 2B, P-value < 0.001, one-tailed t-test).

To assess the transcriptome changes upon the knockdown of
Hs6st1, we performed ribosomal RNA-depleted RNA sequencing
(RNA-seq) experiment. We sequenced three biological replicates
for the control and Hs6stl knockdown samples and obtained
517 million high-quality sequencing reads for the six RNA-
seq libraries (Supplementary Material, Fig. S3B). We next used

a computational pipeline to analyze the RNA-seq data and
quantified the expression levels of all genes in the mouse mm10
genome (described in detail in the Materials and Methods section).
We found a high correlation among the biological replicates
(Pearson’s correlation coefficient r > 0.994). To further assess the
six transcriptome profiles, we performed a principal component
analysis (PCA). We found a clear separation of the three control
samples and the three Hs6stl knockdown samples (Fig. 2C),
suggesting that the siRNA knockdown of Hs6st1 consistently alters
the transcriptome.

To identify genes that were affected by the Hsé6stl knock-
down, we compared the expression profiles of all genes between
the control and the knockdown RNA-seq data using edgeR (26).
We identified 1436 genes that were significantly affected by the
Hs6st1 knockdown (false discovery rate (FDR) < 0.05) (Fig. 2D, Sup-
plementary Material, Fig. S3C and Supplementary Material, Table
S1), including 740 upregulated genes and 696 downregulated
genes (Fig. 2D). For example, the cellular communication network
factor 1 (Cenl) and two Fgf genes (Fgf1 and Fgf2) were upregulated
by the knockdown, whereas the leucine rich repeat neuronal
4 (Lrm4) and the beta-1,3-galactosyltransferase 6 (B3galt6) were
downregulated (Supplementary Material, Fig. S3D).

To validate the gene expression changes upon Hsést1l knock-
down, we carried out independent experiments to knock down
Hs6stl using the same siRNAs and measured the expression
changes of six genes using quantitative reverse transcription PCR
(qPCR). We found a significant decrease of the mRNA levels of
Hs6stl (Fig. 2E), supporting the knockdown efficiencies. For the
other five genes, the expression levels of Ccnl, Fgfl and Fgf2 were
increased, and the expression levels of Lrm4 and B3galt6 were
decreased in the knockdown experiments (Fig. 2E). These results
are consistent with the results from the RNA-seq (Supplementary
Material, Fig. S3D). Notably, we also found the increased expres-
sion of Ccnl and the decreased expression of Lrrn4 in the brain
of the Hs6stl nervous system-specific knockout mice (data not
shown). Together, these results suggest that knockdown of Hs6st1
in Neuro 2a cells alters the transcriptome.

Hs6st1 knockdown promotes genes in the
extracellular pathways and inhibits genes in the
chromatin pathways

To determine the biological pathways affected by the Hs6stl
knockdown, we carried out Gene Ontology enrichment analysis
(27) and Gene Set Enrichment Analysis (GSEA) (28). We found
that the upregulated and downregulated genes were enriched
for distinct gene ontology pathways (FDR<O0.05). The 740
upregulated genes were enriched for extracellular pathways, such
as glycolytic process, ECM structural constituent and integrin
binding (Fig. 3A). In contrast, the 696 downregulated genes were
enriched for chromatin pathways, such as DNA replication,
chromosome, DNA repair and nucleosome assembly (Fig. 3B). The
GSEA results also showed that extracellular pathways, such as
the ECM glycoproteins, were upregulated, whereas chromatin
pathways, such as the covalent chromatin modification, were
downregulated (Fig. 3C). Together, these results indicate that
Hs6st1 knockdown promotes genes in the extracellular pathways
and inhibits genes in the chromatin pathways.

Disruption of Fgfr1 in Neuro 2a cells alters the
transcriptome

To determine the extent to which the biological pathways affected
by the Hs6st1 disruption are shared among other KS-linked genes,
we next carried out siRNA knockdown and RNA-seq experiments
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Figure 1. KS-linked mutations in HS6ST1 affect the protein structure. (A) Diagram of the human HS6ST1 protein and the six KS-linked mutations. (B)
Three-dimensional protein structure of human HS6ST1 predicted using the AlphaFold. (C) The hydrophobicity and electrostatic potential of the WT and
two mutant HS6ST1 proteins. Yellow arrows indicate the loci of property changes at the protein surface.
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Figure 2. Hs6st1 knockdown alters the transcriptome. (A) Diagram of the
experiment design. (B) gPCR results showing the relative mRNA levels
(2-24Ct yalues) of Hs6stl in the control (Ctrl) and Hs6stl knockdown
(KD) samples. Ctrl, n=3; KD, n=3. ***P-value < 0.001, one-tailed t-test.
(C) Principal component (PC) analysis results. (D) Volcano plot showing
the fold change and FDR. Red dots represent the 740 upregulated genes,
and green dots represent the 696 downregulated genes. (E) gPCR results
showing the relative mRNA levels (2°44Ct values) of six genes in the
independent experiments of Hs6stl knockdown. Ctrl, n=2; KD, n=8. *P-
value < 0.05; **P-value < 0.01; ***P-value < 0.001; one-tailed t-test.

for another KS-linked gene, Fgfrl (Fig. 4A). Neuro 2a cells express
high levels of Fgfrl and low levels of the other Fgfr genes (Sup-
plementary Material, Fig. S3E). To disrupt Fgfrl, we transfected
Neuro 2a cells with siRNAs that specifically target Fgfrl mRNA. We
found that siRNA treatment decreased the mRNA levels of Fgfrl
by 83% (Fig. 4B, P-value < 0.001, one-tailed t-test). We then carried
out RNA-seq experiment with four biological replicates (Supple-
mentary Material, Fig. S3B). The PCA showed a clear separation of
the three control samples and the four Fgfrl knockdown samples
(Fig. 4C), suggesting that siRNA knockdown of Fgfrl consistently
alters the transcriptome.

To identify genes that were affected by the Fgfrl knockdown,
we used our RNA-seq analysis pipeline and identified 2526
upregulated genes and 2278 downregulated genes (FDR <0.05)
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Figure 3. Hs6stl knockdown promotes genes in the extracellular path-
ways and inhibits genes in the chromatin pathways. (A) Gene Ontology
pathways enriched by the upregulated genes upon Hs6stl knockdown.
(B) Gene Ontology pathways enriched by the downregulated genes upon
Hs6st1 knockdown. (C) GSEA results showing the upregulation of the ECM
glycoproteins pathway and the downregulation of the covalent chromatin
modification pathway.

(Fig. 4D, Supplementary Material, Fig. S3F and Supplementary
Material, Table S2). To validate the gene expression changes
upon Fgfrl knockdown, we carried out independent experiments
to knock down Fgfrl using the same siRNAs and measured
the expression changes of Fgfrl and five other genes using
gPCR. We found a significant decrease of the mRNA levels
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Figure 4. Fgfr1 knockdown alters the transcriptome. (A) Diagram of the experiment design. (B) gPCR results showing the relative mRNA levels (2-2ACt
values) of Fgfrl in control (Ctrl) and Fgfrl knockdown (KD) samples. Ctrl, n=3; KD, n=5. ***P-value < 0.001, one-tailed t-test. (C) Principal component
(PC) analysis results. (D) Volcano plot showing the fold change and FDR. Red dots represent the 2526 upregulated genes, and green dots represent
the 2278 downregulated genes. (E) qPCR results showing the relative mRNA levels (2-24Ct values) of six genes in the independent experiments of
Fgfr1 knockdown. Ctrl, n=2; KD, n=7. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001; one-tailed t-test. (F) Gene Ontology pathways enriched by the
upregulated genes upon Fgfrl knockdown. (G) Gene Ontology pathways enriched by the downregulated genes upon Fgfrl knockdown. (H) GSEA results

showing the upregulation of the ECM binding pathway and the downregulation of the mRNA splicing pathway.

of Fgfrl (Fig. 4E), supporting the knockdown efficiencies. The
gPCR results of the other five genes are consistent with the
RNA-seq results, including the upregulation of the Ccnl, Fgfl
and polypeptide N-acetylgalactosaminyltransferase 15 (Galnt15)
and the downregulation of the Lrm4 and B3galt6 (Fig. 4E and
Supplementary Material, Fig. S3G). Together, these results
suggest that knockdown of Fgfrl in Neuro 2a cells alters the
transcriptome.

To determine the biological pathways affected by the Fgfrl
knockdown, we carried out Gene Ontology enrichment analysis
and GSEA analysis. We found that the upregulated genes were
enriched for extracellular pathways (Fig. 4F), and the downregu-
lated genes were enriched for chromatin pathways (Fig. 4G). The
GSEA results also showed that extracellular pathways, such as
the ECM binding, were upregulated, whereas chromatin pathways,
such as the mRNA splicing, were downregulated (Fig. 4H). Notably,
the upregulated pathways and downregulated pathways are in
the same biological processes between the Hs6stl knockdown
(Fig. 3A-C) and the Fgfrl knockdown (Fig. 4F-H). Together, these
results indicate that Hsé6stl knockdown and Fgfrl knockdown
affect the same biological processes.

A group of 1052 genes are regulated by both
Hs6stl and Fgfrl

To identify genes that are regulated by both Hs6st1 and Fgfrl, we
compared the two lists of differentially expressed genes (DEGs) in
the two knockdown experiments. We found that 1052 genes were
affected in both knockdown experiments (Fig. 5A and Supplemen-
tary Material, Table S3), which we term overlapping DEGs. To
determine the expression changes of the 1052 overlapping DEGs
in the two knockdown experiments, we analyzed their values
of fold changes. We found that 99.7% (1049 out of 1052) of the
1052 overlapping DEGs showed the same directions of the gene
expression changes upon Hsé6stl knockdown and Fgfrl knock-
down (Fig. 5B and C). These results suggest that Hs6st1 and Fgfrl
belong to a same signaling pathway to regulate the 1052 genes. To
determine the biological pathways of the 1052 overlapping DEGs,
we carried out Gene Ontology enrichment analysis. We found
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Figure 5. A group of 1052 genes are regulated by both Hs6stl and Fgfrl.
(A) Comparison of the differentially expressed genes (DEGs) between the
Hsé6st1 knockdown (KD) and Fgfrl KD. Note, 1052 DEGs were overlapped.
(B) Heatmap showing the expression changes of the 1052 overlapping
DEGs in the two KD experiments. (C) Scatter plot showing the fold changes
of the 1052 overlapping DEGs in the two KD experiments. (D) Gene
Ontology pathways enriched by the 492 upregulated overlapping DEGs. (E)
Gene Ontology pathways enriched by the 557 downregulated overlapping
DEGs.

that the 492 upregulated genes were enriched for extracellular
pathways (Fig. 5D), whereas the 557 downregulated genes were
enriched for chromatin pathways (Fig. SE). Together, these results
suggest that a group of 1052 genes are regulated by both Hséstl
and Fgfrl.

Hs6stl and Fgfrl regulate gene transcription
likely via the transcription factor Sox9

Although Hs6stl and Fgfrl regulate the transcription of the
1052 genes (Fig.5), the transcription factors involved in this
process remain unknown. To identify transcription factors that
are downstream of Hs6st1 and Fgfrl, we first carried out a Homer
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Figure 6. Hs6st1 and Fgfrl regulate gene transcription likely via the transcription factor Sox9. (A) The pipeline of motif analysis. (B) The top five identified
motifs. (C) Expression profiles of Sox9 and Sox10 upon Hs6stl knockdown (siHs6st1) and Fgfrl knockdown (siFgfrl). *P-value < 0.05; ***P-value < 0.001;
ns, P-value > 0.05; one-tailed t-test. (D) Heatmaps of ChIP-seq profiles of Sox9, H3K4me3 and H3K27ac at the promoter regions of the 1052 overlapping
DEGs. TSS, transcription start site. (E) Sox9 ChIP-seq profiles at the promoter regions of the 1052 overlapping DEGs and the 1000 control genes (Ctrl). (F)
Boxplot of Sox9 ChIP-seq sequencing reads at the promoter regions. **P-value = 0.001; one-tailed t-test. (G) Snapshots of ChIP-seq profiles at four DEGs.

motif analysis (29) using the promoter regions of the 1052 overlap-
ping DEGs (Fig. 6A). We found that these promoter regions were
enriched for 16 de novo motifs (Supplementary Material, Fig. S3H).
Figure 6B shows the top five de novo motifs identified using Homer,
including the transcription factor Sox9. Sox9 belongs to the
Sox-E transcription factor family, which also includes Sox10 (30).
Notably, mutations in SOX10 are also genetically linked to KS (21).
Furthermore, we found that although Sox10 is lowly expressed
in Neuro 2a cells, Sox9 was significantly upregulated upon the
Hs6st1 knockdown and the Fgfrl knockdown (Fig. 6C).

To assess the genomic bindings of Sox9, we analyzed the pub-
licly available genome-wide binding profiles of Sox9 (31), which
were generated by chromatin immunoprecipitation followed by
sequencing (ChIP-seq). We first analyzed Sox9 ChIP-seq signals
at the promoter regions of the 1052 overlapping DEGs and found
an enrichment of ChIP-seq signals (Fig. 6D), suggesting that Sox9
directly binds to the promoters of these genes. In addition, to
assess the chromatin environment of these promoters, we ana-
lyzed our previously generated ChIP-seq profiles of histone H3
trimethylation at lysine 4 (H3K4me3) and histone H3 acetylation
at lysine 27 (H3K27ac) (32). We found an enrichment of H3K4me3
and H3K27ac ChIP-seq signals at the promoter regions of the 1052
overlapping DEGs (Fig. 6D), suggesting that these promoters are
in active chromatin status. Furthermore, to determine whether
the Sox9 bindings are specific to the 1052 overlapping DEGs,
we randomly selected 1000 control genes that were expressed
in Neuro 2a cells but were not affected by the two knockdown
experiments. We found a significant enrichment of Sox9 ChIP-seq
signals at the promoters of the 1052 overlapping DEGs compared
with the 1000 control genes (Fig. 6E and F P-value=0.001, one-
tailed t-test), indicating that Sox9 bindings are specific to the
DEGs. We also showed the ChIP-seq profiles at four DEGs as an
example (Fig. 6G). Lastly, although Sox10 was not affected by the
two knockdown experiments (Fig. 6C), we analyzed the publicly
available Sox10 ChIP-seq data (33) and found an enrichment of
Sox10 bindings at the promoters of the 1052 overlapping DEGs
(Supplementary Material, Fig. S31). Together, these results indicate
that Sox9 is likely the transcription factor downstream of Hs6st1
and Fgfrl.

A convergent signaling pathway underlying the
KS-linked genes
Thirty-four genes are genetically linked to KS (1,2,4,5,8,12) (Sup-
plementary Material, Fig. S3]). Given that the three KS-linked
genes, Hs6st1, Fgfrl, and likely Sox10, regulate the same biological
processes, we next asked whether other KS-linked genes also
play a role in these pathways. To answer this question, we first
analyzed the expression changes of the 34 KS-linked genes upon
Hsé6st1 knockdown and Fgfrl knockdown. We found that except
Hs6stl and Fgfrl, three other KS-linked genes, chromodomain
helicase DNA binding protein 7 (Chd7), dual specificity phos-
phatase 6 (Dusp6) and coiled-coil domain containing 141 (Ccdc141),
were also significantly affected by the knockdown experiments
(Supplementary Material, Tables S1 and S2). For instance, Chd7,
which encodes a chromatin regulator, was significantly down-
regulated (Fig. 7A). Given that disruptions of Hs6stl and Fgfrl
inhibit chromatin processes (Fig. 5E), we next examined whether
these inhibitions are mediated by Chd7. Thus, to determine the
binding profiles of Chd7, we analyzed the publicly available Chd7
ChlP-seq data (34). We found an enrichment of Chd7 bindings
at the promoters of the 1052 overlapping DEGs (Fig. 7B and C),
suggesting that Chd7 may modify the chromatin status of these
genes to regulate their expression. In addition, we found that
genes affected by the knockdown of Hs6stl and Fgfrl tend to
exhibit the same directions of expression changes in the brain of
Chd7 knockout mice (34) (Supplementary Material, Fig. S3K).
Together, our results indicate a model by which multiple KS-
linked genes, including Hs6st1, Fgf, Fgfr1, Sox10 and Chd7, converge
on a same signaling pathway (Fig. 7D). In this model, Hs6st1 cat-
alyzes the HS 6-O-sulfation to control the HS/FGF/FGFR interac-
tions to regulate the expression of Sox9 and Chd7. Sox9 upregula-
tion will promote the ECM pathways, which has been reported by
a previous study (35). Chd7 downregulation will modify chromatin
status to inhibit the chromatin pathways.

Discussion

KS, once considered as a monogenic disorder, has been linked
to >34 genes (1,2,4,5,8,12). In this study, we found that multiple
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Figure 7. A convergent signaling pathway underlying the KS-linked genes.
(A) Expression profiles of the chromatin regulator Chd7 upon the two
knockdown experiments. **P-value < 0.01; one-tailed t-test. (B) Heatmap
of Chd7 ChlIP-seq profiles at the promoter regions of the 1052 overlapping
DEGs. (C) Chd7 ChlIP-seq profiles at the promoter regions of the 1052
overlapping DEGs and the 1000 control genes (Ctrl). (D) Proposed model of
the convergent pathway underlying the KS-linked genes Hs6st1, Fgf, Fgfr1,
Sox10 and Chd7. HS, heparan sulfate. HSPG, heparan sulfate proteoglycan.

KS-linked genes, including HS6ST1, FGF, FGFR1, SOX10 and CHD?7,
work coordinately in the same signaling pathway. To determine
KS-linked mutations in HS6ST1, we carried out machine learning-
based predictions and found that KS-linked mutations in HS6ST1
are likely loss-of-function mutations. In addition, by carrying out
siRNA knockdown and RNA-seq, we found that disruptions of
Hs6st1 and Fgfrl in mouse neuronal cells affected the same biolog-
ical processes. Lastly, by performing genomics and bioinformatics
analyses, we found that Hsést1 and Fgfrl regulate gene transcrip-
tion likely via the transcription factor Sox9/Sox10 and the chro-
matin regulator Chd7. Taken together, our study indicates a con-
vergent signaling pathway underlying multiple KS-linked genes.

ECM pathways in the brain play an important role in the
regulation of brain development and function, such as neuron
migration, axon guidance and synapse maturation (36). Intrigu-
ingly, defects in the migration and development of the GnRH
neurons and the olfactory neurons are the two hallmarks of KS
(3-7). In addition, the first identified KS gene, ANOS1, encodes
a glycoprotein that plays an important role in ECM pathways
(10,11). In this study, we found that disruptions of Hs6stl and
Fgfrl in mouse neuronal cells both promote the expression of
genes in the ECM pathways. Thus, our findings highlight a role of
ECM pathways in the KS pathogenesis. Moreover, we found that
disruptions of Hsést1 and Fgfrl upregulated the expression of the
transcription factor Sox9. Given that Sox9 directly promotes the
expression of ECM genes in the brain (35), our findings together
suggest a model by which the HS/FGFR signaling regulates Sox9
expression to promote the ECM processes. Further studies are
needed to directly dissect the role of Sox9 and the ECM pathways
in the pathogenesis of KS.

SOX9 belongs to the E subgroup of the SOX transcription fac-
tor family (SOX-E). SOX-E family includes three members, SOX8,
SOX9 and SOX10, which exhibit similar DNA binding motifs and
function redundancy (30,37,38). SOX-E transcription factors play
an important role in development. Notably, mutations in SOX10
have been found in KS individuals (21). In this study, we found a
central role of Sox9 in the signaling pathways that are critical to

KS. Therefore, it will be intriguing to investigate genetic variants
in SOX9 as well as SOX8 in KS individuals.

We identified that disruptions of Hs6stl and Fgfrl in mouse
neuronal cells both downregulated genes in chromatin path-
ways, such as chromatin modification, nucleosome assembly,
DNA binding and chromatin binding. Given that Hs6st1 and Fgfrl
are localized at the Golgi and the cell surface, they are unable to
directly regulate biological processes in the nucleus. One possible
mediator is Chd7, which is a chromatin remodeling enzyme that
plays an important role in promoting chromatin accessibility,
enhancer activation and active histone modifications in the brain
(34,39). We found that disruptions of Hséstl and Fgfrl down-
regulated the expression of Chd7, suggesting a model by which
the HS/FGFR signaling regulates Chd7 expression to inhibit the
chromatin processes. Notably, a previous study found that Chd7
interacts and cooperates with Sox10 to regulate chromatin status
and gene transcription in the brain (39). Thus, further investi-
gations are needed to reveal how the two KS-linked proteins,
Chd7 and Sox10, and the chromatin pathways contribute to KS
pathogenesis.

Oligogenicity is a key feature of the genetic basis of KS. Genetic
interactions among KS-linked genes have been reported by pre-
vious studies. Many of these interactions are centering on the
FGFR signaling. For instance, ANOS1 functionally interacts with
the FGFR-FGF-HS complex in human embryonic GnRH olfactory
neuroblasts (40). ANOS1 function in Caenorhabditis elegans also
requires FGFR and HS 6-O-sulfation (14). In addition, the localiza-
tion of interleukin 17 receptor D (IL17RD), a KS-linked protein, in
the olfactory placode requires FGF8 and the FGFR signaling (16).
Furthermore, Duspé6 is linked to KS and is a negative feedback
regulator of the FGF/FGFR signaling in mouse development (41).
The g-Klotho (KLB) function also needs the FGF/FGFR signaling
(42). Notably, some KS-linked genes can interact independent of
the FGFR signaling. For instance, Chd7 and Sox10 work corpo-
rately to regulate the myelination in the mouse brain. In this
study, we found that multiple KS-linked genes, including Hsé6st1,
Fgf, Fgfrl, Chd7, Sox10 and likely Dusp6, converge on a same
signaling pathway to regulate genes in the ECM processes and
chromatin processes. Together, these findings indicate a potential
gene interaction network among KS-linked genes. Further studies
are needed to determine whether and how other KS-linked genes
involve in this network and contribute to the oligogenicity.

In summary, our data demonstrate convergent molecular path-
ways underlying the KS-linked genes. Moving forward, we propose
that these convergent pathways may involve other KS-linked
genes and may directly contribute to the etiology of KS. Given
that this study is focused on the signaling pathways underlying
KS using neuronal cell lines, the role of these signaling path-
ways in KS pathogenesis, such as deficits in neuron migration
and axon guidance, remains elusive. As such, we think further
investigations are warranted to reveal the association and the
detailed molecular mechanisms of these convergent pathways
in KS pathogenesis in animal models and in KS individuals. Fur-
thermore, to validate the transcriptome changes identified in this
study, future investigations are needed to assess and integrate
the transcriptome of GnRH neurons and olfactory neurons from
KS patients and KS animal models, which are still lacking at
present. Given that the six KS-linked variants in HS6ST1 may
affect different aspects of the HS6ST1 protein function, future
investigations, such as variant-specific rescue experiments in
Hsé6stl disrupted neurons, are needed to pinpoint the common
and variant-specific effects. Lastly, these convergent pathways
also could be a potential therapeutic target for KS.



Materials and Methods
Cell cultures

Neuro 2a cells were purchased from the ATCC (CCL-131). The cells
were cultured and maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco # 11965092) and were supplemented with
10% fetal bovine serum (FBS, Gibco # 26140079), 2 mM L-glutamine
(Gibco # 25030081), 100 U/ml penicillin and 100 mg/ml strep-
tomycin (Gibco # 15240062). The cells were incubated at 37°C
in a humidified atmosphere incubator containing 5% CO,. The
cells were sub-cultured in fresh medium after reaching 70-80%
confluence (about every 2-3 days).

siRNA knockdown

The siRNA transfection of Neuro 2a cells was performed using
siRNA transfection reagent (Santacruz Biotech, sc-29 528) accord-
ing to the manufacturer’s instructions. The siRNAs used in this
study include siRNAs for Hséstl (Santacruz Biotech, sc-146 089),
siRNAs for Fgfrl (Santacruz Biotech, sc-29317) and control siRNA
(Santacruz Biotech, sc-37 007). Briefly, for each transfection, Neuro
2a cells were plated for 1 day and then were incubated with siRNA
(60 pmol), the transfection reagent and the transfection medium
for 6 h at 37°C incubator. After the incubation, the cells were over-
laid with the same volume of fresh growth medium containing
10% FBS and were cultured overnight in 37°C incubator. In the
next day, the medium was exchanged to fresh growth medium
containing 10% FBS, and the cells were incubated at 37°C, 5% CO,
for an additional 72 h before harvesting for analysis.

RNA isolation and quality assessment

RNA was isolated from Neuro 2a cells, and the total RNA was
then extracted using the Trizol reagent (Invitrogen, #15596026)
following the manufacturer’s instruction. After the isolation, the
quality, concentration and integrity of the isolated RNA were
assessed using the Nanodrop spectrometer and the Bioanalyzer
(Agilent 2100) using RNA 6000 Nano Chip. RNA samples with a
RIN value of > 8 were included for the downstream experiments.

RNA-seq library preparation, quality control and
sequencing

RNA-seq libraries were prepared according to the manufacturer
instructions with the Stranded Total RNA Library Prep kit (Zymo,
#R3003). The libraries were prepared with 1000 ng of total RNAs.
Library quality was confirmed by the Bioanalyzer (Agilent 2100)
using DNA 7500 chip. The fragment sizes of all libraries were
within the range of 300-500 bp. The libraries were sequenced
using the [llumina NovaSeq sequencer.

qPCR

To assess the relative mRNA levels, after RNA isolation, cDNA was
synthesized with Prime script reverse transcription kit (Takara,
#RRO37A). Real-time PCR was performed using the SYBR Green
PCR Master Mix (Applied Biosystems, #4309155). The 18S rRNA
was used as the endogenous reference. The primers used were
listed as follows:B3galt5 forward, 5'-GGCAACTCTGCGACTACTAC-
3'; B3galt5 reverse, 5'-CGATACGTCTTCACTGTGC-3'; Cenl forward,
5'-ATGAAGACAGCATTAAGGACTC-3’; Cecnl reverse, 5'-TGCAG
AGGGTTGAAAAGAAC-3'; Fgfl forward, 5-CCTGCCAGTTCTTCAG
TGC-3'; Fgfl reverse, 5'-GGCTGCGAAGGTTGTGAT-3; Fgf2 forward,
5/-CACCAGGCCACTTCAAGGA-3'; Fgf2 reverse, 5'-GATGGATGCGC
AGGAAGAA-3'; Fgfrl forward, 5'-GCCTCACATTCAGTGGCTGAAG-
3'; Fgfrl reverse, 5’-AGCACCTCCATTTCCTTGTCGG-3'; Galnt15 for-
ward, 5'-TGGCCAATGTCTACCCTGAG-3'; Galnt15 reverse, 5'-CACA
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GAGGCCAAATCCAGTG-3'; Hs6st1 forward, 5'-TGGACCGAACTCAC
CAACTGTG-3'; Hs6st1 reverse, 5'-CATTCACTCAGGTAGCGGGATAC-
3’; Lrm4 forward, 5’-TGAGTTCCTTTGGTCCTTGG-3'; Lrrn4 reverse,
5'-TGTTGACATCCACGAGAAGC-3'; Hs6st2 forward, 5'-ACTCTCCA
TCCTCCACAAAGCC-3'; Hs6st2 reverse, 5'-CCAAGTTGCTCCTCTCT
GGACA-3’; Hsé6st3 forward, 5-CTGGACCGAGCTCACCAAC-3/;
Hs6st3 reverse, 5'-CGTCGCACATATGGAGAGAGGT-3'; 185 rRNA
forward, 5'-GTAACCCGTTGAACCCCATT-3’; 18S rRNA reverse, 5'-
CCATCCAATCGGTAGTAGCG-3'. The cycling parameters used for
gqPCR amplification reactions were: AmpliTaq activation at 95°C
for 10 min, denaturation at 95°C for 15 s and annealing/extension
at 60°C for 1 min (40 cycles).

gPCR quantification and statistical analyses

The cycle threshold (Ct) values were obtained from the StepOne-
Plus real-time PCR system (Applied Biosystems) for both the
endogenous reference gene (18S rRNA) and target genes. The
Microsoft Excel was used for the downstream data analyses. For
each sample, we had two to three technical replicates and two to
eight biological replicates. First, we calculated the mean Ct value
for the 18S rRNA for each sample (XCtigs) on the basis of the 18S
rRNA Ct values of different technical replicates of that sample. We
next calculated the ACt values for target genes in the control and
knockdown samples by subtracting XCtigs of each sample from
the Ct values of these target genes. We then calculated the mean
ACt value of control sample (XACteontrol) Using the ACt values of
the control samples of all biological and technical replicates. To
calculate the AACt values, we subtracted XACtcontro] from the ACt
values of target genes in the control and knockdown samples.
Lastly, we transformed the AACt values into 2-22Ct values. We
used the 2744€ values to calculate the mean and standard error
and to plot. We used the ACt values and the Excel t.test (one-
tailed, two-sample unequal variance) to calculate the P-values for
the gene expression differences between control and knockdown
samples.

Protein structure prediction and visualization

The AlphaFold v2.0 (23) was used to predict the protein
structures. The human HS6ST1 protein sequence was obtained
from the National Center for Biotechnology Information (NCBI)
database by the accession number of NP_004798.3. For mutant
proteins, the according amino acid was replaced by the mutant
allele. The AlphaFold docker was installed. The AlphaFold was
carried out using the default parameters except for the ‘—
max_template_date=2020-05-14". The ‘ranked_0.pdb’ file was
selected as the predicted protein structure. The UCSF Chimera
(43) was used to visualize the protein structures.

RNA-seq alignment and read counting

The RNA-seq data analyses were performed as previously
described (44-48). Briefly, the FASTQ files of RNA-seq were
aligned to the mouse mm10 genome using STAR 2.7.7a (49) by
the parameters of ‘-runThreadN 40 -outFilterMultimapNmax
1 —outFilterMismatchNmax 3 -outFilterScoreMinOverLread 0.25
—outFilterMatchNminOverLread 0.25. To increase the speed of
the alignment, we used the ‘—runThreadN 40’ parameter to
use 40 processors/CPUs. To exclude ambiguously mapped reads,
we used the ‘—outFilterMultimapNmax 1’ parameter to include
reads that are uniquely mapped in the mouse mm10 genome
and to exclude reads that are mapped to more than one locus.
To control the mapping specificity and potential SNPs, we used
the ‘—outFilterMismatchNmax 3’ parameter to manage that the
maximum number of mismatches per read-pair is three. The
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‘—outFilterScoreMinOverLread 0.25" parameter means that the
read alignment will be output only if its score is higher than
or equal to 0.25 when normalized to the read length. The ‘—
outFilterMatchNminOverLread 0.25’ parameter means that the
read alignment will be output only if the number of matched
bases is higher than or equal to 0.25 when normalized to the
read length. The number of reads aligned to the exon regions of
each gene was quantified by a Perl script, which was described in
detail in our previous work (46) and is available at our GitHub site
(Jerry-Zhao/KS2022).

RNA-seq normalization and comparison

RNA-seq normalization and comparison were performed using
edgeR (26). Briefly, the table of read counts was imported into R
into a data.frame using the read.table command. The data.frame
was then converted into a list-based data object by the DGEList
command. Lowly expressed genes (average count-per-million
<0.5) were excluded from the downstream analysis. The library
size was calculated by the colSums command, and the read
counts were normalized to library size using the calcNormFactors
command in edgeR to obtain the tag per million (TPM) values.
The common dispersion and tagwise dispersions were estimated
using the edgeR estimateDisp command. We next used the quasi-
likelihood methods with empirical Bayes shrinkage in edgeR
to fit the TPM data into a quasi-likelihood negative binomial
generalized log-linear model using the glmQLFit command.
Lastly, we carried out the quasi-likelihood F-test to compare
gene expression using the glmQLFTest command. The cutoff for
a significant difference in gene expression was FDR < 0.05. The
Gene Ontology enrichment analyses were performed using the
DAVID (27), and the genes expressed in Neuro 2a cells were used
as the background genes.

RNA-seq PCA

The DESeq?2 (50) was used to perform the PCA. Briefly, the table
of read counts was converted into a DESegDataSet object using
the DESegDataSetFromMatrix command. Next, the DESeq com-
mand was used to estimate the library size factors, estimate
the dispersion, fit a Negative Binomial GLM model and preform
the Wald statistics. We then used the rlog function to transform
the count data into the log2 scale, minimize differences between
samples for rows with small counts and normalize to library size.
Lastly, plotPCA was used on the transformed data to perform the
PCA analysis to check for batch effects and the similarity among
samples. The top 1000 highly variable genes were used for the PCA
analysis using the parameter of ‘ntop = 1000’.

Fragments per kilobase of transcript per million
mapped read pairs (FPKM) calculation

FPKM value was calculated using the edgeR TPM value to normal-
ize to the length of the exonic region of the gene.

GSEA

The GSEA analyses were performed using the GSEA software
(28). The TPM values from edgeR were used as the input files.
The msigdb.v7.4.symbols.gmt was used as the gmt file. The
Mouse_Gene_Symbol_Remapping MSigDB.v7.0.chip was used as
the chip file. The parameters of ‘1000 permutation’, ‘collapse’ and
‘permutation type: gene_set’ were selected.

Motif enrichment analysis

The motif enrichment analysis was carried out using the
‘findMotifs.pl’ command in Homer (29). The input file contains

the gene Ensembl IDs of the 1052 genes. The parameters used
were ‘mouse -start -1000 -end 1000 -len 8,10,12 -p 30’. The P-
value <le-12 was used as the cutoff to identify enriched motifs
from the Homer de novo Motif Results.

ChIP-seq data and analysis

The FASTQ files of the ChIP-seq data were downloaded from the
EMBL-EBI European Nucleotide Archive database. Bowtie (51) was
used to align the FASTQ files to the mouse mm10 genome by the
parameters of ‘-v 2 -m 1 -p 40’. The ‘samtools view’ (52) was used
to convert the sam files into bam files. The bamCoverage (53) was
used to convert the bam files into bw files by the parameters of ‘-
binSize 10 -p 40’. Integrative genomics viewer (IGV) (54) was used
to visualize the bw files. The 1000 control genes were selected
from the genes expressed in Neuro 2a cells, and the ‘int rand’
function in Perl was used.

Data plotting and statistical analysis

Most of the data plotting and statistical analysis were carried
out using the R version 4.0.4. The ‘pheatmap’ in R was used to
plot the heatmaps. The ‘t.test’ in R was used to carry out the t-
test. The ‘cor’ in R was used to calculate the Pearson’s correlation
coefficient.

Availability

All computational scripts used in this study are available in the
GitHub repository (https://github.com/Jerry-Zhao/KS2022).

Accession numbers

The RNA-seq data of raw and processed files generated in
this study have been deposited with the NCBI Gene Expres-
sion Omnibus under the accession number of GSE201401.
The accession numbers for publicly available ChIP-seq data
are GSM1693007 (Sox9), GSE91043 (H3K4me3 and H3K27ac),
GSE69949 (Sox10) and GSE164360 (Chd7). The accession number
for publicly available RNA-seq data is GSE164360 (Chd7 WT and
knockout).

Supplementary Material

Supplementary Material is available at HMG online.

Acknowledgements

We thank Dr Weikang Cai, Dr Raddy Ramos and members of the
Zhao Laboratory for helpful discussions and comments on the
manuscript. We thank the Center for Biomedical Innovation at the
New York Institute of Technology College of Osteopathic Medicine
for support.

Conflict of Interest statement. The authors declare that they have no
competing interests.

Funding

This work was supported by start-up funds from the New York
Institute of Technology College of Osteopathic Medicine.

References

1. Mitchell, AL, Dwyer, A, Pitteloud, N. and Quinton, R. (2011)
Genetic basis and variable phenotypic expression of Kallmann


https://github.com/Jerry-Zhao/KS2022
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac172#supplementary-data

10.

11.

12.

13.

14.

15.

syndrome: towards a unifying theory. Trends Endocrinol. Metab.,
22,249-258.

. Boehm, U., Bouloux, PM., Dattani, M.T.,, de Roux, N., Dode,

C., Dunkel, L., Dwyer, A.A., Glacobini, P, Hardelin, J.P, Juul, A.
et al. (2015) Expert consensus document: European Consen-
sus Statement on congenital hypogonadotropic hypogonadism-
pathogenesis, diagnosis and treatment. Nat. Rev. Endocrinol., 11,
547-564.

. Schwanzel-Fukuda, M., Bick, D. and Pfaff, DW. (1989) Luteiniz-

ing hormone-releasing hormone (LHRH)-expressing cells do not
migrate normally in an inherited hypogonadal (Kallmann) syn-
drome. Brain Res. Mol. Brain Res., 6, 311-326.

. Kaluzna, M., Budny, B, Rabijewski, M., Kaluzny, J, Dubiel,

A., Trofimiuk-Muldner, M. Wrotkowska, E. Hubalewska-
Dydejczyk, A., Ruchala, M. and Ziemnicka, K. (2021) Defects
in GnRH neuron migration/development and hypothalamic-
pituitary signaling impact clinical variability of Kallmann
syndrome. Genes (Basel), 12, 868.

. Cho, HJ, Shan, Y, Whittington, N.C. and Wray, S. (2019) Nasal

placode development, GnRH neuronal migration and Kallmann
syndrome. Front. Cell Dev. Biol., 7, 121.

. Truwit, C.L., Barkovich, AJ., Grumbach, M.M. and Martini, JJ.

(1993) MR imaging of Kallmann syndrome, a genetic disorder of
neuronal migration affecting the olfactory and genital systems.
AJNR Am. J. Neuroradiol., 14, 827-838.

. Yousem, DM., Turner, WJ, Li, C, Snyder, PJ. and Doty, R.L. (1993)

Kallmann syndrome: MR evaluation of olfactory system. AJNR
Am. J. Neuroradiol., 14, 839-843.

. Maione, L., Dwyer, A.A, Francou, B, Guiochon-Mantel, A,

Binart, N, Bouligand, J. and Young, J. (2018) GENETICS IN
ENDOCRINOLOGY: genetic counseling for congenital hypogo-
nadotropic hypogonadism and Kallmann syndrome: new chal-
lenges in the era of oligogenism and next-generation sequenc-
ing. Eur. J. Endocrinol., 178, R55-R80.

. Bianco, S.D. and Kaiser, U.B. (2009) The genetic and molecular

basis of idiopathic hypogonadotropic hypogonadism. Nat. Rev.
Endocrinol., 5, 569-576.

Franco, B, Guioli, S, Pragliola, A., Incerti, B, Bardoni, B., Ton-
lorenzi, R., Carrozzo, R., Maestrini, E., Pieretti, M., Taillon-Miller,
P et al. (1991) A gene deleted in Kallmann’s syndrome shares
homology with neural cell adhesion and axonal path-finding
molecules. Nature, 353, 529-536.

Legouis, R, Hardelin, J.P, Levilliers, J., Claverie, JM., Compain, S.,
Wunderle, V., Millasseau, P, Le Paslier, D., Cohen, D., Caterina,
D. et al. (1991) The candidate gene for the X-linked Kallmann
syndrome encodes a protein related to adhesion molecules. Cell,
67,423-435.

Liu, Y. and Zhi, X. (2022) Advances in genetic diagnosis of
kallmann syndrome and genetic interruption. Reprod. Sci., 29,
1697-1709.

Falardeau, J,, Chung, W.C,, Beenken, A, Raivio, T, Plummer, L.,
Sidis, Y., Jacobson-Dickman, E.E., Eliseenkova, A.V,, Ma, J., Dwyer,
A. et al. (2008) Decreased FGF8 signaling causes deficiency of
gonadotropin-releasing hormone in humans and mice. J. Clin.
Invest., 118, 2822-2831.

Tornberg, J., Sykiotis, G.P, Keefe, K., Plummer, L., Hoang, X., Hall,
JE., Quinton, R., Seminara, S.B., Hughes, V, Van Vliet, G. et al.
(2011) Heparan sulfate 6-O-sulfotransferase 1, a gene involved
in extracellular sugar modifications, is mutated in patients with
idiopathic hypogonadotrophic hypogonadism. Proc. Natl. Acad.
Sci. U. S. A, 108, 11524-11529.

Sykiotis, G.P, Plummer, L., Hughes, VA, Au, M., Durrani, S,
Nayak-Young, S., Dwyer, A.A., Quinton, R., Hall, JE., Gusella,

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Human Molecular Genetics, 2022, Vol. 31, No. 24 | 4215

JE et al. (2010) Oligogenic basis of isolated gonadotropin-
releasing hormone deficiency. Proc. Natl. Acad. Sci. U. S. A., 107,
15140-15144.

Miraoui, H., Dwyer, A.A., Sykiotis, G.P,, Plummer, L., Chung, W,
Feng, B, Beenken, A., Clarke, J, Pers, T.H., Dworzynski, P. et al.
(2013) Mutations in FGF17, IL17RD, DUSP6, SPRY4, and FLRT3
are identified in individuals with congenital hypogonadotropic
hypogonadism. Am. J. Hum. Genet., 92, 725-743.

Dode, C,, Levilliers, J,, Dupont, .M., De Paepe, A., Le Du, N, Soussi-
Yanicostas, N., Coimbra, R.S., Delmaghani, S., Compain-Nouaille,
S., Baverel, F. et al. (2003) Loss-of-function mutations in FGFR1
cause autosomal dominant Kallmann syndrome. Nat. Genet., 33,
463-465.

Xu, D. and Esko, ].D. (2014) Demystifying heparan sulfate-protein
interactions. Annu. Rev. Biochem., 83, 129-157.

Pellegrini, L., Burke, D.F, von Delft, F, Mulloy, B. and Blundell,
T.L. (2000) Crystal structure of fibroblast growth factor recep-
tor ectodomain bound to ligand and heparin. Nature, 407,
1029-1034.

Schlessinger, J., Plotnikov, A.N.,, Ibrahimi, O.A. Eliseenkova,
AV, Yeh, BK,, Yayon, A, Linhardt, RJ. and Mohammadi, M.
(2000) Crystal structure of a ternary FGF-FGFR-heparin complex
reveals a dual role for heparin in FGFR binding and dimerization.
Mol. Cell, 6, 743-750.

Pingault, V., Bodereau, V., Baral, V., Marcos, S., Watanabe, Y,
Chaoui, A., Fouveaut, C., Leroy, C., Verier-Mine, O., Francannet,
C. et al. (2013) Loss-of-function mutations in SOX10 cause Kall-
mann syndrome with deafness. Am. J. Hum. Genet., 92, 707-724.
Ogata, T, Fujiwara, I, Ogawa, E., Sato, N.,, Udaka, T. and Kosaki,
K. (2006) Kallmann syndrome phenotype in a female patient
with CHARGE syndrome and CHD7 mutation. Endocr. ], 53,
741-743.

Jumper, J,, Evans, R, Pritzel, A, Green, T, Figurnov, M., Ron-
neberger, O, Tunyasuvunakool, K., Bates, R., Zidek, A., Potapenko,
A. et al. (2021) Highly accurate protein structure prediction with
AlphaFold. Nature, 596, 583-589.

Xu, Y., Moon, A.F, Xu, S, Krahn, JM., Liu, J. and Pedersen, L.C.
(2017) Structure based substrate specificity analysis of heparan
sulfate 6-O-sulfotransferases. ACS Chem. Biol., 12, 73-82.
Howard, S.R., Oleari, R., Poliandri, A., Chantzara, V., Fantin,
A., Ruiz-Babot, G., Metherell, L.A., Cabrera, C.P, Barnes, M.R.,
Wehkalampi, K. et al. (2018) HS6ST1 insufficiency causes self-
limited delayed puberty in contrast with other GnRH deficiency
genes. . Clin. Endocrinol. Metab., 103, 3420-3429.

Robinson, M.D, McCarthy, DJ. and Smyth, GK. (2010)
edgeR: a bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics, 26,
139-140.

Huang, DW, Sherman, B.T, Tan, Q., Collins, J.R., Alvord, W.G,,
Roayaei, ], Stephens, R., Baseler, M.W,, Lane, H.C. and Lempicki,
R.A. (2007) The DAVID Gene Functional Classification Tool: a
novel biological module-centric algorithm to functionally ana-
lyze large gene lists. Genome Biol., 8, R183.

Subramanian, A., Tamayo, P, Mootha, VK., Mukherjee, S., Ebert,
B.L., Gillette, M.A., Paulovich, A., Pomeroy, S.L., Golub, T.R., Lan-
der, E.S. et al. (2005) Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression pro-
files. Proc. Natl. Acad. Sci. U. S. A., 102, 15545-15550.

Heinz, S, Benner, C, Spann, N, Bertolino, E., Lin, Y.C, Laslo,
P, Cheng, J.X., Murre, C,, Singh, H. and Glass, CK. (2010) Sim-
ple combinations of lineage-determining transcription factors
prime cis-regulatory elements required for macrophage and B
cell identities. Mol. Cell, 38, 576-589.



4216 |

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Human Molecular Genetics, 2022, Vol. 31, No. 24

Sarkar, A. and Hochedlinger, K. (2013) The sox family of tran-
scription factors: versatile regulators of stem and progenitor cell
fate. Cell Stem Cell, 12, 15-30.

Ohba, S, He, X, Hojo, H. and McMahon, A.P. (2015) Distinct
transcriptional programs underlie Sox9 regulation of the mam-
malian chondrocyte. Cell Rep., 12, 229-243.

Kwon, DY, Zhao, Y.T,, Lamonica, JM. and Zhou, Z. (2017) Locus-
specific histone deacetylation using a synthetic CRISPR-Cas9-
based HDAC. Nat. Commun., 8, 15315.

Fufa, T.D, Harris, M.L., Watkins-Chow, D.E., Levy, D,, Gorkin, D.U,,
Gildea, DE., Song, L., Safi, A., Crawford, G.E., Sviderskaya, E.V.
et al. (2015) Genomic analysis reveals distinct mechanisms and
functional classes of SOX10-regulated genes in melanocytes.
Hum. Mol. Genet., 24, 5433-5450.

Reddy, N.C,, Majidi, S.P, Kong, L., Nemera, M., Ferguson, CJ.,
Moore, M., Goncalves, T.M., Liu, H.K,, Fitzpatrick, J.AJ., Zhao,
G. et al. (2021) CHARGE syndrome protein CHD7 regulates
epigenomic activation of enhancers in granule cell precur-
sors and gyrification of the cerebellum. Nat. Commun., 12,
5702.

Guven, A., Kalebic, N, Long, K.R,, Florio, M., Vaid, S., Brandl,
H., Stenzel, D. and Huttner, W.B. (2020) Extracellular matrix-
inducing Sox9 promotes both basal progenitor proliferation and
gliogenesis in developing neocortex. elife, 9.

Barros, C.S., Franco, S.J. and Muller, U. (2011) Extracellular matrix:
functions in the nervous system. Cold Spring Harb. Perspect. Biol.,
3,2005108.

Stolt, C.C.,, Lommes, P, Friedrich, R.P. and Wegner, M. (2004)
Transcription factors Sox8 and Sox10 perform non-equivalent
roles during oligodendrocyte development despite functional
redundancy. Development, 131, 2349-2358.

Reiprich, S, Stolt, C.C,, Schreiner, S, Parlato, R. and Wegner, M.
(2008) SoxE proteins are differentially required in mouse adrenal
gland development. Mol. Biol. Cell, 19, 1575-1586.

He, D, Marie, C,, Zhao, C,, Kim, B, Wang, J., Deng, Y., Clavairoly, A.,
Frah, M., Wang, H., He, X. et al. (2016) Chd7 cooperates with Sox10
and regulates the onset of CNS myelination and remyelination.
Nat. Neurosci., 19, 678-689.

Gonzalez-Martinez, D., Kim, S.H., Hu, Y., Guimond, S., Schofield,
J, Winyard, P, Vannelli, G.B, Turnbull, J. and Bouloux, PM.
(2004) Anosmin-1 modulates fibroblast growth factor receptor 1
signaling in human gonadotropin-releasing hormone olfactory
neuroblasts through a heparan sulfate-dependent mechanism.
J. Neurosci., 24, 10384-10392.

Li, C, Scott, D.A,, Hatch, E., Tian, X. and Mansour, S.L. (2007)
Dusp6 (Mkp3) is a negative feedback regulator of FGF-stimulated
ERK signaling during mouse development. Development, 134,
167-176.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Xu, C., Messina, A., Somm, E., Miraoui, H., Kinnunen, T., Acierno,
J., Jr, Niederlander, N.J, Bouilly, J, Dwyer, A.A., Sidis, Y. et al.
(2017) KLB, encoding beta-Klotho, is mutated in patients with
congenital hypogonadotropic hypogonadism. EMBO Mol. Med., 9,
1379-1397.

Pettersen, E.F,, Goddard, T.D,, Huang, C.C,, Couch, G.S.,, Greenblatt,
DM, Meng, E.C. and Ferrin, T.E. (2004) UCSF Chimera - a visual-
ization system for exploratory research and analysis. J. Comput.
Chem., 25, 1605-1612.

Zhao, Y.T,, Fasolino, M. and Zhou, Z. (2016) Locus- and cell type-
specific epigenetic switching during cellular differentiation in
mammals. Front. Biol. (Beijing), 11, 311-322.

Johnson, B.S., Zhao, Y.T., Fasolino, M., Lamonica, JM., Kim, YJ.,
Georgakilas, G., Wood, K.H., Bu, D,, Cui, Y, Goffin, D. et al. (2017)
Biotin tagging of MeCP2 in mice reveals contextual insights into
the Rett syndrome transcriptome. Nat. Med., 23, 1203-1214.
Zhao, Y.T., Kwon, D.Y.,, Johnson, B.S., Fasolino, M., Lamonica,
JM., Kim, YJ., Zhao, B.S, He, C, Vahedi, G., Kim, TH. et al.
(2018) Long genes linked to autism spectrum disorders har-
bor broad enhancer-like chromatin domains. Genome Res., 28,
933-942.

Moon, S. and Zhao, Y.T. (2021) Spatial, temporal and cell-type-
specific expression profiles of genes encoding heparan sulfate
biosynthesis enzymes and proteoglycan core proteins. Glycobiol-
ogy, 31, 1308-1318.

Moon, S. and Zhao, Y.T. (2022) Recursive splicing is a rare event
in the mouse brain. PLoS One, 17, €0263082.

Dobin, A., Davis, C.A., Schlesinger, F, Drenkow, J., Zaleski, C,, Jha,
S., Batut, P, Chaisson, M. and Gingeras, T.R. (2013) STAR: ultrafast
universal RNA-seq aligner. Bioinformatics, 29, 15-21.

Love, M.I, Huber, W. and Anders, S. (2014) Moderated estimation
of fold change and dispersion for RNA-seq data with DESeq?2.
Genome Biol., 15, 550.

Langmead, B, Trapnell, C,, Pop, M. and Salzberg, S.L. (2009) Ultra-
fast and memory-efficient alignment of short DNA sequences to
the human genome. Genome Biol., 10, R25.

Li, H., Handsaker, B, Wysoker, A., Fennell, T,, Ruan, J., Homer,
N., Marth, G., Abecasis, G., Durbin, R. and Genome Project Data
Processing, S (2009) The sequence alignment/map format and
SAMtools. Bioinformatics, 25, 2078-2079.

Ramirez, F, Ryan, D.P, Gruning, B, Bhardwaj, V, Kilpert, F,
Richter, A.S,, Heyne, S, Dundar, F. and Manke, T. (2016) deep-
Tools2: a next generation web server for deep-sequencing data
analysis. Nucleic Acids Res., 44, 160-165.

Thorvaldsdottir, H., Robinson, J.T. and Mesirov, JP. (2013)
Integrative Genomics Viewer (IGV): high-performance genomics
data visualization and exploration. Brief. Bioinform., 14,
178-192.



	 Convergent biological pathways underlying the Kallmann syndrome-linked genes Hs6st1 and Fgfr1
	 Introduction
	 Results
	 Discussion
	 Materials and Methods
	 Supplementary Material
	 Acknowledgements
	 Funding


