
L
e
r
a

0945-053X/Published by E
ND license (http://creativec
oss of Hs3st3a1 or Hs3st3b1
nzymes alters heparan sulfate to
educe epithelial morphogenesis
nd adult salivary gland function
Vaishali N. Patel a, Dallas L. Pineda a, Elsa Berenstein a, Belinda R. Hauser a,
Sophie Choi a, Michaela Prochazkova b, Changyu Zheng c, Corinne M. Goldsmith c,
Toin H. van Kuppevelt d, Ashok Kulkarni b, Yuefan Song e, Robert J. Linhardt e,
Alejandro M. Chibly a and Matthew P. Hoffman a

a - Matrix and Morphogenesis Section, National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda,
MD 20892, USA
b - Functional Genomics Section, National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda, MD
20892, USA
c - Translational Research Core, National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda, MD
20892, USA
d - Department of Biochemistry, Radboud Institute for Molecular Life Sciences, Radboud university medical Centre, Nijmegen,
Netherlands
e - Department of Chemical and Biological Engineering, Center for Biotechnology and Interdisciplinary Studies, Rensselaer
Polytechnic Institute, Troy, NY 12180, USA

Corresponding to Matthew P. Hoffman: Matrix and Morphogenesis Section, National Institute of Dental and Craniofa-
cial Research, National Institutes of Health, Bethesda, MD 20892, USA. mhoffman@nih.gov.
https://doi.org/10.1016/j.matbio.2021.10.002
Abstract

Heparan sulfate 3-O-sulfotransferases generate highly sulfated but rare 3-O-sulfated heparan sulfate (HS) epit-
opes on cell surfaces and in the extracellular matrix. Previous ex vivo experiments suggested functional redun-
dancy exists among the family of seven enzymes but that Hs3st3a1 and Hs3st3b1 sulfated HS increases
epithelial FGFR signaling and morphogenesis. Single-cell RNAseq analysis of control SMGs identifies
increased expression of Hs3st3a1 and Hs3st3b1 in endbud and myoepithelial cells, both of which are progeni-
tor cells during development and regeneration. To analyze their in vivo functions, we generated both
Hs3st3a1�/- and Hs3st3b1�/- single knockout mice, which are viable and fertile. Salivary glands from both mice
have impaired fetal epithelial morphogenesis when cultured with FGF10. Hs3st3b1�/- mice have reduced intact
SMG branching morphogenesis and reduced 3-O-sulfated HS in the basement membrane. Analysis of HS bio-
synthetic enzyme transcription highlighted some compensatory changes in sulfotransferases expression early
in development. The overall glycosaminoglycan composition of adult control and KO mice were similar,
although HS disaccharide analysis showed increased N- and non-sulfated disaccharides in Hs3st3a1�/� HS.
Analysis of adult KO gland function revealed normal secretory innervation, but without stimulation there was an
increase in frequency of drinking behavior in both KO mice, suggesting basal salivary hypofunction, possibly
due to myoepithelial dysfunction. Understanding how 3-O-sulfation regulates myoepithelial progenitor function
will be important to manipulate HS-binding growth factors to enhance tissue function and regeneration.

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Introduction

Heparan sulfate (HS) proteoglycans, with linear
polysulfated HS chains covalently attached to their
lsevier B.V. This is an open access article u
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core, are present on all cell surfaces and in extracel-
lular matrices. Their high negative charge due to HS
sulfation, influence the activity of many growth fac-
tors, affecting processes such as cell proliferation,
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differentiation, developmental patterning, regenera-
tion, hemostasis, lipid metabolism, immunity, and
inflammation [1]. Understanding how the sulfation
code is regulated during development is critical to
investigating the mechanisms by which HS regu-
lates its broad biological functions. The complex fine
structure of HS is generated during biosynthesis,
and includes N-deacetylation/N-sulfation, epimeriza-
tion, and 2-, 3- and 6-O-sulfation, through the coordi-
nated action of several sulfotransferase enzymes
[2]. The addition of 3-O-sulfation is a terminal step
that generates the least abundant sulfated epitope
comprising of less than 0.5% of the total sulfation
[3,4]. However, the 3-O-sulfotransferases (Hs3sts)
are the largest HS enzyme family with seven isoforms
in mammals. Biochemical studies show that Hs3st3s
can generate the most highly sulfated disaccharide
epitope in HS [5�7]. The presence of such a large
family of enzymes also suggests that they may have
overlapping or compensatory enzymatic functions,
which adds complexity of analyzing their in vivo func-
tion using murine genetic approaches.
Research investigating the function of 3-O-sul-

fated HS shows that many receptors and ligands
prefer 3-O-sulfated HS, including the ectodomain of
FGF receptor (FGFR)-1, FGF1, cyclophilin, stabilin,
neuropilin, FGF10-FGFR2b complex and Tau
[8�13]. Studies in zebrafish suggest that BMP4 and
FGF8 also prefer 3-O-sulfated HS [14,15]. The 3-O-
sulfotransferases are implicated in binding FGF and
FGF receptors, epithelial-mesenchymal transition,
neurite branching [16], left-right patterning [14],
BMP-dependent myocardium contraction [15], regu-
lation of intestinal homeostasis [17], kidney fibrosis
correlated with reduced HS3ST1 expression [18]
and regulation of neural activity and synaptogenesis
[19]. Together, these data suggest that specific inter-
actions of ligands with highly negatively charged 3-
O-sulfated HS epitopes modulate growth factor func-
tions in many biological contexts.
We previously showed that Hs3st3a1 and

Hs3st3b1 are expressed in the endbuds of E13 fetal
submandibular glands (SMG) and 3-O-sulfated HS
stabilizes the FGF10/FGFR2b complex, promoting
MAPK signaling and the expansion of progenitors
within the endbuds [10]. Our previous studies used
exogenous 3-O-sulfated HS in epithelial organ cul-
ture to investigate FGF-dependent epithelial progen-
itor growth and morphogenesis. We used siRNA
knockdown of sulfotransferases, showing that
knockdown of multiple sulfotransferase isoforms
was required to reduce epithelial morphogenesis ex
vivo. These studies led us to predict that functional
compensation of 3-O-sulfotransferases may occur in
vivo in the absence of one isoform at either the tran-
scriptional or enzymatic level.
Here we investigate the functions of 3-O-sulfated

HS by interrogating HS biosynthetic enzyme expres-
sion using single-cell RNAseq (scRNAseq) data and
generating knockout (KO) mice of two of the seven
3-O-sulfotransferase enzymes detected in SMG epi-
thelium. We compare these KO mice as we investi-
gate fetal epithelial morphogenesis, transcription of
the HS biosynthetic machinery, glycosaminoglycan
composition and HS disaccharide analysis and dis-
cover defects in adult gland function. We propose
that reduced 3-O-sulfation of the myoepithelial base-
ment membrane compromises salivary gland func-
tion. Our studies highlight the complexity of the
regulation of 3-O-sulfation of HS and its biological
functions.
Results
Spatial and temporal localization of the Hs3st
enzyme transcripts during SMG development

We mined our scRNAseq atlas of murine SMGs
development [20] to interrogate the cellular expres-
sion of the Hs3st and other HS biosynthetic gene
transcripts at embryonic day 12 (E12), E14, E16,
postnatal day 1 (P1) and adult stages (Fig. 1). Gene
expression was visualized using DotPlots showing
both the level of expression and the percentage of
cells expressing each gene in cell clusters anno-
tated with known cell-type markers using uniform
manifold approximation and projection (UMAP) [20].
At E12, when SMG development begins and the
endbud forms, Hs3st1, Hs3st3a1, Hs3st3b1, and
Hs3st6 were mainly expressed in the endbud epithe-
lial cells. Hs3st1, the most abundant isoform, was
broadly expressed in all cell clusters. At E14 SMG,
when branching morphogenesis occurs, Hs3st3a1,
and Hs3st3b1 were expressed in the endbud and
basal and Krt19þ duct clusters, whereas Hs3st1
was broadly expressed in all cell clusters. Hs3st6
was expressed in a few endbud and basal duct cells.
At E16, the onset of cell differentiation, Hs3st3a1
and Hs3st3b1 were more highly expressed in devel-
oping myoepithelial cells, as well as some endbud
and basal duct cells. Hs3st3b1 was also expressed
in Krt19þ differentiated duct cells. Hs3st1 was
expressed in endbud, myoepithelial cells, mesen-
chymal and endothelial cells. Hs3st6 was detected
in basal ducts. At P1, when the gland starts function-
ing, Hs3st3a1, Hs3st3b1 and Hs3st1 continue to be
expressed in myoepithelial cells. Expression of both
Hs3st1 and Hs3st3b1 was detected in mitotic,
Krt19þ duct, and Bpifa2þ proacinar cells. In addi-
tion, Hs3st1 was expressed in the mesenchymal
cells whereas Hs3st6 was only detected in Smgcþ
proacinar cells. In the adult SMG, Hs3st3a1 and
Hs3st3b1 were both expressed in myoepithelial
cells, Hs3st3b1 was expressed in intercalated ducts
and Hs3st1 was broadly expressed in the interca-
lated duct, endothelial, Bpifa2þ proacinar, and



Fig. 1. DotPlot visualization of HS biosynthetic gene
expression from scRNA-seq analysis of SMG develop-
ment. Embryo day(E)12 SMG, E14 SMG, E16 SMG, Post-
natal day (P)1 SMG and adult SMGs. Cell identities listed
on y-axis, showing unbiased gene expression per cell
cluster identified by log Fold Change; HS biosynthetic
genes (features) are listed along the x-axis. Dot size
reflects the percentage of cells in a cluster expressing
each gene; dot color reflects expression level. Epithelial
clusters expressing both Hs3st3a1 and Hs3st3b1 are
highlighted with a red box.

3-O-sulfotransferase and salivary gland development 39
Ascl3þ duct cells. Hs3st6 was localized in the
Ascl3þ duct cells (Fig. 1).
Other HS biosynthetic enzymes were also

expressed in both the developing and adult SMG.
Unlike Hs3sts, which showed spatial expression at
various SMG stages, the majority of the other HS
biosynthetic genes such as Ndst1, Ndst2, Glce,
Hs2st1 and Hs6st1 were expressed in all cell clus-
ters throughout development (Fig. 1). Ndst1 and
Hs2st1 were the most abundantly expressed of all
HS enzyme transcripts. Interestingly, Hs2st1
showed the highest expression of all transcripts in
the myoepithelial cells at P1 and adult stages when
the gland begins to secrete saliva.

Overall, the scRNAseq expression data shows
that Hs3st3b1 was more highly expressed than
Hs3st3a1 throughout development, and both were
expressed in the endbud and myoepithelial cells.
Endbud cells are progenitor cells during develop-
ment and myoepithelial cells are involved in acinar
secretion and are progenitors during gland regener-
ation [21].

Generation of the Hs3st3a1 and Hs3st3b1 single
knockout mouse

To investigate the function of Hs3st3a1 and
Hs3st3b1 in vivo during SMG development, we
used ES cells obtained from the KOMP Repository
that used homologous recombination to partially
delete these genes. The targeting vector contained
a lacZ reporter followed by a floxed neomycin selec-
tion marker to replace part of the coding sequence.
For Hs3st3a1, the insertion of a lacZ neo cassette
created a 553bp deletion between positions
64,436,622 and 64,436,070 of chromosome 11
(Fig. 2A-B). For Hs3st3b1, the insertion generated a
deletion of 32,763bp between positions 63702632
and 63735394 of chromosome 11 (Fig. 2C-D). Loss
of allele analysis was performed by KOMP to con-
firm the mutants. Male chimeras from two indepen-
dent ES cell clones were crossed with C57BL/6
females to establish heterozygous (HET) pups.
Intercrossing of these heterozygous mice produced
homozygous knockout (KO) offspring. Homologous
recombination in offspring was confirmed by PCR
based on the detection of either Hs3st3a1 or
Hs3st3b1 gene and the detection of lacZ neo in the
targeting cassette (Fig. 2C and D). Both Hs3st3a1
KO and Hs3st3b1 KO mice are viable, fertile, do not
show any gross abnormalities and were obtained at
the expected Mendelian ratio (Fig. 2E).

When SMG from E13 and E14 embryos of
Hs3st3a1 KO and Hs3st3b1 KO mice were stained
with beta galactosidase, staining was detected in
endbud cells of the SMG epithelium (Fig. 2F and G),
consistent with the scRNAseq data. The kidneys
from these embryos showed that the
beta galactosidase was localized in the branching
ureteric bud tips in the kidney. Similar pattern of local-
ization for Hs3st3a1 and Hs3s3b1 mRNA has been
shown previously by in situ hybridization in embryonic
kidneys [22]. In sections of P1 Hs3st3b1 KO SMGs,
beta galactosidase expression was localized in
myoepithelial cells that surround the acinar structures
(Fig. 2H), which is consistent with the scRNAseq
showing expression of Hs3st3b1 in myoepithelial
cells (Fig. 1). However, beta galactosidase



Fig. 2. Generation of both Hs3st3a1 and Hs3st3b1 knockout mice. Schematic and genotyping of the wild-type
Hs3st3a1 (A-B) or Hs3st3b1 (C-D) locus, targeting vector and genotyping. A lacZ reporter with a floxed neomycin selec-
tion marker replaces most of the coding sequence of the gene. (B and D) Hs3st3a1 and Hs3st3b1 knockout mice geno-
typing. PCR amplified the WT allele (lower band) and detected the targeting vector (Neomycin cassette- upper band). (E)
Data shown are the number of mice of a given genotype for each strain. Chi square analysis shows no significant differ-
ence from the expected numbers (F-G) Whole mount X-gal staining in SMG and kidney of E13 Hs3st3a1 KO (F) and
Hs3st3b1 KO (G) embryos. Whole-mount X-gal staining was performed on E14 embryos showing SMG and kidneys with
positive beta galactosidase staining. Scale bar; 100 mm. (H) Section of X-gal staining of Hs3st3b1 KO SMG in P1 SMG
showing positive beta galactosidase staining in cells surrounding the acinar cells (AC). Black arrows point to myoepithelial
cells.
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expression was not detectable above background in
P1 Hs3st3a1 KO SMGs, due to the high endogenous
beta galactosidase background in SMGs.

There is reduced FGF10-dependent
morphogenesis of isolated fetal SMG epithelia
from both the Hs3st3a1 and Hs3st3b1 KO
embryos

We had previously shown that addition of exoge-
nous 3-O-sulfated HS increases FGF10-dependent
growth of isolated fetal epithelia by increasing prolif-
eration and FGFR2b-dependent downstream gene
expression [10]. Therefore, epithelial rudiments
were isolated from fetal E13 KO SMGs and cultured
in laminin-111 matrix with FGF10 in a minimal media
for 24-hours to test whether loss of Hs3st3 enzymes
would affect FGF10-dependent signaling and epi-
thelial morphogenesis (Fig. 3A). Morphogenesis
was calculated as a morphogenic index, which is a
product of the endbud number X width of endbuds X
Fig. 3. There is reduced FGF10-dependent epithelial morph
lia. (A) Images of isolated epithelia from E13 SMGs treated wit
ber of endbuds £ duct length £ endbud width, in AU) decrease
WT. Error bars represent §SEM. ANOVA; * p<0.05 and ***

decreases expression of Krt19. Deletion of Hs3st3b1 does no
was measured by qPCR and normalized to Rps29 and WT
p<0.05 and *** p < 0.001.
duct length in arbitrary units. A decrease in epithelial
morphogenesis was observed with loss of either
Hs3st3a1 or Hs3st3b1 compared to HET and WT
epithelium (Fig. 3B).

Analysis of gene expression in Hs3st3b1 KO iso-
lated epithelia, showed reduced Hs3st3b1 as
expected and no other changes in gene expression,
although there was a trend of increased Hs3st1 and
Hs3st3a1 expression (Fig. 3C), suggesting these
isoforms may compensate for the loss of Hs3st3b1,
and that this was only detectable when analyzing
isolated epithelium. In contrast, in epithelial cultures
of Hs3st3a1 KO, Hs3st3b1 expression was reduced.
This may explain why there was a more significant
reduction in epithelial morphogenesis than the
Hs3st3b1 KO epithelia. (Fig. 3B). This may also sug-
gest Hs3st3a1 regulates Hs3st3b1 expression,
which remains to be explored. There was also no
change in expression of Hs2st1 and Hs6st1, in
either of the KO SMG epithelia. There was also a
trend of increased Etv5 expression with Hs3st3a1
ogenesis in both Hs3st3a1 and Hs3st3b1 KO SMG epithe-
h 400 ng/ml FGF10 for 24 hr. (B) Morphogenic index (num-
s in Hs3st3a1 and Hs3st3b1 KO epithelia compared to the
p < 0.001, compared to WT. (C) Deletion of Hs3st3a1

t affect expression of other genes tested. Gene expression
epithelia (dotted line). Error bars: SEM. Unpaired t-test; *



Fig. 4. Branching morphogenesis of embryonic E13 SMGs from Hs3st3b1, but not Hs3st3a1, KO mice is reduced in ex
vivo culture. (A) Light micrographs of SMGs isolated from E13 embryos and cultured ex vivo for 48 hours. (B) Quantifica-
tion of the number of endbuds (expressed as a ratio of the number at 48 h/the number at 1h) of WT, HET and KO SMGs.
Error bars; SEM. One-way ANOVA compared to WT, * p < 0.05, ** p < 0.01. (C) Gene expression changes was normal-
ized to WT control (dotted line) and Rps29. Error bars: SEM. One-way ANOVA compared to WT, * p < 0.05, ** p < 0.01
and *** p < 0.001.
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KO which suggests increased downstream FGFR
signaling. Interestingly, there was reduced Krt19
expression, suggesting a relative reduction in duct
differentiation (Fig. 3C). Overall, these data confirm
that in an isolated epithelial culture assay, the loss
of either Hs3st3a1 or Hs3st3b1 reduces FGF10-
dependent growth.

Ex vivo branching of intact SMGs is only
reduced in Hs3st3b1 KOmice

Isolated epithelial culture is dependent on exoge-
nous FGF10 and a laminin 3D matrix, so we next
investigated whether KO of Hs3st3a1 or Hs3st3b1
would affect SMG branching morphogenesis when
the intact endogenous mesenchyme and basement
membrane were present. The culture of fetal SMGs
is dependent on HS sulfation and ex vivo culture in
minimal media may exacerbate subtle phenotypes
that are compensated for in vivo. E13 SMGs from
Hs3st3a1 and Hs3st3b1 KO embryos obtained from
heterozygous crosses were cultured for 48 hours
and branching morphogenesis was calculated as
the number of endbuds at 48 hours/number of end-
buds at 1 hour (Fig. 4A and B). Freshly dissected
SMGs showed no differences in endbud number
between the Hs3st3a1 wildtype (WT), HET and KO
glands, whereas SMGs from Hs3st3b1 KO embryos
had fewer endbuds than WT. Furthermore, ex vivo
culture of Hs3st3a1 SMGs for 48 hours did not show
any differences in the bud count ratio among the
three genotypes (Fig. 4A-B). However, branching
morphogenesis was reduced in Hs3st3b1 KO com-
pared to the WT SMGs, whereas the HET glands
were not affected (Fig. 4A-B). This data suggests
that deletion of Hs3st3b1, which is more highly
expressed in the endbud than Hs3st3a1, reduces
branching morphogenesis of E13 SMGs in ex vivo
culture.

Analysis of gene expression by qPCR was used
to determine if deletion of either gene resulted in
compensation by expression of other Hs3sts. As
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expected, Hs3st3a1 expression was reduced in the
HET and not detected in the KO, and no transcrip-
tional changes for the other Hs3sts were detected
(Fig. 4C). In addition, a reduction in Hs3st3b1
expression was detected in the HET and lack of
detection in the KO, and the expression of other
Hs3sts was not affected (Fig. 4C).
We also analyzed expression of markers associ-

ated with FGFR2 signaling (Etv5), proliferation
(Ccnd1 and Myc) and a progenitor cell marker (Kit),
which we previously showed to be involved in 3-O-
HS/FGF10/FGFR2b mediated gene expression, but
these were not affected significantly in the SMG cul-
tures (Fig. 4C). Together, these data show that loss
of Hs3st3b1, but not Hs3st3a1, reduces branching
morphogenesis in ex vivo culture, without affecting
gene expression of other sulfotransferase or genes
related to FGFR2b signaling and proliferation. Since
no significant differences were observed in the het-
erozygous SMGs compared to WT, we continued to
perform subsequent experiments with only the KOs.
Expression of 3-O-sulfated HS epitopes is
reduced in Hs3st3b1 KO SMGs

Since the Hs3st3a1 and Hs3s3b1 enzyme add 3-
O-sulfated epitopes to HS, we next determined
whether these epitopes were reduced in the fetal
Hs3st3a1 and Hs3st3b1 KO SMGs. Due to lack of
specific antibodies to detect the Hs3st enzymes or
the complex range of 3-O-sulfated epitopes, we
used a single-phage display anti-HS antibody,
HS4C3V, which detects a 3-O-sulfated HS epitope
in kidney, lung and liver [23]. We co-stained with
antibodies to perlecan (PLN), which detects the
basement membrane, and E-cadherin (ECAD), an
epithelial cell-cell junction marker, and quantitated
the fluorescence. Staining with the HS4C3V anti-
body in the fetal WT SMGs was localized to the
basement membrane (shown by the arrow) and at
epithelial cell-cell surfaces (Fig. 5A). The specificity
of the antibody staining was validated by treating the
SMGs with heparinase III enzyme, which removes
HS and abolishes the staining to the basement
membrane and the epithelial cell surfaces (Fig. 5A
and B). In addition, SMGs stained with only the sec-
ondary antibody were devoid of fluorescence.
HS4C3V staining was quantified and found to be
markedly reduced in the Hs3st3b1 KO SMGs both
at the basement membrane and cell surface (Fig. 5A
and B) suggesting Hs3st3b1 is involved in generat-
ing the epitope recognized by HS4C3V. Interest-
ingly, we could not measure a reduction in the
epitope in the Hs3st3a1 KO SMGs, although it is
possible that a subtle reduction in an epitope is not
detectable or that Hs3st3a1 is expressed at a low
level and its loss is compensated for by Hs3st3b1 or
another enzyme.
Binding of FGF10/FGFR2b complex to
endogenous HS is not altered in Hs3st3a1 or
Hs3st3b1 KO SMG epithelium

Another method to analyze changes in endoge-
nous HS structures, is the ligand and carbohydrate
engagement (LACE) assay, which maps the binding
of an exogenous growth factor-growth factor recep-
tor complex to the endogenous HS in a tissue sec-
tion. We used recombinant FGF10 and FGFR2b-Fc
for the LACE assay. We have previously shown that
3-O-sulfated HS enhanced their complex formation
in a pulldown assay [10]. The LACE binding was
detected with an anti-human Fc antibody. FGF10/
FGFR2b-Fc binding was detected on the basement
membrane (shown by the arrow) that surrounds the
epithelial buds and on the epithelial cell surface. We
co-stained with antibodies to PLN and ECAD, and
quantitated the fluorescence. Pretreatment of SMGs
with heparinase III enzyme, which degrades HS,
reduced FGF10/FGFR2b-Fc complex binding, but
did not affect PLN and ECAD staining, confirming
the specificity of the complex binding to HS (Fig. 5C
and D). However, we could not measure differences
in binding of FGF10/FGFR2b complex in either
Hs3st3a1 KO or Hs3st3b1 KO SMGs compared to
WT (Fig. 5C and D). Taken together, these data sug-
gest that although there was a reduction of 3-O-sul-
fated epitopes (HS4C3 staining) in the Hs3st3b1 KO
SMG the changes in 3-O-sulfation did not alter
FGF10/FGFR2b-Fc binding to the endogenous HS.
This may also suggest that the HS-epitope required
for FGF10-FGFR2b binding is not the most highly 3-
O-sulfated, or that it is generated by other enzymes
with the loss of a single Hs3st3 isoform.

Both Hs3st3a1 and Hs3st3b1 KO adult SMGs
appear similar to WT

We next analyzed the histology of adult salivary
glands from the KO mice and compared to the WT
littermates. The SMGs of mice are sexually dimor-
phic with the male glands containing prominent
granular ducts (indicated by the asterisks). The
weights of the adult SMGs and the gross histologi-
cal appearance of the SMGs from the KO mice
were comparable to the WT in both males and
females (Fig. 6A and B). Gene expression analysis
was performed on the adult SMGs to determine if
there were differences in expression of the epithe-
lial Hs3sts and if there was any transcriptional com-
pensation. As expected, deletion of either
Hs3st3a1 or Hs3st3b1 gene resulted in the loss of
the transcripts in all the KOs (Fig. 6C and Supple-
mentary Fig. 1A). Interestingly, expression of
Hs3st3b1 was reduced in Hs3st3a1 KO male
glands (Supplementary Fig. 1A), but not in the
female (Fig. 6C). Hs3st3a1 female KO mice
showed upregulation in expression of both Ndst1,



Fig. 5. 3-O-sulfation of HS in the basement membrane of embryonic SMGs is reduced in Hs3st3b1 KO but FGF10/
FGFR2b complex binding is not altered. (A) Representative single confocal images of HS4C3V (green), perlecan (red),
E-cadherin (magenta) and nuclei in blue. Scale bar: 5 mm. (B) Quantification of fluorescence intensity normalized to total
nuclei staining and expressed as a fold change compared to WT. At least five SMGs from three independent experiments
were imaged and used for quantification. Error bars: SEM. One-way ANOVA compared to WT, * p < 0.05, ** p < 0.01 and
*** p < 0.001. (C) Representative images of single confocal sections showing FGF10-FGFR2b-Fc complex (green), perle-
can (red), E-cadherin (magenta) and nuclei (blue). Scale bar: 5 mm. (D) Quantification of fluorescence intensity normal-
ized to total nuclei staining and expressed as a fold change compared to WT. At least five SMGs from three independent
experiments were imaged and used for quantification. Error bars: SEM. One-way ANOVA compared to WT, * p < 0.05, **

p < 0.01 and *** p < 0.001. White arrows point to basement membrane. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Hs2st1 and Hs6st2, which are HS enzymes that
modify N, 2-O- and 6-O-sulfation on HS, respectively
(Fig. 6C). However, this finding was not observed in
the male Hs3st3a1 KO SMGs. Genes associated
with cell clusters that expressed Hs3st3a1 and
Hs3st3b1 transcripts in the adult SMG such as myoe-
pithelial cells (Acta2, Cnn1, Myh11, Mylk, Postn,
Lamb3, Thbs1, Krt5 and Krt14), basal duct cells (Krt5
and Krt14), ductal cells (Krt19), intercalated duct (ID)
cells (Kit, and Gstt1) and acinar cells (Aqp5 and
Prol1) were also screened. No changes in expression
of these genes were detected except Kit was
decreased in the Hs3st3b1 KO adult female SMG
(Fig. 6D) and the myoepithelial marker, Cnn1 was
decreased in Hs3st3b1 KO adult male SMG (Supple-
mentary Fig. 1D) when compared to the control.
Although not significant, decreasing trends of Kit
were detected in the other KO SMGs. Interestingly,
both adult myoepithelial and intercalated duct cells
also express higher levels of Hs3st3b1 (Fig. 1) sug-
gesting the loss may have subtle effects on cell differ-
entiation. Together, this indicates that even though
gross histology is similar to WT, there might be subtle
changes in specific cell populations due to loss of
either Hs3st3a1 or Hs3s3b1. The data also suggest
that there may be sex-dependent differences in cellu-
lar responses to modifying HS in sulfotransferase
KOs, although a more detailed analysis of HS differ-
ences in specific cell types would be needed.

Next, immunostaining was performed to deter-
mine if changes were observed in myoepithelial
cells, where both Hs3st3a1 and Hs3st3b1 were



Fig. 6. Adult Hs3st3a1 and Hs3st3b1 KO SMGs are similar in size and histology as the WT but show differences in HS
biosynthetic enzyme transcripts. (A) Comparison of the weights of the adult SMGs from males and females show no differ-
ence. Weights of SMGs are normalized to the weight of the mouse and then normalized to that of the wildtype and
expressed as %. (B) H&E staining of the adult SMG show no gross histological differences between the WT, Hs3st3a1
KO and Hs3st3b1 KO in both male and female. Black asterisks label granular ducts, black arrows point to ducts, and red
arrows point to acinar cells. (C-D) Gene expression of HS biosynthetic enzymes and markers of different cell types in adult
female SMGs. Gene expression was normalized to wildtype control (dotted line) and Rps29. Error bars: SEM. Unpaired t-
test compared to WT, * p< 0.05, ** p< 0.01 and *** p< 0.001. (E) Representative maximum projection images of confocal
sections from WT, Hs3st3a1 KO and Hs3st3b1 KO female SMGs showing KRT5 (green), SMA (red), MUC10 (cyan) and
nuclei (gray). Scale bar: 10 mm. (F) Quantification of fluorescence intensity normalized to total nuclei staining and
expressed as a fold change compared to WT. At least three SMGs with a minimum of 5 different positions were imaged
and used for quantification. Error bars: SEM. One-way ANOVA compared to WT, not significant. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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expressed. SMG sections were stained for detection
of smooth muscle actin (SMA), a marker of myoepi-
thelial cells transcribed by Acta2, mucin10
(MUC10), an acinar marker transcribed by Prol1,
and keratin 5 (KRT5), which marks both myoepithe-
lial and basal duct cells. No obvious differences in
protein expression or localization were detected
between the WT and Hs3st3b1 KO SMGs (Fig. 6E
and 6F and Supplementary Fig. 1C and 1D). The
trend in increased SMA and KRT5 staining in KO
myoepithelial cells may reflect a subtle change in dif-
ferentiation state, although this remains to be
explored.

Hs3st3a1 KO SMGs have decreased N-sulfated
but increased non-sulfated HS disaccharides,
whereas HS disaccharides are not altered in
Hs3st3b1 KO SMGs

We next determined if there were changes in the
composition of total HS and others glycosaminogly-
cans (GAGs) such as chondroitin sulfate (CS), and
hyaluronic acid (HA) in the SMGs of adult Hs3st3a1
or Hs3st3b1 KOs compared to WT. Analysis shows
that all the SMGs from the WT, Hs3st3a1 KO and
Hs3st3b1 KO contain very similar composition of
total GAGs. No differences were detected in the total
levels of HS, CS and HA between the KOs and WT.
HS was the most abundant of the three GAGs ana-
lyzed accounting for »50% of the total GAGs while
the HA and CS accounted for »35% and »15%,
respectively (Fig. 7A).
To further characterize the HS changes in the

SMGs, disaccharide composition analysis was con-
ducted using liquid chromatography mass spectrom-
etry (LCMS) following treatment of the GAGs with
heparin lyases. It is important to note that current
LCMS analysis is not able to resolve 3-O-sulfated
disaccharides, therefore this analysis is an attempt
to see if loss of either enzyme has an effect on the
percentages of disaccharides within the HS. The
WT and Hs3st3b1 KO exhibited similar HS disac-
charide composition. However, Hs3st3a1 KO HS
had a decrease in N-sulfated (NS) and an increase
in non-sulfated (OS) disaccharides (Fig. 7B). This
suggests that deletion of Hs3st3a1 affects the sul-
fated composition of the HS. This is interesting
because analysis of HS biosynthetic enzyme
expression also suggested that in the Hs3st3a1 KO
there were transcriptional increases in other sulfo-
transferase enzymes (Ndst1, Hs2st1 and Hs6st2). It
is not clear how transcriptional changes in sulfo-
transferases directly correlate with HS disaccharide
composition. Additionally, analysis of the CS disac-
charides was also performed, and no differences
were observed between the WT and the knockout
SMGs suggesting there is no compensatory change
in CS when either Hs3st3a1 or Hs3st3b1 are
deleted (Supplementary Fig. 2).
In order to further determine whether the distribu-
tion of HS was altered in the knockout mice, anti-
body staining was performed using 10E4 antibody,
which reacts with an epitope containing N-sulfated
glucosamine residues present in HS [24]. The anti-
body bound to the basement membrane, as shown
by collagen IV staining, in the adult SMG and this
binding was abolished following heparinase III (hep-
aritinase I) treatment (Fig. 7C and E). No gross dif-
ferences were observed in the 10E4 HS antibody
staining between the WT, Hs3st3a1 and Hs3st3b1
KO SMGs (Fig. 7D). Further confirming there was
no reduction in HS in the KO SMGs.

We next used the LACE assay to analyze the
binding of FGF10/FGFR2b complex to endogenous
HS in the adult tissue. In the adult SMG, binding of
FGF10/FGFR2b complex was localized to the base-
ment membrane surrounding the acinar and ductal
structures as the binding colocalized with collagen
IV (Fig. 7E). However, no differences were observed
in the binding of the complex to endogenous HS
between WT, Hs3st3a1 and Hs3st3b1 KO SMGs
(Fig. 7F).

Together, these biochemical and immunostaining
data suggests that loss of Hs3st3a1 or Hs3st3b1 in
adult gland does not affect the overall GAG compo-
sition of HS, CS and HA. Although there was a
reduction in N-sulfated and an increase in non-sul-
fated HS disaccharides in the Hs3st3a1 KO SMGs,
no differences were observed in staining of 10E4
antibody and FGF10/FGFR2b complex binding to
endogenous HS. Overall, the Hs3st3b1 KO SMGs
were comparable to WT SMGs in their HS disac-
charides, and 10E4 antibody and FGF10/FGFR2b
complex binding to the basement membrane HS.

Hs3st3a1 and Hs3st3b1 KO drink significantly
more water than the wildtype mice, but
stimulated saliva flow is not affected

The changes we detected in both fetal and adult
gene expression, 3-O-sulfated epitope staining and
disaccharide analysis, and potential for alterations in
myoepithelial function led us to analyze adult sali-
vary gland function in the knockout mice. Salivary
function involves both a basal level of secretion, pri-
marily from the SMGs that maintain oral moisture,
and stimulated secretion, that involves neuronal
input and a large volume of fluid secretion primarily
from the parotid glands. It is difficult to reliably mea-
sure the low basal saliva volume in mice, as mice
must be handled and or anesthetized, which may
both alter salivary secretion. Therefore, we
assessed basal salivary function by monitoring the
drinking behavior of the mice using a Lickometer
test. As a positive control in this assay, we used
Fgf10 HET mice, which have salivary gland hypo-
plasia, reduced saliva production, drink more water
than the wild-type controls and are proposed as a



Fig. 7. Composition of total GAGs, HS disaccharides and HS staining in adult SMGs. Analysis of total GAG (A) and HS
disaccharide (B) composition between WT, Hs3st3a1 KO and Hs3st3b1 KO SMGs. All data were averaged. Error bars:
SD. One-way ANOVA compared to WT, * p < 0.05. N = 4 for each group. (C) Representative images of single confocal
sections from WT, Hs3st3a1 KO and Hs3st3b1 KO SMGs showing 10E4 (green), ColIV (red), and nuclei (blue). (D) Rep-
resentative images of single confocal sections from WT, Hs3st3a1 KO and Hs3st3b1 KO SMGs showing FGF10-
FGFR2b-Fc complex (green), ColIV (red), and nuclei (blue). (E-F). Scale bar: 10 mm. Quantification of 10E4 (E) and
FGF10/FGFR2b-Fc (F) fluorescence intensity normalized to total nuclei staining and expressed as a fold change com-
pared to WT. Three SMGs were imaged and used for quantification. Error bars: SEM. One-way ANOVA compared to WT,
* p < 0.05 or not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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model for xerostomia [25], although xerostomia in
humans is a subjective perception of dry mouth.
Adult mice were tested for 1 h using the Lickometer
with free access to water and the number of licks
were recorded. As expected, the Fgf10 HET mice
showed significant increase in the number of water
licks compared to their WT littermate controls
(Fig. 8A). Surprisingly, both Hs3st3a1 KO and
Hs3st3b1 KO also showed significant increase in
their drinking behavior compared to the WT litter-
mates (Fig. 8A). These data suggest that basal sali-
vary gland function or possibly saliva composition
may be affected in these knockout mice.
To determine whether there are changes in stimu-

lated salivary function we measured whole saliva
production after pilocarpine stimulation in anesthe-
tize mice. This was expressed as a ratio of saliva
volume to body weight, then normalized to that of
the WT littermates for each strain. As expected,
Fgf10 HET mice showed reduced saliva flow in both
Fig. 8. Hs3st3a1 and Hs3st3b1 KO mice drink significantly
vary proteins are not affected. (A) Female adult mice were tes
and the number of licks are expressed as a percentage to their
sented as mean of four mice per groups that was tested 5 diffe
WT, * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.000
mined as described in Materials and Methods. Whole saliva w
malized to the WT and shown as%. Mean § SEM. Dots rep
t-test for FGF10 HET, ** p< 0.01, as compared to FGF10 WT. O
pared to WT, not significant (C) Quantification of protein conc
assay. Graph shows Mean § SEM. Dots represent measurem
compared to WT littermates.
male and female compared to the wildtype litter-
mates (Fig. 8B and Supplementary Fig. 3A). No sig-
nificant changes in stimulated saliva production
were measured in either Hs3st3a1 or Hs3st3b1
knockout in both male and female compared to the
wildtype mice (Fig. 8B and Supplementary Fig. 3A),
also suggesting the innervation of the gland is not
affected in the KO mice. In addition, evaluation of
total protein concentration in the stimulated saliva
did not show any differences between the WT and
KO mice (Fig. 8C and Supplementary Fig. 3B). Simi-
larly, no obvious differences were observed in the
protein profiles on Coomassie gels of the stimulated
saliva from mice of the three genotypes, although
there is individual variability among mice (Supple-
mentary Fig. 3C and D).

Together these data show that loss of Hs3st3a1
and Hs3st3b1 enzymes results in increased drinking
behavior in the mice, similar to xerostomia, a clinical
condition when a patient’s perception of a dry mouth
more water than the wildtype mice, but saliva flow and sali-
ted for 1 h using the Lickometer with free access to water
respective WT controls for each mouse strain. Data is pre-
rent times. Error bars: SD. One-way ANOVA compared to
1. (B) Salivary flow rates in adult female mice were deter-
as collected after pilocarpine stimulation. Saliva flow nor-
resent saliva measurements of individual mice. Unpaired
ne-way ANOVA for Hs3st3a1 KO and Hs3st3b1 KO com-
entration in saliva from female mice assessed using BCA
ents of individual mice. No significant differences detected
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may result in taking frequent sips of water. The role
of myoepithelial cells in regulating basal secretion
from SMGs is not well-studied and it is assumed
they play a mechanical role, wrapping around acinar
cells and contracting, resulting in the expulsion of
saliva into the oral cavity. The role of myoepithelial
cell HS in this process is not known and remains to
be investigated in the future.

Discussion

Here, we knocked out two of the seven isoforms of
HS 3-O-sulfotransferases to compare their function
during both SMG development and during adult
homeostasis. Both enzymes are expressed in the
basal duct and myoepithelial cells throughout devel-
opment, with Hs3st3b1 having higher expression
than Hs3st3a1. Our analyses reveal that FGF10-
dependent epithelial morphogenesis is reduced in ex
vivo culture in both KO’s and that branching morpho-
genesis of the intact gland is reduced in the
Hs3st3b1�/� SMGs along with reduced staining for
3-O-sulfated HS in the basement membrane. Analy-
sis of HS content highlighted that the composition of
HS disaccharides in Hs3st3a1�/� SMG HS is altered,
although both enzymes have similar sulfotransferase
domains and are thought to act on the same types of
disaccharides, there may be functional redundancy
occurring with loss of Hs3st3b1 that maintains HS
sulfation. We analyzed the transcription of HS biosyn-
thetic enzymes during development, which suggests
some transcriptional compensation, mainly in the
Hs3st3b1�/� HS. We analyzed the function of adult
salivary glands measuring drinking behavior, which
suggests they have xerostomia. We propose that
reduced 3-O-sulfation of the myoepithelial basement
membrane reduces SMG basal secretory function.
We begin to unravel the complexity 3-O-sulfated HS
and its biological functions.
It is not surprising that loss of a single 3-O-sulfo-

transferase would be compensated for by other sul-
fotransferase enzyme family members. We showed
that siRNA-mediated knockdown of four Hs3st iso-
forms (Hs3st1, Hs3st3a1, Hs3s3b1 and Hs3st6)
was needed in ex vivo SMG epithelia to reduce
FGF10-dependent morphogenesis, and that individ-
ual knockdown of either Hs3st3a1 or Hs3st3b1 was
without effect [10]. In terms of 3-O-sulfated HS biol-
ogy and the need to generate highly sulfated epito-
pes on HS to regulate function we know that the
enzyme isoforms are classified into two subgroups
due to the function of the 3-O-sulfated epitope [4];
HS modified by Hs3st1 and Hs3st5 have anticoagu-
lant activity whereas HS modified by Hs3st2,
Hs3st3a1, Hs3st3b1, Hs3st5 and Hs3st6 are recep-
tors for herpes simplex virus [7,26,27]. In addition,
we are not able to simply cross the Hs3st3a1�/� and
Hs3st3b1�/� mice to generate a double KO, due to
the unlikelihood of interallelic crossover between the
two mutant alleles that arose as a gene duplication
about 500kb apart on chromosome 11. Interestingly,
a double knockout of Hs3st3a1 and Hs3st3b1 gen-
erated by Crispr is viable, and fertile and has a par-
tially penetrant kidney phenotype [28], however no
analysis of SMG growth or HS was reported. Knock-
out mice with multiple Hs3st isoforms deleted may
present with more developmental phenotypes,
although, compensation from other Hs3sts as
shown by the scRNAseq DotPlots of the five SMG
stages (Fig. 1) may confound analysis. Thus, we
plan to generate multiple isoform KO’s.

Similarly, the KO of Hs3st1, which was thought to
be the primary enzyme responsible for the assembly
of the 3-O-sulfated AT-binding sequence, had mild
phenotypes and coagulation was not affected.
Instead, they experience intrauterine growth retarda-
tion and spontaneous eye degeneration, which is
dependent on the mouse background [29]. It is also
reported that Hs3st1 KO mice exhibit a pro-inflam-
matory phenotype being more susceptible to LPS-
and TNF-induced death [30]. Mice deficient in
Hs3st2 are viable and do not display any abnormali-
ties [31]. The mild or lack of phenotypic defects
associated with deletion of individual Hs3st
enzymes may suggest that other Hs3sts can func-
tionally compensate. Although, we did find some
transcriptional compensation in the expression of
other sulfotransferases, but not Hs3sts, when
Hs3st3a1 was deleted in the adult (Fig. 6 and Sup-
plementary Fig. 1). However, the regulation of HS
sulfation may not only be due to increased gene
transcription but may involve enzymatic compensa-
tion of another enzyme if multiple isoforms are
expressed in one cell type. In addition, it is not
clear if changes in overall sulfation, i.e., charge of
HS selectively alters sulfotransferase expression.
A future goal is to systematically generate mice
with multiple 3-O-sulfotransferase knockouts to
investigate specific functions in specific cell
types.

Although adult Hs3st3a1 or the Hs3st3b1 mice
displayed fairly normal SMG phenotypes in vivo,
when isolated fetal SMG epithelia were cultured ex
vivo with FGF10, laminin-111 ECM and minimal
media, we measured a reduction in FGF10-depen-
dant growth. Since multiple growth factors can
enhance epithelial proliferation in vivo, it was nec-
essary to culture the epithelia in minimal conditions
to exacerbate the epithelial phenotype. It is possi-
ble that these knockout mice may present with
observable phenotypes if subjected to stress or
damage, such as gland irradiation, ductal ligation
or partial gland extirpation. An example of this
occurs in the FGF1 KO mouse, which displays no
significant phenotype [32], but develops an aggres-
sive diabetic phenotype coupled with an aberrant
adipose expansion when challenged with a high-fat
diet [33].
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An increase in the number of water licks was
recorded with the KO mice suggest they may have
dry mouth or xerostomia. This could be due to a
reduction in unstimulated salivary flow, which is
mainly due to SMG secretions, whereas stimulated
saliva flow is mainly due to parotid secretion. Basal
salivary flow is produced mainly by SMG acinar cells
with mechanical help from myoepithelial cells, both
of which are innervated by parasympathetic fibers
from the superior salivatory nucleus. Whereas stim-
ulated saliva is produced by parotid glands, inner-
vated by parasympathetic fibers from the inferior
salivatory nucleus [34]. A clinical example where a
lower basal saliva flow occurs was reported in
patients with burning mouth syndrome [35],
although, their stimulated saliva flow was not
affected. Other causes of an increase in water intake
could be diabetes mellitus or Huntington’s disease.
Increased thirst and drinking have been reported in
Huntington’s disease patients and the R6/2 mouse
model of Huntington’s disease [36]. Although this
may be a result of increases in blood glucose levels
due to diabetes. It is possible that the Hs3st3a1 and
Hs3st3b1 may have a subtle pancreas or kidney
phenotype, which was not grossly apparent. Both
Hs3st3a1 and Hs3st3b1 are enriched in progenitor
cells within the ureteric branch tips of the arborizing
ureteric epithelium of the fetal kidney [22]. Similarly,
when kidneys from E14 Hs3st3a1 and Hs3st3b1 KO
mice were stained with beta galactosidase, LacZ
staining was detected in the ureteric branch tips of
kidneys (Fig. 2F-G). The embryonic kidneys in the
Hs3st3a1:Hs3st3b1 double knockout form variable
double ureters, however this phenotype was
observed with a low penetrance [28].
We conclude that generation of knockout mice

where multiple Hs3st isoforms are deleted may pres-
ent with abnormal developmental phenotypes which
will enable better understanding of how 3-O-sulfated
HS controls HS composition and regulates progeni-
tor cell proliferation. Further analysis of other organ
systems and crossing these mice with other sulfo-
transferase knockout mice will be important to
explore the role of the 3-O-sulfate HS code in organ
growth and function. Understanding how sulfotrans-
ferase enzymes regulate HS function, particularly as
co-receptor complexes with growth factors, may pro-
vide tools to improve therapeutic approaches to
organ regeneration.
Materials and methods
Evaluation of scRNAseq gene expression

SMGs from ICR and C3H control mice strains
were previously analyzed by scRNAseq analysis
and the ready to use rds objects corresponding to
the salivary gland development atlas repository
(GSE150327) were downloaded from the associated
publication (https://sgmap.nidcr.nih.gov) [20]. R was
used for scripting and the SEURAT package [37,38]
used for visualization of gene expression. The
downloaded SEURAT objects contained integrated
datasets from embryonic and postnatal submandib-
ular glands. Individual time points were extracted
using the SplitObject function from SEURAT and
DotPlots were generated with the DotPlot function of
the same package. A minimum Sample scripts for
visualization of gene expression and exploration of
this dataset were obtained from the associated
GitHub repository (https://github.com/chiblyaa/Sali
vary-Gland-Development).

Generation of the Hs3st3a1 and Hs3st3b1 single
knockout mice

Both Hs3st3a1 (VG19780) and Hs3st3b1
(VG13569) knockout mice strain were created from
ES cell clones obtained from the trans-NIH Knock-
Out Mouse Project (KOMP Repository) (www.komp.
org) and generated by Regeneron Pharmaceuticals,
Inc. Methods used to create the Velocigene targeted
alleles have previously been described in [39].
Homologous recombination of this vector in ES cells
produced a knockout allele with a PGK-neomycin
cassette and a LacZ reporter gene inserted between
the second and the Hs3st3b1 exons or a deleted
sequence (553bp) directly downstream of the ATG
site in Hs3st3a1. The targeting vector was intro-
duced by electroporation in 129/Ola embryonic stem
cells (ES14Tg2a). Embryonic stem cells containing
the recombined allele were injected into C57BL/6
blastocysts and re-implanted into CD1 pseudo preg-
nant females. Germ-line chimeric males bearing the
recombined allele was mated with C57Bl/6 female
mice to obtain heterozygote pups.

Maintenance of mice

Fgf10 heterozygous mice were provided by Dr. M
Lewandowski at National Cancer Institute, NIH,
Frederick, USA. All mice were maintained and
treated according to guidelines approved by the
National Institute of Dental and Craniofacial
Research and National Institutes of Health Animal
Care and Use Committee.

Genotyping

DNA from mice tail snips was extracted at weaning
(21 days) using Genotyping buffer containing 0.1M Tris
PH7.5, 0.05M EDTA, 0.2% (v/v) SDS, 0.2M NaCl and
proteinase K solution incubated overnight at 55 °C and
DNA precipitated with isopropanol. Dried DNA pellet
was then resuspended in DEPC water. Amplification of
the LacZ gene was performed using the LacInF primer

https://sgmap.nidcr.nih.gov
https://github.com/chiblyaa/Salivary-Gland-Development
https://github.com/chiblyaa/Salivary-Gland-Development
http://www.komp.org
http://www.komp.org
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(GGTAAACTGGCTCGGATTAGGG) and LacInR
primer (TGACTGTAGCGGCTGATGTTG). To amplify
the Hs3st3b1 gene, Hs3st3b1 Fwd (TCACAGCTCC-
GAATGAGACATC) and Hs3st3b1 Rev
(CCCAGCGCCTACTGTCTTATC) primers were used.
For Hs3st3a1 amplification, Hs3st3a1 Fwd
(ACTGTCGCGCAGCATCTTCAG) and Hs3st3a1 Rev
(GCCAGGCAGTAGAAGACGTAG) primers were
used. Amplification of both genes was performed using
cycling conditions recommended by the KOMP consor-
tium. PCR reaction: 12.5mL 2x JumpStart REDTaq
ReadyMix reaction mix (Sigma), 0.125mM of each
primer with 100 ng of extracted DNA to a total of 25 mL
with DEPC H20. PCR cycling parameters used were
the same for the detection of the Hs3st3a1 and
Hs3st3b1 mutants: Initial denaturing 94 °C for 5 min;
Denaturing: 94 °C for 15 s, annealing: 55 °C for 30 s,
extension: 72 °C for 40 s. Repeat thirty cycles. Final
extension: 72 °C for 5 min. PCR products were frac-
tionated on a 2.0% (w/v)TBE agarose gel with ethidium
bromide. For the genotyping of Hs3st3b1, a 95 bp
DNA band identifies wildtype mice, a 210 bp band
identifies knockout mice and presence of both the
95 bp and 210 bp bands identify hemizygous mice.
For the genotyping of Hs3st3a1, an 81 bp DNA

band identifies wildtype mice, a 210 bp band identi-
fies knockout mice and presence of both the 81 bp
and 210 bp bands identify hemizygous mice. For the
genotyping of Hs3st3b1, a 95 bp DNA band identi-
fies wildtype mice, a 210 bp band identifies knockout
mice and presence of both the 95 bp and 210 bp
bands identify hemizygous mice.
Genotyping of the FGF10 mice was performed

using the primers (Neo Fwd- TATCGCCTTCTT-
GACGAGTTCTTCTGA and Fgf10 Rev-
TATCGCCTTCTTGAC GAGTTCTTCTGA). PCR
conditions that included an initial denaturing at 94 °
C for 5 min; denaturing at 94 °C for 15 sec, anneal-
ing at 65 °C for 30 s (decreased 1 °C every cycle),
extension at 72 °C for 40 s. Repeated for ten cycles.
Denaturing at 94 °C for 15 s, annealing at 55 °C for
30 s, extension at 72 °C for 40 s. Repeated thirty
cycles. Final extension at 72 °C for 5 min. A single
band was detected in DNA from FGF10 heterozy-
gous and homozygous mice/pups. Homozygous
FGF10 pups died at birth.

Ex Vivo SMG organ culture

Fetal SMGs were cultured on polycarbonate
membranes (13 mm, 0.1-mm pore size: Whatman)
or mesenchyme-free SMG epithelia were obtained
as previously described [40,41]. The culture medium
used for the isolated epithelium was DMEM/F12
(ThermoFisher Scientific) supplemented with strep-
tomycin (100 mg/mL), vitamin C (150 mg/mL), trans-
ferrin (50 mg/mL), intestinal HS (100 ng/mL: Celsus)
and FGF10 (400 ng/ml: R&D Systems). Glands
were photographed at 1, 24 and 48 h, and the
morphogenic index (AU x 103) was measured as
described previously [42]. Each experiment was
repeated at least three times. Explants were either
lysed for RNA or fixed for immunostaining. The end-
bud number was counted at the beginning of the
experiment (T1) and at the end of the assay at 48-
hours (T48) and expressed as a ratio (T48/T1) and
normalized to the wildtype control. All experiments
were repeated at least three times.

Quantitative PCR (qPCR)

Real time PCR was performed as previously
described [42]. RNA was isolated from embryonic
and adult SMGS using the RNAqueous-Micro and
RNAqueous-4PCR kits (both from ThermoFisher
Scientific), respectively. cDNA was synthesized
from DNAse-treated RNA using the iScript Reverse
Transciption Supermix (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) according to the manufacturer’s
instructions. For qPCR, 1ng of embryonic cDNA or
10 ng of adult cDNA per well was used for amplifica-
tion with 0.4 mM of primer mix and iQ SYBR� Green
Supermix with fluorescein (Bio-Rad) using the CFX
qPCR system (Bio-Rad). The qPCR primers were
designed using Beacon Designer software (Premier
Biosoft, San Francisco, CA) and the sequences
have been listed in the Key Resource Table 1 asso-
ciated with this manuscript. Primers were validated
to efficiently amplify and generate a single amplicon.
Gene expression levels were normalized to house-
keeping gene Rsp29 and wildtype cDNA. At least
three biological replicates for each group were proc-
essed with technical duplicates.

Whole mount immunofluorescence staining

Whole mount immunofluorescence was per-
formed with cultured embryonic SMGs as previously
described [10]. Briefly, SMGs were fixed with 4% (v/
v) PFA in PBS and permeabilized with 0.1% (v/v) tri-
ton-X-100. SMGs were blocked for 1 hour at room
temperature with 10% (v/v) heat-inactivated donkey
serum (Jackson ImmunoResearch Laboratories,
Westgrove, PA, USA), 1% (v/v) BSA (Sigma, St
Louis, MO, USA) and Mouse on Mouse blocking
reagent (Vector Laboratories, Burlingame, CA,
USA). Then incubated overnight at 4°C with the
appropriate primary antibody (anti-perlecan (Milli-
pore Sigma, St Louis, MO, USA), anti-E-cadherin
(Cell Signaling Technology, Danvers, MA, USA) and
HS4C3V single-phage HS antibody) then washed
with PBS containing 0.1% (v/v) Tween-20 (PBST)
and incubated with the respective dye-conjugated
secondary antibodies (all from Jackson ImmunoRe-
search Laboratories, Westgrove, PA, USA) and
DAPI stain (Millipore Sigma, MA, USA) for 1 hour at
room temperature. Staining for anti-heparan sulfate
single phage HS4C3 antibody (1:10) was performed



Table 1. Key resource table.

REAGENT/RESOURCE SOURCE IDENTIFIER Dilution

Antibodies
HS4C3V single-chain HS Ab Toin H. van Kuppevelt (University of

Nijmegen, Netherlands)
N/A 1:10

Anti-VSV glycoprotein-Cy3 Sigma C7706 1:100
Anti-heparan sulfate proteo-
glycan (perlecan)

Millipore Sigma mAb1948 1:200

Anti-E-cadherin (2AE10) Cell Signaling mAb#3195 1:100
Anti-Smooth muscle actin Millipore Sigma A2547 1:200
Anti-keratin 5 Covance PRB-160P 1:2000
Anti-Mucin10 (Prol1) Everest Biotech EB10617 1:200
Anti-10E4 Amsbio 370255-1 1:100
Anti-Collagen TIV Millipore AB769 1:100
All dye-conjugated second-
ary antibodies

Jackson ImmunoResearch Laboratories 1:200

Alexa Fluor� 488 AffiniPure
Donkey Anti-Mouse IgM, m
chain specific antibody

Jackson ImmunoResearch Laboratories 715-545-020 1:200

Alexa Fluor� 488 AffiniPure F
(ab')₂ Fragment Donkey Anti-
Human IgG, Fcg fragment
specific antibody

Jackson ImmunoResearch Laboratories 709-546-098 1:200

Chemicals, recombinant pro-
teins, and enzymes
DAPI (Dihydrochloride) Millipore Sigma 268298 1:10000
Recombinant mouse FGFR2
beta (IIIb) Fc chimera protein

R & D 708-MF-050 50 nM

Recombinant human FGF10
protein

R &D 345-FG-025 50 nM

Heparinase III (heparitinase
1) Flavobacterium
heparinum

Amsbio AMS.HEP-ENZ III-S 0.020 IU/mL

X-GAL Millipore Sigma 10745740001 20 mg/mL
Pronase� Protease, Strepto-
myces griseus

Millipore Sigma 53702

proteinase K solution Bioline BIO-37084 0.5 mg/mL
Xylene substitute Millipore Sigma A5597
Mouse on Mouse blocking
reagent

Vector Laboratories MKB-2213-1 1:12.5

Primers
Gene Forward primer Reverse primer
Acta2 GCATGGATGGCATCAATCAC ACCTATCTGGTCACCTGTATGTA
Aqp5 TCTACTTCTACTTGCTTTTCCCCTCCTC CGATGGTCTTCTTCCGCTCCTCTC
Ccnd1 CTTAATGTGATTACCGCTGTATTCC CCTGACTGCTGTGATGCTATG
Cnn1 CGCACAACTACTACAACTC CCCAAACCGTAACCCTATA
Etv5 AAGCCCTTCAAAGTGATAGCGGAGAC GTGTCCACAAACTTCCTCTTTCTGTCAATC
Glce CATTTCTTGAGAGGGAGTGAGCATTTGTTG GCTTATGTATGTGACCGTGAAACCTGAAC
Gstt1 GCGGCAGTTCACAACTCACAGTTCACAAT TGGAGCTGAGCCTGAGAGCCATCAT
Hs3st1 CCATCCGCCTGCTGCTTATCCTGAG AGCCGACCGTCCCGCATTAGG
Hs3st3a1 GGTGATGTCTCCTCCCTTCCCTGTC CGTGCTCCTCGCTAAACCAATTTAATTCC
Hs3st3b1 GCGGGCATTGCTGGAGTTCCTG GGGTTCTGGGCATCAAGTCTCGGTAC
Hs3st6 GCCATTCAACCGCAAGTTCTACCAG GTGAGCCAGCAGACAGACATAAATTAAAGG
Hs2st1 GCTCTGCTGTCACCTTCCTGCTG GCCATCTTCCTTAGTCCTCACAACATCC
Hs6st1 TGAGAGGAATTTGTTTAGATGCCCAGTTTAG TGACAGAAGCAGCAGCAACCAAC
Hs6st2 CGGCGGTGGTGGATGGCAAG GGCTTTGTGGAGGATGGAGAGTTGG
Kit CCTCAGCCTCAGCACATAGC GAACACTCCAGAATCGTCAACTC
Krt5 TCCTGTTGAACGCCGCTGAC CGGAAGGACACACTGGACTGG
Krt14 GCTGCTACATGCTGCTCAGGCTTAGG CCAGGAAGGACAAGGGTCAAGTAAAGAGAGTG
Krt19 GCCACCTACCTTGCTCGGATTG GTCTCTGCCAGCGTGCCTTC
Lamb3 TCAGTGCTATCCCAGACCAAACAAGACATC CCGACCACATCATCTACCTGCCCTTC
Myc GGAGTGAGCGGACGGTTGGAAGAG AGCGGCGGCGAGGGTTGC
Myh11 GTCAGGAGCCACAGTCACCAGCAA GGCAGGCAGGAAAGGGAAGGGAAT
Mylk CCATCCTGCGGTGTCTCA AATGTCCTCCTTGCTGTAACTCA
Ndst1 TGGCTGGTTTCTGTTTGGATTCTGTTTCTG AATGGCTGGTGGACACTGGACTGG
Ndst2 ACAGAAGACAGGCACCACGGCTATTC TGGCATTGGAAGGAACAGGGAAGAAGTC
Postn CTGGTATCAAGGTGCTATCTGCGGGAAG ACATCGGAGTAGTGCTGAGTGGTAGTGG
Prol1 ACC ACA CCA GCA ACA ACC ACA A TGG CTG TAG AGG TGC TAG GCT TAG

(continued)
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Table 1 (Continued)

REAGENT/RESOURCE SOURCE IDENTIFIER Dilution

Rps29 GGAGTCACCCACGGAAGTTCGG GGAAGCACTGGCGGCACATG
Thbs1 CACCGCCAAACAACCTCTGACAT AGTACCGAACAGCTCCTCCACATT
Hs3st3a1 KO ACTGTCGCGCAGCATCTTCAG GCCAGGCAGTAGAAGACGTAG
Hs3st3b1 KO TCACAGCTCCGAATGAGACATC CCCAGCGCCTACTGTCTTATC
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as above and detected using monoclonal anti-VSV
glycoprotein-Cy3 labeled antibody (P5D4) (Sigma,
St. Louis, MO, USA). To evaluate specificity of
HS4C3V antibody binding, SMGs were pretreated
with 0.020 IU/mL heparinase III (AMSBIO, Cam-
bridge, MA, USA) in 0.01 M Hepes (pH 7.4) with
0.15 M NaCl and 5 mM CaCl2 for 2 hours at 37 °C to
degrade the HS before the staining protocol. Follow-
ing washes with PBST, SMGs were mounted with
Fluro-Gel mounting medium (Electron Microscopy
Sciences, Hatfield, PA, USA). All slides were
imaged using the Zeiss 880 confocal microscope.
Fluorescence intensity of each antibody channel

was quantified using ImageJ software (NIH) in the
region of interest (ROI) that included the epithelial
region within the basement membrane by measuring
the integrated density. This was normalized to the
fluorescence intensity of nuclei in the ROI, and then
the data was normalized to control. An average of
five images with five 1mm Z-stacks were taken per
SMG and a minimum of three glands were used for
each group.

Immunofluorescence staining of adult SMG

Immunofluorescence staining on adult SMGs was
performed using paraffin-embedded tissue sections
as previously described [43]. Briefly, the adult glands
were fixed with 4% (v/v) paraformaldehyde overnight
at RT and were processed for paraffin-sections. Tis-
sue sections were de-paraffinized three times for 5
minutes each in xylene substitute (Millipore Sigma,
St Louis, MO, USA), followed by re-hydration in
graded ethanol solutions (100%, 95%, 70%, 50%
and 30% (v/v)with dH2O) for 5 minutes each, then
subjected to heat-mediated antigen retrieval using
R-universal epitope recovery buffer (Electron
Microscopy Sciences, Hatfield, PA, USA) for 10
minutes at high-pressure. Following blocking with
10% (v/v) heat-inactivated donkey serum (Jackson
ImmunoResearch Laboratories, Westgrove, PA,
USA), 1% (v/v) BSA (Sigma, St Louis, MO, USA)
and Mouse on Mouse blocking reagent (Vector Lab-
oratories, Burlingame, CA, USA), the following pri-
mary antibodies specific for SMA (Millipore Sigma,
St Louis, MO, USA. #A2547), Keratin 5 (Covance,
CA, USA), and Mucin10/Prol1 (Everest Biotech,
Oxfordshire, UK) were used, and sections were then
incubated with the respective dye-conjugated
secondary antibodies (all from Jackson
ImmunoResearch Laboratories, Westgrove, PA,
USA) and DAPI stain (Millipore Sigma, MA, USA). A
complete list of antibodies used and their respective
dilutions is shown in the Key Resource Table 1
associated with this manuscript.

For immunostaining with 10E4 antibody, paraffin-
embedded samples were treated with Pronase Pro-
tease, Streptomyces griseus enzyme (Millipore
Sigma, MA, USA) as previously described [44].
Briefly, rehydrated sections were treated for 10
minutes at 37 °C with 0.5 mg/mL Pronase to expose
the HS epitopes, washed with PBS and blocked with
2% (v/v) BSA/PBS for 30 minutes. The sections
were then incubated overnight at 4 °C with10E4 anti-
body and anti-collagen IV, then washed three times
with PBS for 10 minutes each, and then incubated
with Alexa Fluor� 488 AffiniPure Donkey Anti-
Mouse IgM, m chain specific and Alexa Fluor� 594
AffiniPure F(ab')₂ Fragment Donkey Anti-goat IgG
(both from Jackson ImmunoResearch Laboratories,
Inc) for 1 h at room temperature to detect the 10E4
antibody and anti-collagen IV antibody, respectively.
All slides were imaged using the Zeiss 880 confocal
microscope. Similar settings for laser power and
detector gain were maintained withi each experi-
ment.

Fluorescence intensity of each antibody channel
was quantified using the ImageJ software (NIH) by
measuring the integrated density value of the region
of interest (ROI) from at least five Z-stacks consist-
ing of five 1mm slices from each group. The ratio of
each fluorescent channel to the nuclei (DAPI) fluo-
rescence was calculated and then the averaged
ratio was normalized to that of the control. A mini-
mum of three SMGs were imaged per group.

Ligand and carbohydrate engagement (LACE)
assay of embryonic and adult SMGs

A modification of the LACE assay [45] was per-
formed using recombinant mouse FGFR2 beta (IIIb)
Fc chimera protein (referred to as rFGFR2b-Fc) and
recombinant human FGF10 (all from R&D Systems
Inc., MN) as previously described [46]. Embryonic
SMGs were fixed, permeabilized and blocked as
described earlier under “Whole mount immunofluo-
rescence staining”. Fetal SMGs were incubated
overnight at 4 °C with 50 nM soluble recombinant
rFGFR2b-Fc, 50 nM recombinant FGF10, anti-E-
cadherin (Cell signaling) and anti-perlecan (Millipore
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Sigma). Whereas for adult glands, paraffin section
were de-paraffinized and rehydrated as described
earlier. Heat-activated antigen retrieval using a
homemade Tris-EDTA pH 9 buffer prepared with
Tris Base (1.21 g), EDTA (0.37 g) in 100 mL of dis-
tilled water was performed. The samples were
blocked for 1 hr at RT with 10% (v/v) heat-inacti-
vated donkey serum, 1% BSA (v/v), and 1.8% (v/v)
MOM IgG blocking reagent, incubated overnight at
4 °C with 50 nM soluble recombinant rFGFR2b-Fc,
50 nM recombinant FGF10, anti-E-cadherin (Cell
signaling) and anti-collagen Type IV (Millipore). After
washing Cy dye-conjugated secondary antibodies
were added for 1hr. The rFGFR2b-Fc was detected
with Alexa Fluor� 488 AffiniPure F(ab')₂ Fragment
Donkey Anti-Human IgG, Fcg fragment specific sec-
ondary antibody (Jackson ImmunoResearch Labo-
ratories, Inc). Immunofluorescence was analyzed
with a Zeiss LSM880 microscope.

Lickometer testing

The licking behavior in female mice was moni-
tored for 1 h using a Lickometer (Habitest system,
Coulbourn Instruments, Whitehall, PA), which is a
computer-operated system as previously described
[47]. Prior to the experiment, the mice underwent a
training session for 20 minutes and then the number
of licks of 4 mice were recorded for 1 h. Controls and
knockout mice were tested at the same time and
then retested 5 times on separate days.

Saliva collection

Mice were weighed and anesthetized with keta-
mine (60 mg/kg) and xylazine (8 mg/kg) intramuscu-
larly. This was followed by a subcutaneous injection
of pilocarpine at 0.25 mg/kg body weight to stimulate
saliva secretion. Whole saliva was collected gravi-
metrically with a 75-mm hematocrit tube (Drum-
mond) into 1.5 mL pre-weight Eppendorf tubes
for 20 min. The amount of saliva collected was cal-
culated as micrograms per gram of body weight and
then normalized as percentage to the wildtype litter-
mates.

X-GAL staining

The Hs3st3a1 or Hs3st3b1 genes were disrupted
by targeted insertion of the lacZ gene. Conse-
quently, expression of LacZ is driven by the
Hs3st3a1 or Hs3st3b1 promoter, permitting detec-
tion of the endogenous their expression pattern.
Beta galactosidase staining was performed as previ-
ously described [48]. Briefly, embryos or tissues
were fixed in 0.2% (v/v) glutaraldehyde in 2% (v/v)
PFA/PBS for 45 minutes at room temperature and
rinsed with PBS. Then incubated with Tissue Rinse
Solution A (Millipore) for 5 minutes at room
temperature followed by a 30 minute wash with Tis-
sue Rinse Solution B (Millipore). The samples were
then incubated with X-GAL (20 mg/mL) diluted in
fresh staining buffer (0.1 M phosphate buffer
(pH7.5), 2 mM MgCl2, 0.02% (v/v) NP-40, 20 mM
Tris-HCl (pH7.5), 8 mM potassium hexacyanoferrate
(II) trihydrate, 13 mM potassium hexacyanoferrate
(III)) at 37 °C, then washed in PBS and refixed in 4%
(v/v) PFA for 10 minutes.
GAG composition, HS and CS disaccharide
analysis

GAGs from female mice SMGs were prepared
and analyzed for HS and CS disaccharides as previ-
ously described in Sarnaik et al., 2019 and Yan
et al.,2021 [49,50]. Briefly, freeze-dried SMGs were
proteolyzed at 55 °C with 10 mg/mL actinase E
(Kaken Biochemicals, Japan), lyophilized and dena-
tured using 8 M urea containing 2% (v/v) CHAPS.
The extract was passed over the Vivapure Q Mini H
spin column, the column washed twice with 8 M
urea/2% (v/v) CHAPS buffer followed by three
washes with 0.2 M NaCl. GAG components were
eluted with 16% (v/v) NaCl then concentrated using
3-kDa molecular weight cut off spin column, washed
with distilled water and lyophilized. GAGs recovered
from 1 mg of freeze-dried tissue was used for diges-
tion with either recombinant heparin lyases I, II and
III (10 mU each) or chondroitin lyase ABC (10 mU)
and disaccharide analysis.

The unsaturated standards for HS (DUA-GlcNAc;
DUA-GlcNS; DUA-GlcNAc6S; DUA2S-GlcNAc;
DUA2S-GlcNS; DUA-GlcNS6S; DUA2S-GlcNAc6S;
DUA2S-GlcNS6S), CS (DUA-GalNAc; DUA-Gal-
NAc4S; DUA-GalNAc6S; DUA2S-GalNAc; DUA2S-
Gal-NAc4S; DUA2S-GalNAc6S; DUA-GalNAc4S6S;
DUA2S-GalNAc4S6S) and HA (DUA-GlcNAc),
where DUA is 4-deoxy-a-L-threo-hex-4-enopyrano-
syluronic acid (all purchased from Iduron, UK) as
well as the dried disaccharides were labeled with 2-
Aminoacridone (AMAC) (Sigma-Aldrich, St. Louis,
MO, USA) and liquid chromatography- mass spec-
trometry analysis was performed as described in
Sarnaik et al., 2019.
Statistical analysis

Data were log transformed before all statistical
analysis and analyzed with an unpaired Student’s
test (two-tailed) for comparing two groups or a One-
way ANOVA with Dunnett’s multiple comparison test
for more than two groups. Treatment groups were
compared to the wildtype control using Prism 8 Soft-
ware (GraphPad, La Jolla, CA, USA). Graphs show
the mean § SEM or § SD for each group from three
or more experiments.
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