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Irreversible hypofunction of salivary glands is common in head and neck cancer survivors treated with
radiotherapy and can only be temporarily relieved with current treatments. We found in an inducible
sonic hedgehog (Shh) transgenic mouse model that transient activation of the Hedgehog pathway after
irradiation rescued salivary gland function in males by preserving salivary stem/progenitor cells and
parasympathetic innervation. To translate these findings into feasible clinical application, we evaluated
the effects of Shh gene transfer to salivary glands of wild-type mice on irradiation-induced hyposalivation.
Shh or control GFP gene was delivered by noninvasive retrograde ductal instillation of corresponding
adenoviral vectors. In both male and female mice, Shh gene delivery efficiently activated Hedgehog/Gli
signaling, and significantly improved stimulated saliva secretion and preserved saliva-producing acinar
cells after irradiation. In addition to preserving parasympathetic innervation through induction of neu-
rotrophic factors, Shh gene delivery also alleviated the irradiation damage of the microvasculature, likely
via inducing angiogenic factors, but did not expand the progeny of cells responsive to Hedgehog/Gli
signaling. These data indicate that transient activation of the Hedgehog pathway by gene delivery is
promising to rescue salivary function after irradiation in both sexes, and the Hedgehog/Gli pathway may
function mainly in cell nonautonomous manners to achieve the rescue effect.

INTRODUCTION

HEAD AND NECK CANCERS (HNCs) including cancers in
the oral cavity, pharynx, nasal cavity, sinuses, and
larynx account for about 3.9% of all cancers in the
United States, with 64,970 estimated new cases in
20151 and with about 342,550 estimated survivors in
2012.2 Radiotherapy isacommontreatment forHNC,
and nondiseased salivary glands are often exposed to
irradiation (IR). Because of the exquisite radiosensi-
tivity of salivary glands, irreversible hyposalivation
or xerostomia is common (68.1–90.9%) in long-term
HNC survivors treated by conventional radiothera-
py.3 The reduction in saliva secretion correlates sig-
nificantly with the mean irradiation dose received by
salivary glands.4 Novel intensity-modulated radio-
therapy significantly decreased irradiation dose to
salivary glands and the incidence of xerostomia,
but about 20% of patients treated with intensity-
modulated radiotherapy still have long-term xer-

ostomia and related weight loss.5 Hyposalivation ex-
acerbates dental caries and periodontal disease and
causes problems of mastication, swallowing, sleep,
and speech, a burning sensation of the mouth, and
dysgeusia, which severely impair the quality of life of
patients. The irreversible hyposalivation is caused by
the loss or impairment of saliva-producing acinar
cells and their replacement by connective tissue and
fibrosis, which has been attributed to the loss of
functional glandular stem/progenitor cells6 and the
impairment of parasympathetic innervation7 and
microvessels.8 Current treatments for IR-induced
xerostomia, such as artificial saliva and saliva secre-
tion stimulators, can only temporarily relieve these
symptoms. Gene therapies transferring growth fac-
tors or water channel protein Aquaporin-1 locally
showed promise to restore salivary gland function by
protection or regeneration of saliva-producing cells,9

but the rescue effect varies and needs to be improved.
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Hedgehog (Hh) signaling is required for salivary
branching morphogenesis10 and is activated dur-
ing functional regeneration of adult salivary
glands after duct ligation.11 Hh signaling is trig-
gered by the binding of Hh ligands such as Sonic
Hedgehog (Shh) with their receptor Patched (Ptch),
which derepresses Smoothened (Smo) to activate
Gli family zinc finger transcription factors and the
consequent transcription of Hh target genes in-
cluding Gli1 and Ptch1.12 In addition to the Gli-
dependent canonical Hh pathway, the binding of
Hh ligands with Ptch also activates several non-
canonical pathways such as Rho small GTPases
and phosphoinositide 3-kinase (PI3K)/Akt path-
ways.13,14 We have found that IR did not activate
Hh/Gli signaling, whereas transient activation of
the Hh pathway in salivary gland by inducible ex-
pression of Shh transgene in Keratin5+ epithelial
cells rescued IR-induced hyposalivation.15 The
underlying mechanisms of this rescue effect in-
clude the preservation of parasympathetic in-
nervation and putative salivary stem/progenitor
cells. In this article, to translate the above-described
findings into feasible clinical application, we de-
livered adenoviral vectors carrying the Shh gene
(Ad-Shh) noninvasively into irradiated subman-
dibular glands (SMGs) of wild-type mice, and con-
firmed the rescue effect of Shh gene transfer on
IR-induced hyposalivation in both male and female
mice. The underlying mechanisms of such rescue
effect include alleviation of IR damage to both
the microvasculature and parasympathetic inner-
vation through upregulation of angiogenic and neu-
rotrophic factors, whereas cells responsive to the
Hh/Gli signaling pathway appear not to contribute
directly to regenerated tissues after IR.

MATERIALS AND METHODS
Mice

Hh signaling activity was analyzed with B6;129-
Ptch1tm1Mps/J (Ptch1-lacZ) mice, the fate of cells re-
sponding to Hh/Gli signaling was traced with Bmi1-
CreER [B6;129-Bmi1tm1(cre/ERT)Mrc/J]/Rosa26R-lacZ
[Gt(ROSA)26Sortm1Sor] mice, and all other experi-
ments were performed in wild-type C57BL/6 mice.
All of these mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). Single-dose irradia-
tion (15 Gy) of the head and neck region of mice and
measurement of the stimulated whole saliva flow
rate were as described previously.16 All animal pro-
cedures were approved by the Texas A&M Health
Science Center (Temple, TX) and the Baylor Scott &
White Hospital (Temple, TX) Institutional Animal
Care and Use Committee.

Preparation and delivery of adenoviral vectors
Adenoviral vector encoding green fluorescent

protein (GFP) or rat Shh (Ad-GFP or Ad-Shh; Ap-
plied Biological Materials, Richmond, BC, Canada)
was expanded in 293A cells and purified by two
rounds of ultracentrifugation through a cesium
chloride gradient. The titers (particles/ml) of puri-
fied vectors were determined by qPCR, using an
Adeno-X rapid titer kit (Clontech Laboratories,
Mountain View, CA). Mice were anesthetized with
ketamine (60 mg/kg) and xylazine (8 mg/kg) intra-
peritoneally. Vectors generally were given to both
SMGs by retrograde ductal instillation as re-
ported17 at a dose of 1 · 109 particles per SMG.

Quantitative RT-PCR and Western blot analysis
Quantitative RT-PCR (qRT-PCR) was done as

reported.11 Primers for Gapdh, Gli1, Aqp5, Angpt1/
2, and Vegfs were retrieved (PrimerBank; http://
pga.mgh.harvard.edu/primerbank). For Western
blotting, fresh SMG samples were homogenized
with a 40-ll/mg concentration of T-PER (tissue
protein extraction reagent) containing protease
inhibitors (Thermo Fisher Scientific, Waltham,
MA) followed by centrifugation at 10,000 · g for
5 min to collect supernatant. Western blotting was
done as reported11 with antibodies (Abcam, Cam-
bridge, UK) for Aquaporin 5 (Aqp5) (diluted 1:5000),
Aqp1 (diluted 1:1000), and glial cell line-derived
neurotrophic factor family receptor a2 (GFRa2)
(diluted 1:1000).

Histology, immunofluorescence staining,
and corresponding quantifications

Frozen SMG sections were subjected to immu-
nofluorescence staining specific to acinar marker
Aqp5 or endothelial markers CD31 or Aqp1. Sec-
tions were first incubated in a 1:100 dilution of ei-
ther anti-Aqp5 (Abcam), anti-CD31 (BD Biosciences
Pharmingen, San Diego, CA) or anti-Aqp1 (Abcam).
Primary antibodies were detected with appropriate
secondary antibodies labeled with Texas red (Vector
Laboratories, Burlingame, CA), and nuclei were
counterstained with 4¢,6-diamidino-2-phenylindole
(DAPI). Microvascular density (MVD) was deter-
mined by counting the number of CD31- or Aqp1-
stained cells per field at ·200 magnification. Frozen
SMG sections were also stained with an acetylcho-
linesterase (AChE) rapid staining kit (MBL In-
ternational, Woburn, MA) in accordance with
the manufacturer’s instructions. The AChE+ areas
were quantified with NIS-Elements AR (advanced
research) software (Nikon Instruments, Melville,
NY) and then normalized to that of the nontreated
group. For all quantifications, three glands from
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three mice in each treatment group were studied,
and 10 fields were counted per gland.

Lineage-tracing assays
For lineage tracing of progeny of Bmi1+ cells

during functional regeneration, male Bmi1-CreER/
Rosa26R-lacZ mice (6–8 weeks, n = 4) were an-
esthetized as mentioned previously, and the orifice
of the main excretory duct of the left SMG inside the
mouth was exposed and ligated with adjacent tis-
sues, using a Synovis MicroClip (Synovis Micro
Companies Alliance/Baxter, Birmingham, AL). Se-
ven days later, the MicroClip was removed for deli-
gation. These mice were given 4-hydroxytamoxifen
(4-OHT, 0.1 mg/g body weight) intraperitoneally
daily for 3 days after duct ligation. The gland on
the right side served as the sham-operated in-
ternal control. Fourteen days after the deligation,
SMGs were harvested and processed for 5-bromo-
4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal)
staining as described previously.11 For lineage
tracing of these progeny after transient Hh acti-
vation after IR, male Bmi1-CreER/Rosa26R-lacZ
mice (6–8 weeks, n = 8) were anesthetized and

irradiated as mentioned previously, Ad-Shh was
administered as described previously 3 days later
in four mice, and then 4-OHT was administered
as described previously in all mice. SMGs were
collected 90 days after IR.

Statistics
All quantified data were analyzed by one-way

analysis of variance followed by Tukey’s multiple-
comparison test. Statistical analysis and graphical
generation of data were done with GraphPad Prism
software (GraphPad, San Diego, CA). p < 0.05 was
considered as significant.

RESULTS

Retrograde ductal instillation of Ad-Shh tran-
siently activated the Hh pathway in SMGs of both
male and female mice.

We found previously that in Keratin5-rtTA/tetO-
Shh double-transgenic mice, the induction of Shh
transgene expression with doxycycline for 7 days
efficiently activated the Hh/Gli signaling pathway
in male SMGs but not in female SMGs.15 To de-

Figure 1. Transient activation of the Hh/Gli pathway in SMGs by retrograde ductal instillation of Ad-Shh. Ad-GFP or Ad-Shh was delivered into SMGs of male
and female Ptch1-lacZ mice by retrograde ductal instillation. SMGs were collected 3 or 10 days after Ad delivery and subjected to X-Gal staining of sections
(A) or qRT-PCR analysis of the expression of rat Shh (rShh) transgene or Hh target gene Gli1 (B). **p < 0.01 versus the nontreated (NT) group.
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termine the effect of adenovirus carrying rat Shh
gene (Ad-Shh) on the activation of Hh/Gli signaling
in SMGs of both male and female mice, 1 · 109

particles per gland of Ad-Shh or control adenoviral
vector carrying the GFP gene (Ad-GFP) were de-
livered via retrograde instillation through duct
cannulation into SMGs of Ptch1-lacZ Hh/Gli sig-
naling reporter mice. In SMGs of both sexes col-
lected 3 days after adenovirus (Ad) instillation, the
activity of lacZ reporter and the expression of rat
Shh (rShh) and mouse Gli1, an endogenous target
gene of the Hh/Gli pathway, were significantly in-
creased in the Ad-Shh group but not in the Ad-GFP
group in comparison with nontreated controls, as
indicated by X-Gal staining and qRT-PCR analysis,
respectively ( p < 0.01, n = 3; Fig. 1). lacZ reporter
activity was found mainly in the ductal epithelial
cells 3 days after Ad-Shh instillation (Fig. 1A). In
SMGs of both sexes collected 10 days after Ad in-
stillation, these indexes were not significantly af-
fected in either group ( p > 0.05; Fig. 1). These data
indicated that Shh gene delivery transiently and
efficiently activated the Hh/Gli pathway in mouse
SMGs of both sexes.

Delivery of Shh gene into SMGs partially
rescues irradiation-induced hyposalivation

To examine the effect of Ad-Shh delivery on IR-
induced hyposalivation, male and female wild-type
C57BL/6 mice were not treated (NT) or were sub-
jected to 15-Gy single-dose IR of the SMG region
(IR), retrograde ductal instillation of 1 · 109 parti-
cles of Ad-GFP or Ad-Shh per SMG 3 or 30 days
after IR (IR+Ad-GFP or IR+Ad-Shh, D3 or D30). IR
significantly reduced the stimulated whole saliva
flow rate in 90 days as expected (Fig. 2A). Shh gene
delivery 3 or 30 days after IR both significantly
improved the stimulated whole saliva flow rate on
day 90 compared with IR or IR+Ad-GFP treatment
in both male and female mice (n = 5; Fig. 2A).
Consistently, the expression of mRNA and/or pro-
tein of acinar marker Aquaporin 5 (Aqp5) in SMGs
90 days after IR was significantly downregulated
by IR on day 90 as reported,15,16,18 but improved by
Shh gene delivery 3 or 30 days after IR in both
sexes as indicated by qRT-PCR and Western blot
assays (n = 5; Fig. 2B and C). Notably, although the
differences are not statistically significant, earlier
delivery of the Shh gene appears to result in better

Figure 2. Delivery of Shh gene into SMGs partially rescued irradiation-induced hyposalivation. Male and female C57BL/6 mice were subjected to 15 Gy of
irradiation in the neck region and retrograde ductal instillation of Ad-GFP or Ad-Shh 3 or 30 days later. The stimulated whole saliva flow rate was measured on
day 90 after IR and normalized with body weight and then with saliva flow rate of age-matched NT mice (A). SMGs were collected 90 days after IR and
analyzed by qRT-PCR (B) or Western blotting (C) for the expression of acinar marker Aqp5. *p < 0.05. IR, irradiation.
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preservation of saliva secretion and Aqp5 expres-
sion than later delivery in both sexes. The preser-
vation of Aqp5 by Shh gene delivery was further
confirmed by immunofluorescence (IF) staining of
frozen sections of SMGs 90 days after IR (Supple-
mentary Fig. S1; supplementary data are available
online at www.liebertpub.com/hum). These data
indicate that single Shh gene delivery into SMGs
partially rescued the salivary gland function im-
paired by IR.

Intragland Shh gene delivery rescues
microvascular damaged by IR

The microvascular damage by IR is a major
cause of hyposalivation after IR.8,19 SMGs collected
90 days after IR were examined for microvascular
density (MVD) by IF against endothelial markers
Aqp1 or CD31 as reported,8,20 and the expression of
Aqp1 protein was further quantified by Western

blotting. IR significantly decreased Aqp1+ MVD
and the expression of Aqp1 protein, whereas Ad-
Shh instillation on day 3 after IR significantly re-
stored both indexes in SMGs of both sexes, and that
on day 30 significantly preserved both indexes in
males to a lesser extent but not significantly in
females (Fig. 3A and B). Similar results were ob-
tained by CD31 IF and corresponding MVD quan-
tification (Supplementary Fig. S2). In other organs,
Hh/Gli signaling promotes angiogenesis during
tissue repair and/or regeneration by inducing the
secretion of proangiogenic factors.21 In SMGs col-
lected 7 days after Ad instillation or 10 days after
IR, the expression of mRNAs for Angiopoietin-1/2
(Angpt1/2) was significantly upregulated by Ad-
Shh instillation alone or 3 days after IR compared
with that in NT/Ad-GFP or IR/IR+Ad-GFP groups,
respectively (Fig. 3C), whereas the expression of
vascular endothelial growth factor (Vegf)-a, -b, and

Figure 3. Transient Hh activation alleviated IR damage to microvascular endothelial cells by upregulating angiogenic factors. (A) Western blot of Aqp1 in
SMGs 90 days after IR and quantitative analysis of relative Aqp1 protein level normalized with GAPDH protein level (means – SEM, n = 3). (B) Representative
immunofluorescence staining of the endothelial marker Aqp1 in male SMGs and quantification of Aqp1+ microvessel density in SMGs 90 days after IR (95%
confidence intervals shown in a box plot; the upper and lower boundaries of the box represent the 75th and 25th percentiles of the number of Aqp1+

microvessels per field per mouse, and the horizontal line within the box represents the median value). (C) qRT-PCR analysis of the expression of genes related
to angiogenesis in SMGs collected 7 days after Ad instillation or 10 days after IR (n = 3). *p < 0.05. Ad, adenovirus.
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-c was not significantly affected (data not shown).
These data indicate that transient Hh activation
alleviates the IR damage to microvascular endo-
thelial cells, likely through the upregulation of
proangiogenic factors.

Intragland Shh gene delivery rescues
parasympathetic innervation of SMGs

Parasympathetic stimulation improves regenera-
tion of mouse embryonic salivary gland after IR, and
adult human salivary glands damaged by IR have
reduced parasympathetic innervation.7 We found
previously that IR impaired parasympathetic inner-
vation similarly in adult mouse SMGs, whereas
transient overexpression of Shh transgene in Kera-
tin5+ epithelial cells rescued such damage in male
mice by increasing production of neurotrophic factors
such as brain-derived neurotrophic factor (Bdnf),
nerve growth factor (Ngf), and Neurturin (Nrtn).15

By examining the expression of glial cell line-derived
neurotrophic factor family receptor a2 (GFRa2), a
marker of parasympathetic nerve,22 we confirmed
that in SMGs 90 days after IR the impairment of
GFRa2 expression by IR was significantly amelio-
rated by Ad-Shh instillation 3 or 30 days after IR in
both male and female mice (n = 3, p < 0.05; Fig. 4A).
Consistently, the activity of acetylcholinesterase
(AChE), another marker of parasympathetic nerves,
was similarly decreased by IR but preserved by Shh
gene transfer 3 or 30 days after IR in both male and
female SMGs (Fig. 4B). Consistent with the previous
finding,15 in SMGs collected 7 days after Ad instil-
lation or 10 days after IR the expression of Bdnf,
Neurturin, and Ngf mRNAs was significantly in-
creased or preserved by Ad-Shh instillation alone or
3 days after IR in both male and female mice (Fig. 4C:
n = 3, p < 0.05 for all comparisons except that of Ngf
expression in nonirradiated female SMGs). We also

Figure 4. Intragland Shh gene delivery rescued parasympathetic innervation of SMGs. (A) SMGs collected 90 days after IR were analyzed with Western blot
for expression of Gfra2, a makers of parasympathetic innervation. (B) Representative staining of acetylcholinesterase (AChE) activities on male SMG sections
90 days after IR and the quantification of relative AChE+ areas normalized to NT. (C) SMGs collected 10 days after IR or 7 days after Ad instillation were
analyzed with qRT-PCR assay for the mRNA expression of neurotrophic factors (n = 3). *p < 0.05.

Shh GENE DELIVERY RESCUE OF IR-INDUCED XEROSTOMIA 395



examined the expression of glial cell line-derived
neurotrophic factor (Gdnf), a neurotrophic factor
highly expressed in putative salivary gland stem
cells and capable of promoting the restoration of
salivary gland function after IR,23 but the expression
level of Gdnf mRNA in all of our SMG samples was
below the detection threshold of our qRT-PCR assay
(Ct >35 in reactions with 40 cycles of amplification).
These data indicated that Shh gene transfer after
IR preserved parasympathetic innervation, likely
through the preservation or upregulation of neuro-
trophic factors including Bdnf, Ngf, and Neurturin.

Hh-responsive cells do not directly contribute
to regenerated SMG tissues after IR

Bmi1 is a direct target gene of the Hh/Gli path-
way and a putative marker of stem/progenitor cells
in other organs,24–26 and transient Hh activation
preserved Bmi1 expression and the Bmi1+ cell pop-
ulation in irradiated mouse SMGs.15 To determine
whether Bmi1+ cells give rise to regenerated sali-
vary gland tissues after functional regeneration
caused by obstuctive damage or after transient Hh
activation after IR, we traced the progeny of Bmi1+

cells in Bmi1-CreER/Rosa26R-lacZ mice. Twenty-
one days after Cre recombinase (CreER) activation
with 4-hydroxytamoxifen, as indicated by X-Gal
staining of b-galactosidase (b-Gal) activity from the
recombined Rosa26R-lacZ reporter cassette in the
presence of actived CreER, progeny of Bmi1+ cells
were occasionally found in a few stromal or ductal
cells in mice that underwent sham surgery, but

were present in many ductal cells and some cells in
large acini-like structures in mice that underwent
ligation and deligation of the main excretory duct of
SMGs right before 4-hydroxytamoxifen treatment
(Fig. 5A); double-immunofluorescence staining of
Aqp5 and b-Gal indicated that the b-Gal+ progeny of
Bmi1+ cells did not express Aqp5, suggesting that
b-Gal+ cells adjacent to Aqp5+ acini are likely
myoepithelial cells (Fig. 5A). These data indicated
that after obstruction-induced regeneration Bmi1+

cells gave rise to regenerated ductal structures but
did not significantly contribute to acinar structures,
which is consistent with the finding that duplication
of surviving acinar cells contributes to salivary
gland regeneration.27 Ninety days after IR and after
CreER activation, the b-Gal+ progeny of Bmi1+ cells
were rarely found in SMGs, and transient Hh acti-
vation by Ad-Shh instillation did not significantly
increase the number of b-Gal+ progeny of Bmi1+

cells as indicated by both X-Gal staining and b-Gal
IF (Fig. 5B). These data suggest that transient
activation of the Hh/Gli pathway might rescue
IR-damaged salivary function, mainly in a cell-
nonautonomous manner, such as by upregulation
of paracrine factors.

DISCUSSION

In our previous study, the transient induc-
ible expression of the Shh transgene, controlled
by Keratin5-rtTA (reverse tetracycline-controlled
transactivator) and the tetO (tetracycline operator)

Figure 5. Distribution of progeny of Bmi1+ cells during functional regeneration or after IR with or without transient Hh activation. SMGs were collected
21 days after duct ligation (A) or 90 days after IR (B) from Bmi1-CreER/Rosa26R-lacZ mice treated with 4-OHT after duct ligation or Ad-Shh distillation. Frozen
sections of these SMG samples were analyzed by X-Gal staining for activity of the lacZ/b-Gal reporter or by double-immunofluorescence staining for the
expression of Aqp5 and b-Gal reporter.
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promoter, efficiently activated the Hh/Gli pathway
and consequently rescued IR-induced hyposaliva-
tion only in male mice, not female mice, likely due to
much lower expression of Keratin5 and Hh receptors
Patched in female mouse salivary glands.15 How-
ever, effects of IR and transient Hh activation with a
small-molecule Hh agonist SAG (Smoothened Ago-
nist) in SMGs of female mice are comparable to
those in males.15 Expression of the Shh transgene
as describe in the current article is controlled by the
ubiquitous cytomegalovirus promoter in the Ad-Shh
vector, and most SMG parenchymal cells are in-
fected by adenovirus delivered via duct cannula-
tion.28 These factors may lead to the efficient
activation of Hh signaling in female SMGs by Ad-
Shh, although the expression of target genes of the
Hh/Gli pathway in female SMGs was still rela-
tively lower than that in males. Consistently, Ad-
Shh instillation rescued hypofunction of salivary
glands after IR in both male and female mice, in-
dicating that there is no significant sex difference
in rescue effects mediated by efficient transient
Hh activation.

Protecting salivary gland endothelial cells before
IR with vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF/FGF2), or ker-
atinocyte growth factor (KGF/FGF7) significantly
prevented the decline of salivary flow after IR in
mouse and miniature pig models.8,17,29 However,
after IR KGF treatment did not significantly rescue
IR-induced hyposalivation, whereas mobilizing bone
marrow-derived cells including endothelial progen-
itors ameliorated vascular damage and facilitated
functional restoration of salivary glands.30,31 Hh
signaling promotes homeostatic angiogenesis
during tissue repair and/or regeneration via multiple
pathways. In the adult heart and skeletal muscle,
ischemic episodes lead to an upregulation of Shh ex-
pression by perivascular and fibroblast-like stromal
cells, and paracrine effects of Shh on stromal fibro-
blasts induce the secretion of proangiogenic factors
VEGFs and Angiopoietin-1/2 in a Gli-dependent
transcriptional manner, which in turn act on en-
dothelial cells to promote angiogenesis.21 We found
that the expression of Angiopoietin-1/2 in irradi-
ated SMGs was upregulated by Shh gene transfer,
which may contribute to the alleviation of IR dam-
age to the microvasculature. Earlier delivery of the
Shh gene after IR appears to result in better ame-
lioration of the vascular damage that starts shortly
after IR and persists for a long period, which may
contribute to the better rescue effects of early Shh
delivery in both sexes.

Aberrant activation of Hh signaling is associated
with tumorigenesis and radioresistance of head

and neck cancer.32,33 However, transient Hh acti-
vation in salivary glands, such as overexpression of
Gli1 transgene for 15 weeks and overexpression of
Shh transgene for 1 week, did not result in any
detectable tumor in mice.15,34 Gene therapy for
salivary gland hypofunction has several unique
advantages, including easy access to most paren-
chymal cells via duct cannulation, the capacity to
produce high amounts of protein, and tight encap-
sulation that minimizes concern about transgene
spread.35 We reported earlier that in wild-type
mice with subcutaneous head and neck squamous
cell carcinoma, the delivery of Ad-Shh to SMGs by
retrograde ductal instillation efficiently activated
the Hh/Gli pathway in SMGs, but did not activate
the Hh/Gli pathway in tumors and did not affect
the growth and response to radiotherapy of tu-
mors,15 indicating that local Hh activation in sali-
vary glands will not promote the growth and
radioresistance of preexisting tumors outside sali-
vary glands.

It was widely believed that acinar cells of the
salivary gland are replaced through stem cell dif-
ferentiation,36 but one study has demonstrated that
acinar cell proliferation accounts for postnatal
growth and expansion of the salivary gland, as well
as for maintenance and regeneration of the adult
organ.27 Similar mechanisms have been reported
for the growth and maintenance of other glands in
the digestive tract including liver and pancreas.37–39

Our data from the lineage-tracing assay of cells
expressing Bmi1, a putative marker of salivary
gland stem/progenitor cells and a direct target of
Hh/Gli signaling, are consistent with the acinar cell
self-duplication model, and suggest that transient
activation of Hh/Gli signaling rescues IR-induced
hyposalivation mainly in a non-cell-autonomous
manner.

Taken together, our data indicate that Shh gene
transfer is a feasible approach to restore salivary
gland function after radiotherapy, which functions
through ameliorations of IR damage to the micro-
vasculature and parasympathetic innervation by
upregulation of paracrine factors. These paracrine
factors downstream of Shh signaling interact with
receptors on endothelial cells40 and parasympa-
thetic neurons and their projections7,41 to preserve
the microvasculature and parasympathetic inner-
vation, which leads to the restoration of salivary
gland function likely by improving blood supply
and activating the cholinergic receptor muscarinic
1 (Chrm1)/heparin-binding EGF-like growth factor
(HB-EGF) pathway with acetylcholine to promote
proliferation of Chrm1+ epithelial cells in both acini
and ducts of adult salivary glands.42,43 Further
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investigation of other responses triggered by tran-
sient Hh activation, beneficial or harmful to resto-
ration of the salivary gland, will improve the efficacy
of this approach and facilitate its potential clinical
application.
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