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. The salivary glands of animals have great potential to act as powerful bioreactors to produce human

. therapeutic proteins. Human nerve growth factor (1(NGF) is an important pharmaceutical protein that

. is clinically effective in the treatment of many human neuronal and non-neuronal diseases. In this
study, we generated 18 transgenic (TG) founder mice each carrying a salivary gland specific promoter-

. driven hNGF transgene. ATG mouse line secreting high levels of hNGF protein in its saliva (1.36 pg/mL)

. was selected. hNGF protein was successfully purified from the saliva of these TG mice and its identity

. was verified. The purified hNGF was highly functional as it displayed the ability to induce neuronal

. differentiation of PC12 cells. Furthermore, it strongly promoted proliferation of TF1 cells, above the
levels observed with mouse NGF. Additionally, saliva collected from TG mice and containing unpurified
hNGF was able to significantly enhance the growth of TF1 cells. This study not only provides a new and
efficient approach for the synthesis of therapeutic hNGF but also supports the concept that salivary
gland from TG animals is an efficient system for production of valuable foreign proteins.

: Mammalian animals are highly efficient and low-cost platforms for the synthesis of high-quality human proteins
. with correct processing and post-translational modifications. Therefore, transgenic (TG) animals have been
. employed for the production of various therapeutically important human proteins'~*. To date, two therapeutic
. proteins produced from the milk of TG animals have been approved for commercial and clinical use in Europe
. and the USAZ. Presently, mammary glands from TG animals are the most commonly used and promising biore-
*actors for pharmaceutical protein production, because they are able to efficiently synthesize and secrete high-level
. heterologous proteins into milk, which can be collected repeatedly by simple and innocuous methods for
. large-scale purification of target proteins®*. However, the use of mammary glands as bioreactors has some disad-
vantages: (1) only TG female animals can produce heterologous proteins from their milk; (2) TG female animals
© can synthesize foreign proteins in their milk only when they are at the lactation stage; (3) in some animal species
. the lactation period is short and hence merely a small amount of transgene-encoded proteins can be produced
. from milk; (4) in addition, milk usually contains a large amount of diverse endogenous proteins, which compli-
cates the isolation of high-purity foreign proteins. For example, human milk contains more than 1,600 proteins
and has a total protein concentration of 13 mg/ml®, while cattle milk carries approximately 1,000 proteins and has
30 mg/ml of total proteins®. Hence, there is a need to develop new bioreactor systems for the efficient production
of valuable proteins and here we report salivary glands as an excellent alternative.
Salivary glands are exocrine organs that naturally express and secret diverse biologically active proteins
into the saliva’~®, which is continually produced by both male and female animals during their entire life span.
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Additionally, many species of animals secrete a large volume of saliva, often larger than the volume of milk pro-
duced. For example, pigs, goats, sheep and cows can produce an average of 15, 6-16, 6-16 and 60-190 liters of
saliva per day respectively'*-'2. Furthermore, saliva contains a smaller number and amount of endogenous pro-
teins than milk, which may be advantageous for the purification of expressed foreign proteins. For example, the
number of proteins detected in the saliva of humans and cattle is about 1200' and 900*® respectively, while the
total protein concentration is 0.72 mg/ml'* and about 0.6-1.8 mg/ml'>. More importantly, saliva can be collected
repeatedly from various animals, including mouse, pig, cattle, sheep and goat by surgical or non-surgical meth-
0ds!>16-20_ The target proteins can then be isolated by large-scale purification. Taken together, these advantages
suggest that salivary glands may serve as efficient bioreactors for protein production. To the best of our knowl-
edge, however, there have been no reports on the successful production of proteins from the saliva of TG animals
for use as pharmaceutical agents.

Previously, our group and others have described the generation of TG animals expressing microorganism-
derived digestive enzymes such as phytase and cellulase specifically in the salivary glands for improvements of
feed nutrient utilization'"*!-23. Here we report the production of a therapeutic protein, the human nerve growth
factor (WNGF), in the salivary glands of TG mice. Nerve growth factor (NGF) is a therapeutically important
protein that was first identified by Cohen and Levi-Montalcini?#?. It not only is clinically relevant for the treat-
ment of various neuronal ailments such as glaucoma and Alzheimer’s disease but also has promising therapeutic
potential for some non-neuronal disorders such as vascular and immune diseases?*~*. Commercial mouse NGF
(mNGF) that is purified from mouse submandibular glands has been approved in China for the treatment of
some nerve damage and degeneration diseases, including optic nerve injury, spinal cord injury, traumatic brain
injury, Alzheimer’s disease, Parkinson’s disease, hypoxic-ischemic encephalopathy and pediatric cerebral palsy
in humans. Currently, the cost of therapeutic mNGF in China is approximates $1500 per milligram and the total
amount of sales for mNGF in the Chinese market reached 500 million US dollars in 2016. However, nNGF and
hNGF are remarkably different in their biological and biochemical properties, as a recent study clearly indicated
that mNGF not only shows higher sensitivity to proteolytic cleavage, chemical and thermal denaturation but also
exhibits significantly weaker bioactivity than hNGF in human cells*. Furthermore, administration of mNGF to
humans may induce immunogenic responses to this exogenous protein in patients.

To address these concerns, hNGF has been produced in E. coli**%, yeast®, insect cells**-* and mammalian
cells*-*!. Yet in these cell systems the yield of the ANGF protein is low, and some of them, such as the E. coli and
the yeast systems might be unable to provide correct post-translational modifications for hNGEF. To increase the
yield of hNGE, Coulibaly et al. have used the mammary gland of TG rabbits as an alternative system to synthesize
functional ANGF*2. However, mammalian salivary glands might be better suited for expression of hNGF, since
biologically active host NGF is naturally expressed in the salivary glands of humans and mice**~*, suggesting that
salivary glands can provide processing and modifications for the correct assembly of NGF.

To test the feasibility of utilizing salivary glands of TG animals as efficient bioreactors for the synthesis of
therapeutically important hNGF, we generated TG mice that specifically expressed hNGF in their salivary glands,
purified the secreted hNGF from their saliva and characterized the function as well as the bioactivity of purified
hNGF.

35-38

Results
Production and identification of TG founder mice. A pmPSP-hNGF donor plasmid, harboring a piggyBac
transposon that carries the expression cassettes for a salivary glands-specific ANGF transgene and a selectable
marker gene (Neo-2A-EGFP) was successfully constructed (Fig. 1A). The pmPSP-hNGF plasmid was co-injected
with the PB transposase expression helper plasmid pmPB* into the pronuclei of 96 mouse zygotes. Following
transfer of 90 microinjected embryos into the oviducts of surrogate females, 35 pups were born and 18 of them
were identified as TG founder (F;) mice as the hNGF transgene and the EGFP marker gene were detected in their
genomic DNA by PCR (Fig. 1B and Table 1). Two TG founder mice, 555 and 569, also carried the pmPB helper
plasmid-derived PB transposase gene (Fig. 1B), which might cause re-transposition of inserted PB transposon
harboring the hNGF transgene. TG founders expressed various levels of EGFP (Fig. 1C) and no abnormal pheno-
type was observed on any of the TG F, mice.

To investigate the transgene integration patterns in TG F, mice, genomic DNA of all TG founders was ana-
lyzed by Southern blot. The results depicted in Fig. 1D indicated that the transgene was inserted in a monogenic
manner, with the copy number varying from 1 to 6.

Selection of TG mouse line producing the highest level of ANGF in the saliva. In order to identify
the TG mouse line expressing the highest level of ANGF protein in its saliva, 3-6 TG F, generation mice, produced
by the breeding of TG F, individuals to wild type (WT) individuals, were randomly selected from each F, line and
their average salivary hNGF concentration was determined by ELISA. The results demonstrated that TG F, prog-
enies of line 553 secreted the highest level of hNGF (1.36 £ 0.06 ug/mL) into their saliva (Fig. 2). Interestingly, we
noticed that F1 animals from lines 552, 559, and 560, whose founders carried multiple transgenes copies, showed
large variations in secreted hNGF concentrations. In contrast, F; mice from lines 551 and 553, whose founders
carried only one transgene copy displayed small concentration variations (see error bars in Fig. 2). The large
variation in salivary hNGF concentration observed on F, mice from lines 552, 559 and 560, might be due to the
difference in transgene copy numbers by different TG F, progenies from the same line founder. This might have
resulted from segregation of the multiple copies of monogenically inserted transgenes after their transmission
from the same line founder to its TG F, progenies. Furthermore, we observed that two TG founders (551 and 553)
with a single copy of transgene, passed this transgene to about 50% of their F, offspring, while nearly 90% of F,
progenies inherited the transgene from two TG founders (559 and 560) carrying multiple copies of transgenes
(Table 2). The high percentage of transgenic F, offspring observed in lines 559 and 560 could also have resulted
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Figure 1. Production and identification of TG founder mice. (A) Structure of the salivary gland-specific
human NGF (hNGF) plasmid pmPSP-hNGE The transposon is flanked by the pB 5'TRE and pB 3'TRE, the
piggyBac transposon 5’ and 3’terminal repeat elements. It was assembled to contain (5’ to 3’): PSP, the mouse
parotid secretory protein gene promoter, which is salivary glands specific; the hANGF gene; the bovine growth
hormone gene poly-A signal (bGH-pA); the cytomegalovirus promoter (CMV) driving the Neomycin-
resistance gene and EGFP gene, linked by a 2 A peptide (Neo-2A-EGFP); and finally a bGH-pA. The location of
primer set #1 (P1+P2), #2 (P3 + P4), and #3 (P5+ P6), which were used for PCR, qPCR/RT-PCR and inverse
PCR respectively, as well as the probe and enzyme used for Southern blot are also shown on the plasmid map.
(B) PCR identification of TG F, founder mice. N represents negative control using water as template, P positive
control using plasmid pmPSP-hNGF or pmPB as template, M represents molecular markers and Rgs7 is for the
regulator of G protein signaling 7, which was used as an internal control gene. (C) EGFP expression in the claw
tissues of TG F mice. (D) Analysis of transgene integration patterns in the genome of TG F, mice by Southern
blot. M depicts molecular markers. P (3 C) and P (5 C) are samples where three copies (22.3 pg) or five copies
(37.2 pg) of the plasmid were added to 10 g of WT mouse genomic DNA as positive controls. The absence of a
positive signal for 563 and 564 TG F, mice could be due to degradation of their genomic DNAs as their samples
were isolated from the postmortal tail tissues, while all other genomic DNA samples were extracted from live
mice’s tail biopsies.

Number of Number of Number of Number of Number of TG F, mice
injected embryos | transferred embryos | surrogates | bornFymice | (transgenesis efficiency)
96 90 7 35 18 (20%)

Table 1. Summary of TG F, mice production.

from segregation of the multiple copies of monogenically inserted transgenes during their transmission from the
F, founders to the TG F; mice.
The hNGF-expressing TG mice also secreted a low level (0.04-0.06 pg/ml) of endogenous mNGF into their
saliva (Fig. 2). A similar level (0.07 £ 0.02 pg/ml) of mNGF was also detected in the saliva of WT mice (Fig. 2).
We chose line 553 TG mice and their WT littermates for subsequent investigation, as F; TG mice from this line
produced the highest level of hNGF in their saliva and with the lowest variation among the individual TG mice.
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Figure 2. Average salivary hNGF concentrations among different TG mouse lines as detected by ELISA
analysis. Three to six 30-day-old TG F1 mice from each line were randomly selected for analysis. Endogenous
salivary mNGF concentration also was measured by ELISA for mice of some of the lines. Each value is present
as Mean & SEM. NG means no germline transmission of transgene in TG founder 557. IF represents infertile

TG founder 568.
ID. of TG F, Copy number of Number of tested F, Number of TG F,
mice (gender) transgene in TG Fymice | mice (litter number) | mice (positive rate)
551 (male) 1 29 (5) 15 (51.7%)
553 (male) 1 34 (5) 16 (47.1%)
559 (female) 5 17 (2) 15 (88.2%)
560 (female) 4-5 16 (2) 14 (87.5%)

Table 2. Transmission of transgene from TG F, mice to their TG F, offspring. Copy number of transgene in
TG F, mice was determined by Southern blot as shown in Fig. 1D. Number of TG F, mice was determined by
PCR analysis.

Identification of transgene integration site in the genome of TG F, founder mouse of line 553.
To determine the insertion site of the single copy of hNGF transgene in the genome of TG mice of line 553,
the genomic DNA of TG founder 553 was analyzed by inverse PCR. The results (Fig. 3) demonstrated that the
transgene was inserted into the noncoding intergenic sequence between the guanine nucleotide-binding protein
subunit alpha-12 gene and the caspase recruitment domain-containing proteinl1 gene on chromosome 5. The
results (Fig. 3) also indicated that hANGF integration had been mediated by PB transposition as the transgene was
flanked by TTAA sequences, the recognition sequence for the PB transposase.

Characterization of transgene expression patterns in TG F; mice of line 553.  All TG F, mice of
line 553 showed strong EGFP expression as demonstrated by epifluorescence (Fig. 4A), indicating a stable trans-
mission of the transgene from the 553 founder to its progenies. To analyze tissue specificity of hANGF transgene
expression in TG mice, 8 different tissues collected from TG F, mice of line 553 were analyzed by RT-PCR. The
results confirmed that hNGF is specifically expressed in 3 salivary glands, including parotid, submandibular and
sublingual glands, but not in muscle, liver, lung, fat and testis of TG mice (Fig. 4B). Although hNGF mRNA was
detected in all three salivary glands, parotid glands contained higher levels than submandibular and sublingual
glands (Fig. 4C). Western blot results (Fig. 4D) indicated that mature hNGF protein is mainly expressed in the
parotid glands but not in the submandibular glands, which is consistent with the ANGF mRNA expression pat-
terns found in the TG mice (Fig. 4C). Mature hNGF was also detected in the saliva of TG mice (Fig. 4D), suggest-
ing it is successfully secreted from salivary glands into the saliva. Similar to their WT littermates, TG mice also
express endogenous mNGF uniquely in the submandibular glands (Fig. 4E), which is consistent with previously
reported results®.

Purification of hNGF from the saliva of TG F, and F, generation mice of line 553. A protein with
amolecular weight of 13.5kD that matches the molecular weight of mature hNGF was purified, by size-exclusion
chromatography-based from saliva collected from TG F, and F, mice of line 553 (Fig. 5). Approximately 28 ug
of hNGF was purified from about 40 mL of saliva, resulting in a yield of 51.47% (=28 pg/40 mL X 1.36 ug/mL).

Identification of purified hNGF. Like mNGE hNGF purified from the saliva of line 553 TG mice had a
molecular weight of 13.5kD, and showed reactivity with the anti-hNGF monoclonal antibody which was not
reactive with mNGF in Western blots (Fig. 6). Partial amino acid sequences of purified hNGF were verified by
liquid chromatography-mass spectrum/mass spectrum (LC-MS/MS). The verified amino acid sequences matched
the corresponding amino acid sequences of mature hNGF (Fig. 7), confirming the 13.5 kD protein isolated from
the saliva of TG mice as being hANGE
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Figure 3. Identification of the transgene insertion site in the genome of TG founder 553. (A) Blast result of
transgene insertion site. “Query” represents the genomic sequence flanking the PB transposon in TG founder
553 (see B). “Sbjct” represents the part of the reference sequence of mouse chromosome 5 that matches the
chromosomal sequence flanking the PB transposon; (B) The sequencing results of the inverse PCR product,
which shows the 5’ and 3/terminal repeat element (TRE) sequences of the inserted PB transposon and the
chromosomal sequence flanking the inserted PB transposon.
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Figure 4. Characterization of transgene expression in TG F, mice of line 553. (A) Analysis of EGFP
expression in TG mice. (B) Analysis of hNGF mRNA expression in different tissues of TG mice by RT-PCR.
(C) Analysis of relative hNGF mRNA expression level in 3 salivary glands of TG mice by qPCR. Relative ANGF
mRNA levels were normalized to the hNGF transcription levels in the submandibular gland (Sm), which was
defined as 1. (D) Analysis of hANGF protein expression in TG and WT mice by Western blot. (E) Analysis of
endogenous mNGF mRNA transcription in 3 salivary glands of TG mice and their WT littermates by RT-PCR.
Three TG F, mice were analyzed in (A,B and E), and all of them showed similar results, hence only a
representative result is shown in (A,B and E). Results in (C) was derived from the analysis of pooled mRNA
samples of four (2 males+ 2 females) 30-day-old TG F, mice, while results in (D) were derived from the analysis
of pooled total protein samples of four (2 males + 2 females) 30-day-old TG or WT F, mice. Pa, parotid gland,
Sm, submandibular gland, S, sublingual gland. Mu-muscle, Li-liver, Lu-lung, Fa-fat, Te-testis, N-negative
control using water as template, S-saliva.
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Figure 5. Purification of hANGF from the saliva of TG F, and F, mice of line 553. (A) Analysis of 4 eluted
protein fractions (#1-4) by UV absorption after passing the saliva through the purification column. (B) Analysis
of eluted protein fractions (#1-4) by SDS-PAGE. Only the #4 eluted fraction contains a protein with a molecular
weight of 13.5 kD which matches the molecular weight of mature hNGE
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Figure 6. Identification of purified hNGF (P-hNGF) by SDS-PAGE and Western blot analysis. nNGF1
(Staidson, Beijing, China) is the mouse NGF that was isolated from mouse submandibular glands and is
currently an approved human drug for sale in China. mNGF2 (Cat. #1156-NG, R & D systems, Minneapolis,
MN, USA) is the mouse NGF that was expressed and purified from mouse myeloma cells. CP represents
carrier protein, which is human serum albumin (66.4kD) for mNGF1 and bovine serum albumin (66.4 kD) for
mNGF2. The molecular weight of purified hNGF is 13.5kD.
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Figure 7. Identification of the amino acid sequence of hNGF purified from the saliva of TG mice of line 553
by liquid chromatography-mass spectrum/mass spectrum (LC-MS/MS) analysis. (A-C) LC-MS/MS analysis
of 3 different short peptides derived from trypsin digestion of purified hNGE. Each short peptide’s amino acid
sequence that was identified by LC-MS/MS is shown inside the frame in the right upper corner of each panel.
(D) The amino acid sequence of 3 LC-MS/MS-identified short peptides (inside the black, red and green frame)
and their position on the amino acid sequence of mature hNGF protein.

Function and bioactivity of hNGF purified from TG mice’s saliva. The hNGF protein purified from
the saliva of line 553 TG mice was highly functional in inducing neuronal differentiation of PC12 cells, as neurite
formation was observed at low levels (1.5ng/mL) of purified hNGF (Fig. 8A). Purified hNGF was also very effi-
cient in promoting proliferation of the TrKA receptor-carrying TF1 cells (Fig. 8B). In addition, the bioactivity of
purified hNGF was higher than that of mNGE especially at low concentration (Fig. 8B). Surprisingly, even saliva
from TG mice could significantly enhance TF1 cell growth in a dose-dependent manner, and its capacity of pro-
moting TF1 cell proliferation was significantly (P < 0.05) higher than the saliva of WT mice (Fig. 8C).

Discussion

In this set of experiments, we have used mouse salivary glands as bioreactors to successfully produce highly func-
tional and active hNGE The production rate of salivary hNGF (13.5kD) in TG mice of line 553 reached 1.36 ug/ml
or 0.10 pmol/ml. A previous study'' reported that TG mice carrying 3 copies of mouse PSP promoter-controlled
phytase transgene synthesized 15 ug/ml of the 55kD salivary phytase, an enzyme that increases dietary phospho-
rus utilization. These values translate into an average of 0.09 pmol/I of phytase per copy of the transgene. Such
protein synthesis efficiency is very similar to that found in our line 553 TG mice carrying only one copy of the
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Figure 8. Bioassay of purified hNGF (P-hNGF) and saliva collected from TG mice. (A) Analysis of the
activity of P-hNGF on neuronal differentiation of PC12 cells. NC represents negative control while mNGF1
(Staidson, Beijing, China) was isolated from mouse submandibular glands and is currently an approved human
drug for sale in China. (B) Comparison of the activity on human TF1 cells proliferation between commercial
mNGFs and purified ANGE mNGF2 (Cat. #1156-NG, R & D systems, Minneapolis, MN, USA) was expressed
and purified from mouse myeloma cells. The number of TF1 cells is positively correlated with the OD value
measured at 490 nm. Values of a same concentration group labeled with different letters are statistically different
at P <0.05. (C) Comparison of the activity on human TF1 cell proliferation between line 553 TG mice’s saliva
and WT mice’s saliva. Values of a same concentration group labeled with different letters are statistically
different at P < 0.05. Values labeled with red letters are statistically different from that of the 0 concentration

group at P < 0.05.
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hNGF transgene. These data suggest that the protein expression level of a single copy of salivary gland-specific
mouse PSP promoter-controlled transgene in the saliva of TG mice is generally at about 0.09-0.1 pmol/ml, if it is
integrated into a transcriptionally active genomic site.

In this study, TG mice were generated by piggyBac transposition-mediated gene transfer. This transgenesis
method was highly efficient as 20% of embryos injected with piggyBac plasmids developed into TG F,, pups carry-
ing the hNGF transgene. As observed in this and earlier studies*®*, TG animals produced by this method usually
carry only one and up to five monogenic transgene copies.

Although the data from this study showed no direct correlation between transgene copy number and hNGF
expression levels in the saliva of TG mice, we observed that TG mice with multiple transgene copies, including
lines 552, 558, 559, and 560 (see Fig. 1D) had higher hNGF concentration in their saliva (see Fig. 2). Previous
studies have indicated that the transgene copy number is positively correlated with expression level in TG
animals®**!. Therefore, it may be possible to increase the production level of hNGF by generating TG animals
with higher transgene copy numbers, for example by increasing the amount of plasmid DNA used during
microinjection®®. Transgene copy number can also be doubled by producing TG homozygotes simply by mat-
ing heterozygous TG animals. In addition, use of a stronger salivary gland-specific regulatory element, such as
the proline-rich protein R15 promoter!! for controlling transgene expression might also be able to improve the
synthesis rate of heterologous proteins in the saliva of TG animals.

Our Western blot (Fig. 4D) probed with anti-hNGF antibody showed, in addition to the expected 13.5kD
band, a ~30kD band in the saliva, parotid gland, and submandibular gland samples of TG mice. This band could
represent either the post-translationally modified mature form of hNGF or precursor forms of hNGE, including
pro-hNGF and pre-pro-hNGF, or the complexes formed by them and other molecules. Although we did not
determine the identity of this ~30kD protein, our results were similar to previous studies which also reported a
strong ~30kD anti-hNGF antibody-reactive band in normal human oral mucosa®? and healthy human saliva®.
These results suggest that the ~30kD protein is a natural common product generated during in vivo processing
and synthesis of ANGE.

The mouse PSP promoter used in this study has been shown to drive high-level transgene expression in the
salivary glands of pigs*?, which are able to secrete a large volume of saliva with an average of 15 L/day/adult pig''.
Following the methods used for saliva collection in sheep and cattle!®!?, we have recently developed a procedure
based on cannulation of the parotid duct for long-term and large-volume saliva collection in pigs. By using this
technique, we have successfully collected an average 3 L of saliva/day from adult pigs, which accounts for 20%
of the total saliva produced, without causing any obvious injurious effects on them during a 40-day-long trial
(unpublished data). With the establishment of this saliva collection technique, large-scale production of phar-
maceutical proteins from the saliva of TG pigs may become feasible. If an adult TG pig produces similar levels of
salivary hNGF as detected in line 553 TG mice (1.36 ug/mL), it would synthesize about 7.5 g of hNGF per year
in its saliva, and at least 20% of secreted hNGF could be recovered from the saliva of TG pigs by using the saliva
collection technique that we have established.

In our study hNGF was mainly expressed as the mature protein (13.5kD) rather than the pro-hNGF (25kD)
in the salivary glands of TG mice. The mature hNGF protein that we purified from the saliva of TG mice not only
had the ability to induce neuronal differentiation of PC12 cells but also strongly promoted proliferation of TF1
cells. Similar to the results reported by a previous study®!, the hNGF produced in the present study also showed
higher activity than mNGF in enhancing proliferation of human TF1 cells. These results indicate that the ANGF
protein expressed in the salivary glands of TG mice was properly processed, modified, and secreted. In addition to
NGE many other physiologically and clinically important proteins are naturally synthesized in the salivary glands
and secreted into the saliva of mammals”~. Therefore, salivary glands may serve as ideal sites for the expression
of pharmaceutically valuable proteins.

In summary, we have confirmed the feasibility of using salivary glands from TG animals as bioreactors for
the synthesis of foreign proteins and demonstrated efficient production of highly functional and active ANGF
protein from the saliva of TG mice. Additionally, with the availability of techniques for long-term collection of
large volumes of saliva from various livestock salivary gland of TG animals may provide an attractive system for
production of therapeutic proteins.

Materials and Methods

Ethics statement. This study was carried out in strict accordance with “The Instructive Notions with
Respect to Caring for Laboratory Animals’, issued by the Ministry of Science and Technology of China. The
animal experimental protocol was approved by the Institutional Animal Care and Use Committee of South China
Agricultural University. All efforts were made to minimize animal suffering.

Plasmid construction. The 12.6kb mouse parotid secretory protein (PSP) gene promoter, starting at
11.75kb upstream of transcription site to 0.84 kb downstream of transcription site!** was PCR amplified from
mouse genomic DNA. A 771 bp recombinant human NGF coding sequence (CDS) was synthesized by the
Genewiz company (Suzhou, China). This CDS was generated by replacing the 54 bp signal peptide in the 765 bp
CDS of the human NGF gene (GenBank accession number: NM_002506.2), with a 60 bp mouse PSP signal pep-
tide (GenBank accession number: X01697.1). The piggyBac 5’ and 3'terminal repeat elements and a fragment con-
taining bGH polyA-CMV promoter-Neo-2A-EGFP- bGH polyA (see Fig. 1A) were also synthesized and ligated
with the mouse PSP promoter and the recombinant human NGF CDS. The ligated fragment was then used to
replace the fragment between the Xhol and Not I sites in pGEM-T plasmid (Promega, Madison, WI, USA), to
generate the 20.1kb pmPSP-hNGF plasmid. The DNA sequences of pmPSP-hNGF plasmid were confirmed by
sequencing.
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Name

Sequences (5-37)

P1(PCR hNGF-F)

GAACTCATATTGTACCACGACT

P2(PCR hNGF-R)

CCCCAGAATAGAATGACACC

P3(qPCR and RT-PCR hNGF-F)

GACCCAAATCCCGTTGACAGC

P4(qPCR and RT-PCR hNGF-R)

ATGGCTGGCAACTAGAAGGCACA

P5(Inverse PCR neo)

CACTTCGCCCAATAGCAG

P6(Inverse PCR PB3'TRE)

ATACAGACCGATAAAACACATG

P7(PCR Rgs7-F)

CAACCACTTACAAGAGACCCGTA

P8(PCR Rgs7-R)

GAGCCCTTAGAAATAACGTTCACC

P9(PCR EGFP-F)

TTGATGCCGTTCTTCTGCTTG

P10(PCR EGFP-R)

ACGTGCTGGTTGTTGTGCTGT

P11(PCR PB transposase-F)

CAGATGCCTGAGGATGGAC

P12(PCR PB transposase-R)

CGTTGTGGCTGTAGATGATGA

P13(RT-PCR mNGEF-F)

TCCAATCCTGTTGAGAGTGGGTG

P14(RT-PCR mNGF-R)

GCCTGCTTCTCATCTGTTGTCAAC

P15(qPCR GAPDH-F)

CTCCCACTCTTCCACCTTCG

P16(qPCR GAPDH-R)

CCACCACCCTGTTGCTGTAG

www.nature.com/scientificreports/

Table 3. Primer information.

Microinjection. The pmPSP-hNGF plasmid (9 ng/pl) was mixed at a volume ratio of 1:1 with the piggyBac
transposase expression helper plasmid pmPB (3 ng/ul), a kind gift from The Wellcome Trust, Sanger Institute
(Cambridgeshire, UK) and was constructed as previously described®. A mixture of the two plasmids was micro-
injected into the pronuclei of C57BL/6 mouse one-cell embryos, which were then transferred into the oviducts of
ICR strain surrogate females. The surrogate females were mated with vasectomized males of the same strain on
the day before embryo transfer. Pregnant females were allowed to deliver and raise their pups.

PCR analysis. Genomic DNA was isolated from tail biopsies of TG F, founder mice using a Tissue DNA
extraction kit (Omega, Doraville, GA, USA). Primer set #1 (P1+ P2, for primer location, see Fig. 1A, for primer
sequences see Table 3) was used to amplify the hNGF transgene. The EGFP marker gene, PB transpose gene and
the internal control gene of Rgs7 were also amplified by PCR (for primer sequences see Table 3). The PCR ampli-
fication products were sequenced to confirm their identities.

Observation of EGFP expression. EGFP expression in the claw tissues of TG F, mice was analyzed by flu-
orescence microscopy. EGFP expression by epifluorescence in new born TG F, mice was visualized by the Living
Organism’s Fluorescent Protein Observation System (Model: FBL/Basic-B & N-01, BLS Itd., Budapest, Hungary).
Photographs of TG and WT F; mice were taken under blue light or normal light by a camera equipped with and
without light filters.

Southern blot analysis. Ten micrograms of tail genomic DNA from each TG F, mouse was digested with
Hind III and separated by electrophoresis in a 0.8% agarose gel. The DNA was subsequently transferred to a nylon
membrane (GE Healthcare Life Sciences, Shanghai, China) by the capillary transfer method. The membrane
was then prehybridized overnight at 42 °C and then hybridized with an 800 bp EGFP gene probe labeled with
digoxigenin (DIG) by using a PCR DIG Probe Synthesis Kit (Roche Applied Science, China). Hybridization and
wash steps were performed according to the manufacturer’s protocol using the DIG-High Prime DNA Labeling
and Detection Starter Kit (Roche Applied Science, China). After hybridization, the membrane was incubated
for 30 min in blocking solution and subsequently incubated for a further 30 min in Anti-Digoxigenin-AP anti-
body solution. The membrane was then incubated with 1 mL of CSPD ready-to-use solution for 5-20 min, and
a Southern blot photograph was captured with an EC3 imaging system (UAP, CA, USA). Location of Hind III
enzyme sites and EGFP probe on the pmPSP-hNGF plasmid are indicated in Fig. 1A.

Saliva collection. Mice were anesthetized by intraperitoneal injection with anesthetic consisting of ketamine
(25 ug per gram of body weight) and xylazine (1.1 pg per gram of body weight). Following anesthetization, mice
were injected with 100 ug/mL pilocarpine hydrochloride (0.5 pg per gram of body weight) for stimulation of saliva
secretion. About 100-200 pl of saliva were collected from the mouth of each mouse by pipetting in approximately
20 minutes as previously described®. Collected saliva was stored at —80 °C for later use.

Enzyme-linked immunosorbent assay (ELISA) analysis. Salivary hANGF concentration was measured
by the ELISA Kit for hANGF (Cat. No. E0105h, EIAab Science, Wuhan, China), and salivary mNGF concentration
was measured by the ELISA Kit for mNGF (Cat. No. E0105m, EIAab Science, Wuhan, China), following the oper-
ating instructions provided with the kits.

Inverse PCR analysis. One microgram of genomic DNA extracted from TG F, mouse 553 was digested with
Hind III. The digestion product was purified by a DNA purification column (Qiagen, Hiden, Germany) and eluted
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with 100 pL of ddH,O. After adjustment with ddH,O and T4 ligase buffer to a final required volume, T4 ligase
was added with a final concentration of 10 U/uL in a 1000 puL final ligation mixture. The ligation reaction was
allowed to proceed overnight by incubation at 16 °C and ligated DNA was purified via a Qiagen DNA purification
column. After elution from the column with 100 pL of ddH,O, a 2 uL elution aliquot was used as template for
the PCR reaction with primer set #3 (P54 P6, for primer location see Fig. 1A, for primer sequences see Table 1).
The resulting PCR products were cloned by ligation into a TA vector (Life Technologies, Carlsbad, CA, USA)
and sequenced. The sequencing results were analyzed to obtain the genomic sequences flanking the inserted PB
transposon, which were used to blast against the Mus musculus (house mouse) genomic DNA sequence database
on NCBI BLAST website to find out the integration sites of the inserted PB transposon.

Quantitative PCR (qPCR) and reverse transcription PCR (RT-PCR) analysis. Total RNA was
extracted from different tissues of TG F, mice of line 553 by E.Z.N.A Total RNA Kit I (Omega Bio-tek, Doraville,
GA, USA). cDNA was synthesized by PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, Dalian, China).
Primer set #2 (P3 + P4, for primer location see Fig. 1A, for primer sequences see Table 3) was used to amplify the
cDNA of hNGF transgene. The cDNAs of endogenous mNGF gene and the internal control GAPDH gene were
also amplified (for primer sequences see Table 3). The reverse transcription PCR (RT-PCR) was run by a PCR
instrument (Bio-Rad, Hercules, CA, USA). The quantitative PCR (qPCR) was performed by the Eco Real-time
PCR system (Illumina, San Diego, CA, USA) using SYBR Premix Ex Taq (TaKaRa, Dalian, China). The rela-
tive transgene expression level was calculated by the 222 method. The RT-PCR and the qPCR products were
sequenced to confirm their identities.

SDS-PAGE and Western blot analysis. The concentration of extracted tissue protein and salivary protein
of each sample was determined by a Bradford assay method. A same amount of total protein for TG samples
and their WT counterparts was loaded into a 10% SDS-PAGE gel and fractionated. Proteins were subsequently
transferred to a PVDF membrane by the Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell instrument
(Bio-Rad, Hercules, CA, USA). Detection of hNGF on the membrane was carried out by using monoclonal rat
anti-hNGF primary antibody (Cat. #MAB2562, R & D systems, Minneapolis, MN, USA), HRP-conjugated goat
anti-Rat secondary antibody (Jackson Immuno Research, West Grove, PA, USA), and SuperSignal West Pico
Chemiluminent Substrates (Thermo Scientific Pierce, Guangzhou, China) following the manufacturer’s protocols.
mNGF1 (Staidson, Beijing, China) which was isolated from mouse submandibular glands and is currently an
approved human drug for sale in China, and mNGF2 (Cat. #1156-NG, R & D systems, Minneapolis, MN, USA)
which was expressed and purified from mouse myeloma cells were used as controls.

Purification of ANGF. About 40 mL of saliva was collected from 80 TG F; and F, mice of line 553 at the
age of 30 days following the method described above. Saliva was collected 3-4 times from each TG mouse. The
mixed saliva was concentrated to 500 pl by 3kD cut-off ultrafiltration tubes and then applied to a HiPrep 26/60
Sephacryl S-100 High Resolution column (GE Healthcare, Little Chalfont, UK) connected to the AKAT protein
purification system (GE Healthcare, Little Chalfont, UK). Each eluted protein fraction (about 100 pl) was mon-
itored by UV absorption at 280 nm, and was collected for SDS-PAGE and Western blot analysis. Fractions con-
taining the 13.5kD anti-hNGF antibody-reactive protein were mixed and the hNGF protein concentration was
determined by ELISA as described above.

Liquid chromatography-mass spectrum/mass spectrum (LC-MS/MS) analysis. The amino acid
sequence of purified hNGF was analyzed by LC-MS/MS method as previously reported™. Briefly, purified hNGF
was analyzed by electrophoresis in a polyacrylamide gel. After staining with Coomassie the 13.5kD hNGF pro-
tein band was cut out from the gel and macerated into small cubes, destained by ammonium bicarbonate and
acetonitrile, and digested with trypsin for 10 h. The digested products were then analyzed by the LC-MS/MS
system (Eksigentekspert nanoLC and TripleTOF5600-plus, AB Sciex, Framingham, MA, USA) for verifying the
presence of ANGE.

PC12 cell differentiation assay. Undifferentiated rat PC12 cells were cultured for 4 days in Roswell Park
Memorial Institute (RPMI) 1640 medium containing 1% fetal bovine serum (FBS) and 1% horse serum. Cells
then were washed and resuspended in the wells (1 x 10* cells/well) of collagen coated 6-well plates. Purified
hNGF and mNGF]I (Staidson, Beijing, China) which was isolated from mouse submandibular glands and is cur-
rently an approved human drug for sale in China, were added to the wells on days 1 and 3. Morphology of PC12
cells were examined under an inverted microscope and photographed on day 6.

TF1 cell proliferation assay. Human TF1 cells (Sigma-Alrich) were cultured for 1 week in RPMI-1640
medium containing 10% FBS with 2 ng/mL rhGM-CSF (R & D System, Minneapolis, MN, USA). Cells were
then washed and resuspended in RPMI-1640 + 10% FBS to a concentration of 420,000 cells/mL and replated on
96-well microplates (12,600 cells per well in 30 mL). To compare the effects on TF1 cells proliferation between
commercial mNGFs, including mNGF1 (Staidson, Beijing, China) and mNGF2 (Cat. #1156-NG, R & D systems),
and purified hNGF, medium was removed 1h after TF1 cells replating, and the wells were respectively added
with 100 pL of RPMI-1640 containing 10% FBS and 0, 1.5, 3, 6, 25, 50 and 100 ng/mL of mNGF or purified
hNGE To compare the effects on TF1 cells proliferation between TG mice’s saliva and their WT littermate’s saliva,
medium was removed 1h after TF1 cells replating, and the cells of each group were respectively added with
100 pL of RPMI-1640 containing 10% FBS and 0%, 1%, 2%, 4%, 18%, and 70% of mixed saliva collected from 3-5
mice from each group of line 553. Each treatment was performed in duplicate. After a 40 h incubation period at
37°Cand 5% CO,, the medium was changed with 50 pL/well RPMI-1640 containing 10% FBS. The reagent “Cell
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Titer 96 Aqueous One Solution Cell Proliferation” (Promega, Madison, W1, USA) was thawed for approximately
10 min in a water bath at 37 °C and 20 pL of reagent was pipetted into each well of the 96 wells plate containing
the cells in 50 pL of fresh culture medium. The plate was incubated at 37 °C for 3h in a humidified, 5% CO,
atmosphere. The absorbance at 490 nm was recorded using a microplate Reader (model: Synergy-H1, Bio Tek,
Shoreline, WA, USA) after the 3h incubation period.

References

1.

2.
3.

10.
11.
12.
13.
14.

15.

16.
17.
18.
19.
20.
21.

22.
. Li, Z. et al. Bone Marrow Mesenchymal Stem Cells are an Attractive Donor Cell Type for Production of Cloned Pigs as Well as

24.
25.
26.
27.
28.

29.
30.

31.
32.
33.
34.
35.
36.

37.

Maksimenko, O. G., Deykin, A. V., Khodarovich, Y. M. & Georgiev, P. G. Use of Transgenic Animals in Biotechnology: Prospects and
Problems. Acta Naturae. 5, 33-46 (2013).

Bertolini, L. R. et al. The Transgenic Animal Platform for Biopharmaceutical Production. Transgenic Res. 25, 329-343 (2016).
Demain, A. L. & Vaishnav, P. Production of Recombinant Proteins by Microbes and Higher Organisms. Biotechnol Adv. 27, 297-306
(2009).

. Wang, Y., Zhao, S., Bai, L., Fan, J. & Liu, E. Expression Systems and Species Used for Transgenic Animal Bioreactors. Biomed Res Int.

2013, 580463 (2013).

. Beck, K. L. et al. Comparative Proteomics of Human and Macaque Milk Reveals Species-Specific Nutrition during Postnatal

Development. J Proteome Res. 14, 2143-2157 (2015).

. Tacoma, R., Fields, J., Ebenstein, D. B., Lam, Y. W. & Greenwood, S. L. Characterization of the Bovine Milk Proteome in Early-

Lactation Holstein and Jersey Breeds of Dairy Cows. ] Proteomics. 130, 200-210 (2016).

. Isenman, L., Liebow, C. & Rothman, S. The Endocrine Secretion of Mammalian Digestive Enzymes by Exocrine Glands. Am |

Physiol. 276, E223-E232 (1999).

. Humphrey, S. P. & Williamson, R. T. A Review of Saliva: Normal Composition, Flow, and Function. J Prosthet Dent. 85, 162-169

(2001).

. Dawes, C. et al. The Functions of Human Saliva: A Review Sponsored by the World Workshop On Oral Medicine VI. Arch Oral Biol.

60, 863-874 (2015).

Maekawa, M., Beauchemin, K. A. & Christensen, D. A. Effect of Concentrate Level and Feeding Management On Chewing
Activities, Saliva Production, and Ruminal pH of Lactating Dairy Cows. ] Dairy Sci. 85, 1165-1175 (2002).

Golovan, S. P,, Hayes, M. A., Phillips, J. P. & Forsberg, C. W. Transgenic Mice Expressing Bacterial Phytase as a Model for Phosphorus
Pollution Control. Nat Biotechnol. 19, 429-433 (2001).

Salem, A. Z., Lopez, S., Ranilla, M. J. & Gonzalez, J. S. Short- to Medium-Term Effects of Consumption of Quebracho Tannins On
Saliva Production and Composition in Sheep and Goats. ] Anim Sci. 91, 1341-1349 (2013).

de Sousa-Pereira, P. et al. Cross-Species Comparison of Mammalian Saliva Using an LC-MALDI Based Proteomic Approach.
Proteomics. 15, 1598-1607 (2015).

Ghafouri, B., Tagesson, C. & Lindahl, M. Mapping of Proteins in Human Saliva Using Two-Dimensional Gel Electrophoresis and
Peptide Mass Fingerprinting. Proteomics. 3, 1003-1015 (2003).

Butler, J. E., Kiddy, C. A., Pierce, C. S. & Rock, C. A. Quantitative Changes Associated with Calving in the Levels of Bovine
Immunoglobulins in Selected Body Fluids. I. Changes in the Levels of IgA, IgGl and Total Protein. Can ] Comp Med. 36, 234-242
(1972).

Denny, H. R. & Messervy, A. Surgical Techniques for the Extirpation of the Submandibular Salivary Glands and the Collection of
Salivary Secretions in the Pig. Vet Rec. 90, 650-654 (1972).

Forsberg, C. W. et al. Integration, Stability and Expression of the E. Coli Phytase Transgene in the Cassie Line of Yorkshire Enviropig.
Transgenic Res. 22, 379-389 (2013).

Norgaard, P, Grondahl-Nielsen, C. & Grovum, W. L. Technical Note: Reversible Re-Entrant Cannulation of the Parotid Duct in
Cattle Using a New Injection Anesthesia Regimen. J Anim Sci. 74, 1716-1719 (1996).

Beal, A. M. Proceedings: A Chronic Re-Entrant Parotid Duct Cannula for Long-Term Salivary Collection and Replacement in the
Sheep. ] Physiol. 242, 22P-24P (1974).

Beal, A. M. The Negative Correlation Between Parotid Salivary Flow and Sodium Concentration During Atropine Infusion Into
Conscious Sodium-Replete Sheep [Proceedings]. ] Physiol. 267, 19P-20P (1977).

Huang, M. et al. Co-Expression of Two Fibrolytic Enzyme Genes in CHO Cells and Transgenic Mice. Transgenic Res. 22, 779-790
(2013).

Golovan, S. P. et al. Pigs Expressing Salivary Phytase Produce Low-Phosphorus Manure. Nat Biotechnol. 19, 741-745 (2001).

Genetically Modified Cloned Pigs by Somatic Cell Nuclear Transfer. Cell Reprogram. 15, 459-470 (2013).

Cohen, S. & Levi-Montalcini, R. A Nerve Growth-Stimulating Factor Isolated From Snake Venom. Proc Natl Acad Sci USA. 42,
571-574 (1956).

Weltman, J. K. The 1986 Nobel Prize for Physiology Or Medicine Awarded for Discovery of Growth Factors: Rita Levi-Montalcini,
M.D., And Stanley Cohen, Ph.D. N Engl Reg Allergy Proc. 8, 47-48 (1987).

Wang, H. et al. The Nerve Growth Factor Signaling and its Potential as Therapeutic Target for Glaucoma. Biomed Res Int. 2014,
759473 (2014).

Aloe, L., Rocco, M. L., Bianchi, P. & Manni, L. Nerve Growth Factor: From the Early Discoveries to the Potential Clinical Use.
J Transl Med. 10, 239 (2012).

Cai, J. et al. Potential Therapeutic Effects of Neurotrophins for Acute and Chronic Neurological Diseases. Biomed Res Int. 2014,
601084 (2014).

Manni, L. et al. Nerve Growth Factor: Basic Studies and Possible Therapeutic Applications. Growth Factors. 31, 115-122 (2013).
Xu, C. J., Wang, J. L. & Jin, W. L. The Emerging Therapeutic Role of NGF in Alzheimer’s Disease. Neurochem Res. 41, 1211-1218
(2016).

Paoletti, F., Malerba, E, Ercole, B. B., Lamba, D. & Cattaneo, A. A Comparative Analysis of the Structural, Functional and Biological
Differences Between Mouse and Human Nerve Growth Factor. Biochim Biophys Acta. 1854, 187-197 (2015).

Fujimori, K., Fukuzono, S., Kotomura, N., Kuno, N. & Shimizu, N. Overproduction of Biologically-Active Human Nerve Growth
Factor in Escherichia Coli. Biosci Biotechnol Biochem. 56, 1985-1990 (1992).

Negro, A. et al. Synthesis of the Biologically Active Beta-Subunit of Human Nerve Growth Factor in Escherichia Coli. Gene. 110,
251-256 (1992).

Nishizawa, M., Ozawa, E, Higashizaki, T., Hirai, K. & Hishinuma, F. Biologically Active Human and Mouse Nerve Growth Factors
Secreted by the Yeast Saccharomyces Cerevisiae. Appl Microbiol Biotechnol. 38, 624-630 (1993).

Barnett, J. et al. Physicochemical Characterization of Recombinant Human Nerve Growth Factor Produced in Insect Cells with a
Baculovirus Vector. ] Neurochem. 57, 1052-1061 (1991).

Buxser, S. et al. Single-Step Purification and Biological Activity of Human Nerve Growth Factor Produced From Insect Cells.
J Neurochem. 56, 1012-1018 (1991).

Nguyen, B., Jarnagin, K., Williams, S., Chan, H. & Barnett, J. Fed-Batch Culture of Insect Cells: A Method to Increase the Yield of
Recombinant Human Nerve Growth Factor (rhNGF) in the Baculovirus Expression System. J Biotechnol. 31, 205-217 (1993).

SCIENTIFICREPORTS | 7:41270 | DOI: 10.1038/srep41270 12



www.nature.com/scientificreports/

38. Allen, S. J., Robertson, A. G., Tyler, S. J., Wilcock, G. K. & Dawbarn, D. Recombinant Human Nerve Growth Factor for Clinical
Trials: Protein Expression, Purification, Stability and Characterisation of Binding to Infusion Pumps. ] Biochem Biophys Methods.
47,239-255 (2001).

39. Schmelzer, C. H. et al. Biochemical Characterization of Recombinant Human Nerve Growth Factor. ] Neurochem. 59, 1675-1683
(1992).

40. Iwane, M. et al. Production, Purification and Characterization of Biologically Active Recombinant Human Nerve Growth Factor.
Biochem Biophys Res Commun. 171, 116-122 (1990).

41. Fan, B. S. & Lou, J. Y. Recombinant Expression of Human Nerve Growth Factor Beta in Rabbit Bone Marrow Mesenchymal Stem
Cells. Mol Biol Rep. 37, 4083-4090 (2010).

42. Coulibaly, S. et al. Human Nerve Growth Factor Beta (hANGF-beta): Mammary Gland Specific Expression and Production in
Transgenic Rabbits. Febs Lett. 444, 111-116 (1999).

43. Kawaja, M. D. et al. Nerve Growth Factor Promoter Activity Revealed in Mice Expressing Enhanced Green Fluorescent Protein.
J Comp Neurol. 519, 2522-2545 (2011).

44. Murphy, R. A, Saide, J. D., Blanchard, M. H. & Young, M. Nerve Growth Factor in Mouse Serum and Saliva: Role of the
Submandibular Gland. Proc Natl Acad Sci USA. 74, 2330-2333 (1977).

45. Varon, S., Nomura, J. & Shooter, E. M. Subunit Structure of a High-Molecular-Weight Form of the Nerve Growth Factor From
Mouse Submaxillary Gland. Proc Natl Acad Sci USA. 57, 1782-1789 (1967).

46. Naesse, E. P, Schreurs, O., Messelt, E., Hayashi, K. & Schenck, K. Distribution of Nerve Growth Factor, Pro-Nerve Growth Factor,
and their Receptors in Human Salivary Glands. Eur J Oral Sci. 121, 13-20 (2013).

47. Cadinanos, J. & Bradley, A. Generation of an Inducible and Optimized piggyBac Transposon System. Nucleic Acids Res. 35, €87
(2007).

48. Urschitz, J. et al. Helper-Independent piggyBac Plasmids for Gene Delivery Approaches: Strategies for Avoiding Potential Genotoxic
Effects. Proc Natl Acad Sci USA. 107, 8117-8122 (2010).

49. Li, Z. et al. Generation of Transgenic Pigs by Cytoplasmic Injection of piggyBac Transposase-Based pmGENIE-3 Plasmids. Biol
Reprod. 90,93 (2014).

50. Kong, Q. et al. Transgene Expression is Associated with Copy Number and Cytomegalovirus Promoter Methylation in Transgenic
Pigs. Plos One. 4, €6679 (2009).

51. Zeng, F. et al. Characterization of Growth and Reproduction Performance, Transgene Integration, Expression, and Transmission
Patterns in Transgenic Pigs Produced by piggyBac Transposition-Mediated Gene Transfer. Anim Biotechnol. 27, 245-255 (2016).

52. Hayashi, K. et al. Nerve Growth Factor Beta/Pro-Nerve Growth Factor and their Receptors in Normal Human Oral Mucosa. Eur |
Oral Sci. 115, 344-354 (2007).

53. Naesse, E. P, Schreurs, O., Messelt, E., Hayashi, K. & Schenck, K. Distribution of Nerve Growth Factor, Pro-Nerve Growth Factor,
and their Receptors in Human Salivary Glands. Eur J Oral Sci. 121, 13-20 (2013).

54. Laursen, J. & Hjorth, J. P. A Cassette for High-Level Expression in the Mouse Salivary Glands. Gene. 198, 367-372 (1997).

55. Hu, Y., Nakagawa, Y., Purushotham, K. R. & Humphreys-Beher, M. G. Functional Changes in Salivary Glands of Autoimmune
Disease-Prone NOD Mice. Am J Physiol. 263, E607-E614 (1992).

56. Shevchenko, A., Tomas, H., Havlis, ., Olsen, J. V. & Mann, M. In-Gel Digestion for Mass Spectrometric Characterization of Proteins
and Proteomes. Nat Protoc. 1, 2856-2860 (2006).

Acknowledgements

This work was supported by a grant from national natural science foundation of China (Grant number: 31601911),
a grant from China’s National Science and Technology Major Project (Grant number: 2016ZX08006002),
and 2 grants from Department of Science and Technology of Guangdong Province, China (Grant numbers:
2014A030310500, 2015TX01N081).

Author Contributions

EZ.,Z.L., D.L. and Z.W. conceived the experiments, EZ., Q.Z., R.D., C.Z., G.L., G.L,W.G. and G.J. conducted
the experiments, EZ., Z.L., E.Z., G.C., Q.Y,, D.L. and Z.W. analysed the results. EZ., Z.L., S.M., and ].U. wrote the
manuscript. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zeng, F. et al. Production of functional human nerve growth factor from the saliva of
transgenic mice by using salivary glands as bioreactors. Sci. Rep. 7, 41270; doi: 10.1038/srep41270 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:41270 | DOI: 10.1038/srep41270 13


http://creativecommons.org/licenses/by/4.0/

	Production of functional human nerve growth factor from the saliva of transgenic mice by using salivary glands as bioreacto ...
	Results

	Production and identification of TG founder mice. 
	Selection of TG mouse line producing the highest level of hNGF in the saliva. 
	Identification of transgene integration site in the genome of TG F0 founder mouse of line 553. 
	Characterization of transgene expression patterns in TG F1 mice of line 553. 
	Purification of hNGF from the saliva of TG F1 and F2 generation mice of line 553. 
	Identification of purified hNGF. 
	Function and bioactivity of hNGF purified from TG mice’s saliva. 

	Discussion

	Materials and Methods

	Ethics statement. 
	Plasmid construction. 
	Microinjection. 
	PCR analysis. 
	Observation of EGFP expression. 
	Southern blot analysis. 
	Saliva collection. 
	Enzyme-linked immunosorbent assay (ELISA) analysis. 
	Inverse PCR analysis. 
	Quantitative PCR (qPCR) and reverse transcription PCR (RT-PCR) analysis. 
	SDS-PAGE and Western blot analysis. 
	Purification of hNGF. 
	Liquid chromatography-mass spectrum/mass spectrum (LC-MS/MS) analysis. 
	PC12 cell differentiation assay. 
	TF1 cell proliferation assay. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Production and identification of TG founder mice.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Average salivary hNGF concentrations among different TG mouse lines as detected by ELISA analysis.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Identification of the transgene insertion site in the genome of TG founder 553.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Characterization of transgene expression in TG F1 mice of line 553.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Purification of hNGF from the saliva of TG F1 and F2 mice of line 553.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Identification of purified hNGF (P-hNGF) by SDS-PAGE and Western blot analysis.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Identification of the amino acid sequence of hNGF purified from the saliva of TG mice of line 553 by liquid chromatography-mass spectrum/mass spectrum (LC-MS/MS) analysis.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Bioassay of purified hNGF (P-hNGF) and saliva collected from TG mice.
	﻿Table 1﻿﻿. ﻿  Summary of TG F0 mice production.
	﻿Table 2﻿﻿. ﻿  Transmission of transgene from TG F0 mice to their TG F1 offspring.
	﻿Table 3﻿﻿. ﻿  Primer information.



 
    
       
          application/pdf
          
             
                Production of functional human nerve growth factor from the saliva of transgenic mice by using salivary glands as bioreactors
            
         
          
             
                srep ,  (2017). doi:10.1038/srep41270
            
         
          
             
                Fang Zeng
                Zicong Li
                Qingchun Zhu
                Rui Dong
                Chengcheng Zhao
                Guoling Li
                Guo Li
                Wenchao Gao
                Gelong Jiang
                Enqin Zheng
                Gengyuan Cai
                Stefan Moisyadi
                Johann Urschitz
                Huaqiang Yang
                Dewu Liu
                Zhenfang Wu
            
         
          doi:10.1038/srep41270
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep41270
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep41270
            
         
      
       
          
          
          
             
                doi:10.1038/srep41270
            
         
          
             
                srep ,  (2017). doi:10.1038/srep41270
            
         
          
          
      
       
       
          True
      
   




