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Abstract: The goals of the present study were to develop a simple method for obtain highly purified pig
sperm hyaluronidase (pHyase) and to assess its activity, function, and safety. In mammals, sperm-
specific glycophosphatidylinositol (GPI)-anchored Hyase assists sperm penetration through the
cumulus mass surrounding the egg and aids in the dispersal of the cumulus—oocyte complex. Recently,
Purified bovine sperm hyaluronidase (bHyase) has been shown to enhance therapeutic drug transport
by breaking down the hyaluronan barrier to the lymphatic and capillary vessels, thereby facilitating
tissue absorption. Commercially available Hyase is typically isolated from bovine or ovine; which have
several disadvantages, including the risk of bovine spongiform encephalopathy, low homology with
human Hyase, and the requirement for relatively complex isolation procedures. This study successfully
isolated highly purified pHyase in only two steps, using ammonium sulfate precipitation and fast protein
liquid chromatography. The isolated Hyase had activity equal to that of commercial bHyase, facilitated
in vitro fertilization, and effectively dissolved high molecule hyaluronic acid. This simple, effective

isolation method could improve the availability of pHyase for research and clinical applications.

Keywords: epididymal sperm; hyaluronidase; fertilization; cumulus oocyte complex, clinical

applications, purification
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INTRODUCTION

Hyaluronic acid (HA) is a glycosaminoglycan polymer consisting of repeating disaccharide units of
N-acetyl-D-glucosamine and D-glucuronic acid and is a major structural component of the extracellular
matrix and cumulus-oocyte complex (COC) [1-4]. Regulated HA synthesis and degradation are critical
in multiple biological processes, including cell migration, wound healing, malignant transformation,
tissue turnover, fertilization, and egg development [5—7]. Hyaluronidases, enzymes responsible for HA
degradation, are widely distributed in mammals [8,9]. These enzymes exhibit endo-beta-N-acetyl
hexosaminidase activity and produce tetrasaccharides and hexasaccharides as the major end products
of HA degradation. The three pig genes encoding the hyaluronidases (Hyase), HYALI, HYAL2, and
HYAL3, are clustered on chromosome 13p21.3, whereas the genes encoding HYAL4, HYAL6, and
HYAL?7 are clustered on chromosome 7p31.3 [10-12]. Among these Hyase, the sperm-specific Hyase,
HYALY7, facilitates the penetration of sperm through the COC containing a metaphase II-arrested oocyte
surrounded by the zona pellucida (ZP). HA'is embedded in the extracellular matrix, which is abundant
in COC and its degradation is necessary for fertilization [13]. Although its function and safety remains
unresolved, HYAL7 Hyase is frequently used in cosmetic procedures and for in vitro fertilization (IVF).
Commercial Hyase, isolated from bovine or ovine testis extracts, has long been used to increase the
absorption of drugs into tissue and to reduce tissue damage in case of drug extravasation. With the
increasing popularity of HA filler, Hyase has been essential drug for the correction of complications
and unsatisfactory results after filler injection. However, both currently available commercially bovine
sperm hyaluronidase (bHyase) has approximately 55% amino acid homogeneity with human sperm

hyaluronidase (hHyase), and thus, may have potential side effects.

Throughout human history, animal by-products have been partially commercialized, but mostly
abandoned. Fetal bovine serum has been used in cell culture research since a century ago, and has since
been used in the dermatology field along with HA extracted from chicken comb [14,15]. Collagen, the
most abundant protein in mammals, is the main structural protein of the extracellular matrix found in

various connective tissues in the body. Notably, the collagen used in the medical and cosmetic field is
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derived from the skin of cows and pigs [16]. Pigs are an excellent model for understanding human
diseases because their anatomy and physiology closely resembles those of humans, which is not the
case with other experimental animal models. Hence, pigs are extensively used as general surgical
models and in transplantation and xenograft research. Pigs are also widely available for human protein
supplementation in many countries, and are raised worldwide for pork consumption. However, during
slaughter, most organs other than the meat (flesh), are discarded. In this study, we attempted to extract
hyaluronidase from the epididymidis, a discarded pig by-product, and examined its industrial value.
Thus, we purified and characterized a high-quality pig sperm hyaluronidase (pHyase) using a simple

two-step process, and demonstrated its high activity and safety for research and clinical use.

MATERIALS AND METHODS

Tissue sample collection and preparation of protein extracts

Fresh porcine and bovine epididymides were purchased from a local slaughterhouse. The samples were
immediately flushed with ice-cold buffer (150 mM NaCl, 20 mM Tris-HCI, pH 7.4). Epididymal sperm
were extracted by mincing and squeezing the porcine and bovine epididymis in a buffer containing 20
mM Tris-HCI (pH 7.4) 1% Triton X-100, 150 mM NacCl, and a 1% protease inhibitor cocktail (Millipore,
Burlington, MA, USA) and kept on ice for 2 h. The suspensions were then centrifuged at 10,000 g for
10 min at 4 °C. The concentration of sperm extracts were determined using the Bradford method. All
experiments were approved by the Institutional Animal Care and Use Committee of Daegu-Gyeongbuk

Medical Innovation Foundation (Daegu, Korea; Approval No. DGMIF-21021602-00).

Purification of porcine sperm hyaluronidase

Thirty gram of ammonium sulfate were added to 100 mL pig epididymal sperm extracts to react at 4 °C
for 2 h. The mixture was centrifuged at 10,000 g for 5 min, and the pellet was separated. Thereafter, 10

g of ammonium sulfate was added to the supernatant liquid to make it 40 g, reacted at 4 °C for 2 h,
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centrifuged, and the pellet was separated [17]. Subsequently, the pellet was separated while adding 10
g,5g 5¢g,and 10 g, 10 mL of 150 mM sodium chloride solution was added to each pellet, dissolved,
and dialysis was performed three times to obtain ammonium sulfate fractions. The 55% ammonium
sulfate fraction was applied to a Hi-Trap heparin HP column (cat. #17-0407-03, Amersham Pharmacia
Biosciences, Uppsala, Sweden) that had been equilibrated with 20 mM Tris/HCI (pH 7.5). Proteins were
eluted from the column with a linear gradient of 0—-0.5 M NaCl in the same buffer at a flow rate of 0.5
mL/min [18]. Aliquots of each fraction were analyzed by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) in the presence of hyaluronan, as described below.

SDS-PAGE and Zymography

Proteins with Hyase activity were visualized using SDS-PAGE in the presence of 0.02% high molecular
weight hyaluronan under non-boiled and non-reducing conditions. After electrophoresis, the gels were
washed with 50 mM sodium acetate buffer (pH 7), containing 0.15 M NaCl and 3% Triton X-100 at
room temperature for 2 h to remove SDS. Next, the gels were incubated overnight in the same buffer
without Triton X-100 at 37 °C. Hyaluronan-hydrolyzing proteins were detected as transparent bands
against a blue background by staining the gels with 0.5% Alcian Blue 8 GX and Coomassie brilliant

blue R-250 [19,20].

In vitro maturation of oocytes

Porcine ovaries were collected from a local slaughterhouse and transported to the laboratory at 25 °C
in 0.9% saline supplemented with 75 ug/mL potassium penicillin G and 50 mg/mL streptomycin sulfate.
COCs were aspirated from follicles with a 3—-6 mm diameter into a disposable 10 mL syringe by using
an 18-gauge needle. After three washes with HEPES-TL medium [23], approximately 50 oocytes were
matured in 500 pL of in vitro maturation medium in a four-well dish (Nunc, Roskilde, Denmark) at

38.5 °C and 5% CO: in the air. The NCSU-23 medium supplemented with 10% follicular fluid, 0.57
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mM cysteine, 10 ng/mL B-mercaptoethanol, 10 ng/mL epidermal growth factor, 10 IU/mL pregnant
mare serum gonadotropin, and 10 IU/mL human chorionic gonadotropin was used for oocyte maturation.
In addition, 10 ng/mL of estradiol (E2) was added to the maturation medium of the experimental
samples during the initial maturation step. After 22 h of culturing, the oocytes were washed thrice and
cultured for an additional 22 h in the maturation medium [21] without supplementation with either

hormone [22].

Dispersal activity of porcine COCs.

The maturated porcine COCs were placed in a 50 pl drop of TYH medium modified Krebs-Ringer
bicarbonate solution (supplemented with glucose, Na-pyruvate, antibiotics and bovine serum albumin)
and covered with mineral oil, treated with purified porcine sperm hyaluronidase or commercial bull
hyaluronidase for 30 min and then observed under an Olympus IX71 microscope (Tokyo, Japan)

equipped with a DP-12 camera.

In vitro fertilization assay

For the IVF assay, a modified Tris-buffered medium (mTBM; 113.1 mM NacCl, 3mM KCI, 7.5mM
CaCly-2H,0, 20mM Tris) was prepared. Freshly ejaculated semen was washed thrice through
centrifugation with Dulbecco’s phosphate buffered saline (Gibco-BRL, Grand Island, NY, USA)
supplemented with 1 mg/mL bovine serum albumin (BSA), 100 pg/mL penicillin G, and 75 pg/mL
streptomycin sulfate. After washing, the spermatozoa were suspended in mTBM (pH 7.8). The oocytes
were washed thrice in mTBM with 2.5 mM caffeine/sodium benzoate and 4 mg/mL BSA (fatty acid-
free), and then placed in 50 uL mTBM under paraffin oil. Diluted spermatozoa (2 pL) were added to
50 puL mTBM containing 15-20 oocytes to give a final concentration of 1.5 x 10° sperm/mL. The
oocytes were incubated with the spermatozoa for 6 h at 38.5 °C in an atmosphere of 5% CO> in the air.

Eggs were denuded by gentle pipetting in mTBM containing 4% formaldehyde at 4 °C. The cells were
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then washed with PVA- phosphate buffered saline (PBS) and mounted on slides. The samples were then
fixed with acetic acid for 10 min [22]. The number of sperm bound per egg was counted using a

microscope at 200 magnification (Leica GmbH, Wetzlar, Germany).

Statistical analyses

All data are representative of at least three independent experiments unless otherwise stated. The results
are expressed as the mean + standard error of mean. The Student's t-fest and one-way analysis of
variance followed by Duncan test were used for statistical analyses. Effects were considered statistically

significant if P< 0.05.

RESULT AND DISCUSSION

Although whether sperm-specific Hyase is essential for mammalian fertilization remains unresolved
[20], experiments demonstrated that Hyase increases tissue permeability. Commercially available
hyaluronidase is derived from rams and bulls, representative livestock that are an invaluable protein
source worldwide, and recombinant human Hyase has been clinically used in conjunction with other

drugs to speed their dispersion and delivery.[23-25]

In our study, we examined whether there would be commercial value in extracting hyaluronidase
from pig epididymal sperm, a commercial by-product of pig slaughter. The disadvantage of
commercially available bHyase is that it has a potential risk of transmitting bovine spongiform
encephalopathy disease, whereas sheep are raised less frequently than cattle or pigs and thus, are not a
viable source. However, pigs are the most consumed livestock in south Korea, and pork consumers
generally prefer the meat (flesh), leading to all the other organs and parts being discarded as by-products.
Considering the potential disadvantages of bovine- and ovine-derived Hyase preparations and the

abundant availability of pork by-products, we developed a purification process to extract Hyase from
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porcine epididymal sperm. Our first experiment confirmed that pig sperm Hyase (pHyase) demonstrated
expected enzymatic activity and had commercial value. The activities of Hyase preparations from

epididymal sperm extracts of mouse, pig, and bull were compared to determine their utility (Figure 1A).
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Fig. 1. Presence of sperm hyaluronidase in various species and two-step purification of porcine
epididymal Hyase. (A) Epidydimal sperm extracts were separated by electrophoresis in an 8.5% sodium
dodecyl sulfate—polyacrylamide gel under non-reducing conditions and analyzed using hyaluronan
zymography. (B) The 55% ammonium sulfate fraction from porcine epididymal extracts demonstrated
the strongest hyaluronidase activity (arrow). Numbers mean for the amount of ammonium sulfate
contained in 100 ml. (C) The positive band from the 55% ammonium sulfate fraction was applied to an
affinity column of heparin—sepharose (5 mL). The enzyme was detected at lane 18 in the final purified
product (arrow). Commercial hyaluronidase was used as control. Numbers refer to the fraction purified

from Hi-Trap heparin HP column.

The findings confirmed that Hyase shows strong activity at approximately 55 kDa and is active in
several species.Interestingly, Hyase activity varied among different animals during the zymography
assay even though the same concemtration of sperm extracts was used. Porcine and bovine sperm
extracts had Hyase activity of similar strength, whereas mouse extracts showed relatively low activity.

To examine the potential utility of pHyase and determine whether it can be isolated on an industrial
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scale, pHyase was isolated from pig epididymal sperm extract using a two-step purification method
(Fig. 1B). Treatment with 55-60% ammonium sulfate yielded a precipitate that retained Hyase activity.
The Hyase was further purified through dialysis of this precipitate against 1x PBS followed by fast
protein liquid chromatography with a Hi-Trap heparin column. The fraction with the highest activity
(No. 18) was eluted with approximately 20 mM NaCl (Fig. 1C). In this study, we demonstrated high
hyaluronidase activity using only two steps. In order to confirm the ability of purified pHyase to disperse
high-polymer HA, the enzyme was added to 1% high molecular weight hyaluronic acid, incubated at
37 °C for 12 h, and then subjected to agarose. pHyase successfully decomposed high-polymer HA (Fig.
2A). Therefore, this study highlights the possibility of using discarded pork by-products to produce
useful substances, which would improve economic feasibility of their extraction and reduce their

environmental impact.
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Fig. 2. Hyaluronic acid degradation assay with purified pHyase. (A) After purifying, the sample was
incubated with 5% high polymer hyaluronic acid in phosphate-buffered saline. Samples were separated
using electrophoresis in 0.8% agarose gel. Asterisk indicates high molecular weight hyaluronan, and
the arrow head indicates degraded hyaluronan. (B) Dispersal activity of porcine cumulus-oocyte
complexes (COCs). The COCs were incubated for 30 min with purified porcine hyaluronidase (pHyase)

or commercial bovine hyaluronidase (bHyase).
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The second objective of this study was to examine whether highly purified pHyase can be used for
research and clinical purposes. We compared the efficiency of pHyase to that of commercial bovine
sperm hyaluronidase in COC dispersal (Fig. 2B). When the purified pHyase obtained in this study was
added to pig COCs, the COCs were clearly dispersed. Recently, IVF technology and the development
of disease models has advanced due to the increase in patients with infertility. Typically, IVF
experiments begin with the COC dispersion. The bHyase is generally used for this COC dispersion step,
likely due to its obtainability and high activity. Yet, bHyase is relatively complex to isolate, has low
homology with human Hyase, and carries the risk of bovine spongiform encephalopathy. However, our
findings indicate that pHyase is easily extracted and purified, and is also-highly active, and can therefore
be an alternative to bHyase for IVF. Figure 2B confirms that no significant difference occurred in COC

dispersion ability from purified pHyase and commercially available bHyase (Fig. 2B).

Subsequently, the difference between both the Hyase were compared using IVF experiments conducted
on pig oocytes. There were no significant differences between the two groups, but IVF was found to be

more efficient when using pHyase compared to commercial bHyase (Fig. 3A).
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Fig. 3. Effects of purified pig sperm hyaluronidase during in vitro fertilization. Cleavage rates (A) and

the number of sperm cells bound to zona pellucida (ZP) of pig cumulus-free eggs (B) were not
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statistically different after treatments with commercial bHyase (1) and purified pHyase (2). Data are

presented as the mean =+ standard error of the mean of three independent experiments.

The number of sperm bound to egg in the IVF with pHyase is lower than the case of the commercial
use of bHyase, although there is no significant statistical difference (Fig. 3B). For evaluation of IVF
efficiency in pig, polyspermy is the primary factor for diminishing the successful fertilization. The
relatively low success rate in the pig IVF would be due to that polyspermy occurs more frequently in
the pig than in the other animals. Pigs are getting more appreciation as experimental animals used for
biomedical research, in that they have many similar characteristics shared with humans, especially in
the physio-anatomical aspects. Thus, the improvement of pig IVF efficiency with the techniques
specified in this study would provide a new helpful opportunity for the fields of pig research, such as
development of disease models, in addition to pig production industry. Therefore, if pHyase can be
commercialized, polyspermy occurring as a result of IVF may be less frequent. Further research is
needed to determine whether pHyase obtained by our suggested method can be equally efficient in IVF
of mice and humans. Collectively, the results of this study prove that pHyase obtained by our proposed

method can be considered for commercialization.

Previously, we succeeded in cloning the bHyase gene bHYAL7, which demonstrated high activity
upon expression in HEK293 cells, unlike mouse sperm Hyase [26]. It should be noted that pigs and
humans have a single sperm Hyase gene, whereas rodents and bovines have two, HYALS5 and HYAL7,
and the homology rates between corresponding rodent and humans Hyase genes are ~55% [10,11]. The
pHyase activity in our study was as high as that of the commercial bHyase. To further investigate
pHYAL?7, we cloned the cDNA encoding the entire pHYAL7 sequence based on the GenBank accession
number NM-214011.1. The DNA sequence indicated that pHYAL7 was initially synthesized as a single-
chain protein consisting of 525 amino acids, with a calculated molecular mass of 59,970 Da. It possessed
25 additional residues at the C-terminus compared to the sequence of human HYAL?7, indicating ~67%

sequence identity, whereas the identity between human and bovine HYAL7 is 63%. When the cloned
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pHYAL7—pCXN2 vector was expressed in Chinese hamster ovary (CHO) cells, it showed strong
zymography activity (Fig. 4). Previously, when mouse HYALS and HYAL7 were expressed in CHO
cells, no activity was observed (data not shown). Currently, only human HYAL7 (hHyase) has been
commercialized as a recombinant Hyase. The advantage of recombinant pHyase is its increased enzyme
activity compared to that of recombinant hHyase, and possibility of stable production under clean
laboratory conditions. If recombinant pHyase has no side effects, it can be expected to have a significant

commercial value.
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Fig. 4. Activity of pHYAL7 in Chinese hamster ovary (CHO) cells. Proteins in Triton X-100 extracts
from pHYAL7-transformed CHO cells were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis under non-reducing conditions and subjected to a zymography assay. 1, pPCXN2 vector;

2, pHYAL7-pCXN2 vector.

CONCLUSION

To the best of our knowledge, this is the first study to report the commercial value of pHyase. For the
first time, we have purified high-quality pHyase from porcine epididymal sperm extracts using a
relatively simple, two-step method. The activity of the obtained pHyase was similar to that of the
commercially available bHyase. Furthermore, the porcine HYAL7 gene inserted into the pCXN2 vector
and expressed in CHO cells generated protein product that demonstrated high enzymatic activity. In

addition, the use of pHyase was associated with nominally higher cleavage rate and lower extent of
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polyspermy during IVF compared to those observed after the use of commercially available bHyase.
Collectively, the results of our study indicate that pHyase obtained by our suggested method may be

safely and effectively applied in IVF, cosmetic surgery, and drug delivery.

Author Contributions and Conceptualization, S.P and I.M.; methodology, and E.K; writing—review

and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by research grants from Daegu Catholic University in 2022,

Conflicts of Interest: The author declares no conflict of interest.



282

283
284

285
286

287
288
289

290
291
292
293

294
295
296

297
298
299

300
301
302

303
304
305

306
307

308
309
310
311

312
313

References

1.

10.

11.

Nagyova E. The Biological Role of Hyaluronan-Rich Oocyte-Cumulus Extracellular Matrix in
Female Reproduction. Int. J. Mol. Sci. 2018;19:283-296. https://doi.org/10.3390/ijms19010283.

Theocharis AD, Skandalis SS, Gialeli C, Karamanos NK, Extracellular matrix structure. Adv. Drug
Deliv. Rev. 2016;97:4-27. https://doi.org/10.1016/j.addr.2015.11.001.

Bollyky P, Bogdani M, Bollyky J, Hull R, Wight T, The Role of Hyaluronan and the Extracellular
Matrix in Islet Inflammation and Immune Regulation. Curr. Diabetes Rep. 2012;12:471-480.
https://doi.org/10.1007/s11892-012-0297-0.

Amann E, Wolff P, Breel E, van Griensven M, Balmayor ER, Hyaluronic acid facilitates
chondrogenesis and matrix deposition of human adipose derived mesenchymal stem cells and
human chondrocytes co-cultures. Acta Biomater. 2017;52:130-144.
https://doi.org/10.1016/j.actbio.2017.01.06.

Kimura M, Kim E, Kang W, Yamashita M, Saigo M, Yamazaki T, Nakanishi T, Kashiwabara S,
Baba T, Functional Roles of Mouse Sperm Hyaluronidases, HYALS and SPAM1, in Fertilization1.
Biol. Reprod. 2009;81:939-947. https://doi.org/10.1095/biolreprod.109.078816.

Suzuki T, Lennarz WJ, Hypothesis: a glycozsprotein-degradation complex formed by protein—
protein interaction involves cytoplasmic peptide:N-glycanase. Biochem. Biophys. Res. Commun.
2003;302:1-5. https://doi.org/10.1016/S0006-291X(03)00052-4.

Suzuki T, Park H, Lennarz WJ, Cytoplasmic peptide:N-glycanase (PNGase) in eukaryotic cells:
occurrence, primary structure, and potential functions. FASEB J. 2002;16:635 - 641.
https://doi.org/10.1096/{j.01-0889rev.

Modelski MJ, Menlah G, Wang Y, Dash S, Wu K, Galileo DS, Martin-DeLeon PA, Hyaluronidase
2: anovel germ cell hyaluronidase with epididymal expression and functional roles in mammalian
sperm. Biol. Reprod. 2014;91:101-111. https://doi.org/10.1095/biolreprod.113.115857.

Suzuki T, Cytoplasmic peptide:N-glycanase and catabolic pathway for free N-glycans in the
cytosol. Semin. Cell Dev. Biol. 2007;18:762-769. https://doi.org/10.1016/j.semcdb.2007.09.010.

Deng X, Moran J, Copeland NG, Gilbert DJ, Jenkins NA, Primakoff P, Martin-DeLeon PA, The
Mouse Spam1 maps to proximal Chromosome 6 and is a candidate for the sperm dysfunction in
Rb (6.16) 24Lub and Rb (6.15) lAld heterozygotes. Mamm. Genome 1997;8:94-97.
https://doi.org/10.1007/s003359900365.

Csoka AB, Frost GI, Stern R, The six hyaluronidase-like genes in the human and mouse genomes.
Matrix Biol. 2001;20:499-508. https://doi.org/10.1016/S0945-053X(01)00172-X.



314
315
316

317
318

319
320

321
322
323

324
325
326
327

328
329

330
331
332

333
334
335
336

337
338
339
340

341
342
343

344
345

346

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Csoka A.B, Scherer S.W, Stern R, Expression Analysis of Six Paralogous Human Hyaluronidase
Genes Clustered on Chromosomes 3p21 and 7q31. Genomics 1999;60:356-361.
https://doi.org/10.1006/geno.1999.5876.

Yanagimachi R, Mammalian fertilization. In The Physiology of Reproduction, 2nd ed.; Knobil E,
Neill JD, editors. Raven Press: New York, NY, USA, 1994; p 273-279.

Yao T, Asayama Y, Animal-cell culture media: History, characteristics, and current issues. Reprod.
Med. Biol. 2017;16:99-117. https://doi.org/10.1002/rmb2.12024.

Parenteau-Bareil R, Gauvin R, Cliché S, Gariépy C, Germain L, Berthod F, Comparative study of
bovine, porcine and avian collagens for the production of a tissue engineered dermis. Acta
Biomater. 2011;7:3757-3765. https://doi.org/10.1016/j.actbio.2011.06.020.

Srisantisaeng P; Garnjanagoonchorn W, Thanachasai S, Choothesa A, Proteolytic activity from
chicken intestine and pancreas: extraction, partial characterization and application for hyaluronic
acid separation from chicken comb. J. Scii- Food Agric. 2013;93:3390-3394.
https://doi.org/10.1002/jsfa.6217.

Burgess RR, Chapter 20 Protein precipitation techniques. Methods Enzymol. 2009;463:331-342.
https://doi.org/10.1016/S0076-6879(09)63020-2.

Kim E, Baba D, Kimura M, Yamashita M, Kashiwabara S, Baba T, Identification of a
hyaluronidase, Hyal5, involved in penetration of mouse sperm through cumulus mass. Proc. Natl.
Acad. Sci. U.S.A. 2005;102:18028-18033. https://doi.org/10.1073/pnas.0506825102.

Baba D, Kashiwabara S, Honda A, Yamagata K, Wu Q, Ikawa M, Okabe M, Baba T, Mouse Sperm
Lacking Cell Surface Hyaluronidase PH-20 Can Pass through the Layer of Cumulus Cells and
Fertilize the Egg. J. Biol. Chem. 2002;277:30310-30314.
https://doi.org/10.1074/jbc.M204596200.

Park S, Kim YH, Jeong PS, Park C, Lee JW, Kim JS, Wee G, Song BS, Park BJ, Kim SH,
SPAMI1/HYALS double deficiency in male mice leads to severe male subfertility caused by a
cumulus-oocyte  complex  penetration defect. @FASEB J.  2019;33:14440-14449.
https://doi.org/10.1096/1].201900889RRR.

Funahashi H, Cantley TC, Stumpf TT, Terlouw SL, Day BN, In Vitro Development of in Vitro-
Matured Porcine Oocytes Following Chemical Activation or in Vitro Fertilization. Biol. Reprod.
1994;50:1072-1077. https://doi.org/10.1095/biolreprod50.5.1072.

Petters RM, Wells KD, Culture of pig embryos. J. Reprod. Fertil. Suppl. 1993;48:61-73.
https://doi.org/10.1530/biosciprocs.14.005.

Matalon R, Surendran S, Campbell, GA, Matalon KM, Tyring SK, Grady J, Cheng S, Kaye E,



347
348
349

350
351
352
353

354
355
356

357
358
359
360

24,

25.

26.

Hyaluronidase increases the biodistribution of acid a-1,4 glucosidase in the muscle of Pompe
disease mice: An approach to enhance the efficacy of enzyme replacement therapy. Biochem.
Biophys. Res. Commun. 2006;350:783-787. https://doi.org/10.1016/j.bbrc.2006.09.133

Taylor TH, Elliott T, Colturato LF, Straub RJ, Leef DM, Nagy ZP, Comparison of bovine- and
recombinant human-derived hyaluronidase with regard to fertilization rates and embryo
morphology in a sibling oocyte model: a prospective, blinded, randomized study. Fertil. Steril.
2006;85:1544-1546. https://doi.org/10.1016/].fertnstert.2005.10.053.

Vaughn DE, Muchmore DB, Use of Recombinant Human Hyaluronidase to Accelerate Rapid
Insulin Analogue Absorption: Experience with Subcutaneous Injection and Continuous Infusion.
Endocr. Pract. 2011;17:914-921. https://doi.org/10.4158/EP11297.RA.

Yoon S, Chang KT, Cho H, Moon J, Kim JS, Min SH, Koo DB, Lee SR, Kim SH, Park KE,
Characterization of pig sperm hyaluronidase and improvement of the digestibility of cumulus cell
mass by recombinant pSPAM1 hyaluronidase in an in vitro fertilization assay. Anim. Reprod. Sci.
2014;150:107-114. https://doi.org/10.1016/j.anireprosci.2014.09.002.





