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Abstract

CRES is the defining member of a reproductive subgroup within the family 2 cystatins of the
cystatin superfamily of cysteine protease inhibitors. CRES is synthesized and secreted by the
initial segment of the epididymis and is present in the sperm acrosome suggesting roles in sperm
maturation and fertilization. We have previously demonstrated that CRES is present within the
epididymal lumen as monomeric (14 and N-glycosylated 19 kDa forms) as well as SDS-sensitive
and SDS-resistant high molecular mass complexes. We have also shown that recombinant CRES
protein will self-aggregate and form amyloid structures in vitro raising the possibility that CRES
might also form amyloid in vivo. Amyloid is a large protein aggregate with a specific cross p sheet
structure and its presence is usually associated with disease. This review discusses protein
aggregation in the epididymis as well as provides a brief overview of amyloid formation including
recent studies in other organ systems identifying examples of amyloid that are nonpathological
and carry out biological functions, i.e. functional amyloid. Studies that were carried out to
determine if amyloid is present in the epididymal lumen and if CRES is associated with these
structures are also described. The presence of CRES amyloid in the mouse epididymal lumen yet
the absence of pathology suggest either the presence of mechanisms to neutralize the cytotoxicity
associated with pathological amyloid or that CRES is a new example of a functional amyloid with
roles in epididymal function.
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Epididymal luminal environment

It is well recognized that the primary function of the epididymis is to mature spermatozoa,
allowing them to transition from nonfunctional immature cells entering from the testis to
functionally mature cells in the cauda epididymis. During epididymal transit spermatozoa
acquire progressive motility and the ability to fertilize an oocyte. Because spermatozoa are
synthetically inactive the maturation process involves the interaction of spermatozoa with
proteins that are synthesized and secreted in a region-dependent manner from the
epididymal epithelium. Much emphasis has been placed on identifying and studying these
epididymal secretory proteins to establish whether they interact with spermatozoa and/or to
determine their roles in sperm maturation.
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Perhaps equally important is understanding the complex epididymal luminal environment as
a whole, since perturbations in this environment can result in abnormal sperm function.
Indeed in addition to sperm maturation, a critical function of the epididymal lumen is to
protect the spermatozoa while they undergo maturation. Thus many luminal proteins may
not play direct roles in sperm maturation but rather help create the appropriate environment
that is conducive for this process to occur. This can include proteins involved in the
regulation of luminal pH, osmolality, regulation of oxidative stress, and regulation of protein
folding/misfolding. In particular, the epididymal lumen is rich in chaperones with clusterin
alone contributing 41% of the total protein secreted into the rat caput epididymidis
suggesting an important role for this protein in maintaining protein solubility within the
lumen (Dacheux and Dacheux 2002). Mechanisms also exist to remove secreted proteins
from the lumen, presumably once their functions have been carried out or if misfolding
occurs. While a number of proteins secreted by the initial segment, the most proximal region
of the epididymis, are detected in the lumen throughout the rest of the epididymis and into
the cauda region, other epididymal secretory proteins are removed from the lumen
suggesting that a prolonged stay could be detrimental to epididymal function. While the
uptake of luminal proteins is not well understood, the epididymal epithelium carries out
fluid phase, adsorptive and receptor-mediated endocytosis (Andonian S and Hermo L,
1999). Components of a functional ubiquitin- proteosome pathway including ubiquitin
activating enzyme E1, ubiquitin carrier enzyme E2, and the ubiquitin C-terminal hydrolase
PGP9.5/UCHLI have also been detected in the epididymal lumen suggesting an alternative
pathway for turnover of luminal proteins and/or removal of defective sperm (Baska et al.,
2008). The highly regulated and regionalized secretion and removal of proteins from the
lumen is indicative of a unique microenvironment that likely utilizes a variety of quality
control mechanisms to maintain the appropriate conditions for sperm maturation.

Finally, it is important to realize that the epididymal luminal compartment is not a dilute sea
of soluble proteins and spermatozoa but rather a dense and crowded milieu due to the loss of
greater than 90% of the water from the luminal fluid as it moves through the efferent ducts
and into the initial segment of the epididymis. This loss of water and the concentration of
spermatozoa create a close association of luminal components with spermatozoa which is
thought to be critical for normal sperm maturation. The loss of water can also create a
situation described in other cellular systems as macromolecular crowding which can result
in protein misfolding and aggregation (Rialdi and Barrisel 2007; Minton 2005). Indeed,
examination of the luminal compartment by electron microscopy shows that, in addition to
spermatozoa, the lumen is highly particulate in nature (Figure 1). Some of these structures
are small membrane bound vesicles termed epididymosomes which are released from the
epithelium by apocrine secretion and are proposed to interact with spermatozoa as part of
the maturation process (Sullivan et al., 2007). Various other aggregate or fibrillar type
structures have also been detected in the epididymal lumen; however, how they are formed
and what their functions are is not known. These structures include large electron dense
bodies which contain heat shock protein 1 (HSPD1, HSP60) and tumor rejection antigen
(TRAL), a member of the heat shock protein 90 family (Asquith et al., 2005). Because heat
shock proteins have proposed roles in the folding of denatured proteins, these structures may
function as a site of protein refolding or sequestration of proteins targeted for clearance from
the lumen or may facilitate protein interactions with spermatozoa. Thus, soluble as well as
insoluble components are an integral part of the epididymal lumen.

Proteins that misfold and form self aggregates with a specific cross beta sheet structure are
called amyloid. In most cases, the formation of these protein aggregates are associated with
incurable neurodegenerative diseases such as Creutzfeldt-Jakob, Alzheimer’s, Parkinson’s,
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Huntington’s, amyotrophic lateral schlerosis, and many others. While the protein responsible
for the formation of the initial aggregate/amyloid differs among the diseases, the structures
formed by these unrelated proteins are remarkably similar. Indeed proteins that form
amyloid exhibit similar characteristics including a cross beta sheet structure, some SDS and/
or protease resistance and often the requirement for harsh treatments such as formic acid to
solubilze, and can be intra or extracellular. The self aggregated protein can be up to a
million Daltons in molecular weight which make it difficult to detect by standard SDS-
PAGE. Typically, proteins that form amyloid appear to follow a defined aggregation
pathway with monomeric forms of proteins first forming small soluble oligomers that can be
detected by electron microscopy as small ball-like structures. (Glabe, 2004; Figure 2). These
structures then self-associate to form bead- on- a-string type structure termed a protofibril
which can then self-organize into fibrils. While it was previously thought that in diseases
such as Alzheimer’s the fibrillar forms of amyloid were causing the pathology, the current
view is that the intermediate amyloid structures, precursors to the fibrils, such as the
oligomers and protofibrils are the cytotoxic forms of amyloid. Studies suggest that these
soluble forms of amyloid may be able to elicit their cytotoxic effects by increasing
membrane conductance or creating toxic ion channels in cell membranes resulting in altered
ionic homeostasis and ultimately cell death (Kayed et al., 2004; Jang et al., 2010).

Thus far only prion protein has been shown to be infectious. However, recent studies of
several other amyloid forming proteins including tau, a-synuclein, and polyglutamine show
these aggregates can be released from donor cells and taken up by adjacent acceptor cells in
culture (Desplats et al., 2009;). Furthermore, intraperitoneal injection of brain lysates
containing B-amyloid aggregates resulted in Alzheimer’s disease-type pathologies in the
brains of recipient mice (Eisele et al., 2010). Thus the ability of amyloid to be transmitted
between cells, either by direct interactions of the protein aggregate with cell membranes or
in combination with other proteins/lipids/may also be a common characteristic between
amyloid forming proteins.

Functional amyloid

While it is well established that bacteria and yeast utilize amyloid for biological functions, it
has only been within the past few years that examples of functional amyloid in mammals
have been identified. The Pmel17 protein in melanosomes forms an amyloid structure that is
thought to function as a template for the synthesis of melanin while in the pituitary gland
several hormones are stored in secretory granules as highly stable amyloid structures that are
then reversed upon secretion (Fowler et al., 2006; Maji et al., 2009). The mechanisms
adopted by the organism to avoid any cytotoxicity associated with amyloid, in particular the
soluble intermediate forms, are varied. Bacteria control the when and where of amyloid
formation of the curl proteins by virtue of the expression of several curli protein family
members, one of which facilitates the formation of amyloid in the other family members
(Wang et al 2008). Control of Pmel17 amyloid is thought to involve several mechanisms
including the rapid transition of monomeric to fibrillar forms such that cytotoxic
intermediates are avoided, the formation of Pmel17 amyloid in melanosomes so that, if
formed, cytotoxic amyloid is sequestered from the cytosol, and finally the requirement of
proteolytic cleavage of Pmell17 prior to amyloid formation (Fowler et al., 2006, Berson et
al., 2001).

In addition to its structural advantages, in some cases organisms such as yeast have used
amyloid as a means for a protein to adopt a new function. When Sup 35p, a yeast
translational termination factor, aggregates and forms amyloid, this allows translational
read-through allowing the propagation of a new phenotype and ability to adapt to different
growth conditions (Fowler et al., 2007). Recently, in a tantalizing perspective Halfmann and
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Lindquist, 2010 proposed that prions are in fact an unusual form of epigenetics. Under
specific conditions such as environmental stress, some proteins will form a prion (amyloid)
conformation allowing diversity in protein function and adaptation to a new environment.
This prion structure can then self-propagate its structure resulting in a phenotype that is
heritable. Considering that the epididymal lumen must not only mature but protect
spermatozoa to ultimately allow propagation of the species, the presence of prion-like
proteins in the lumen surrounding the spermatozoa could provide a unique mechanism for
the epididymis to rapidly adjust to stresses that could negatively impact sperm function.
Taken together, it is clear that amyloid has been maintained throughout evolution and that
nature has put to good use this highly stable structure. However, when amyloid formation is
no longer controlled such as in pathological states, the outcome is severe ultimately resulting
in the death of the organism. Thus understanding mechanisms that an organism utilizes to
regulate the formation of functional amyloid to avoid cytotoxicity, and to disaggregate
amyloid are of critical importance for ultimately developing new treatments for diseases due
to amyloidogenesis.

CRES is the defining member of a new subgroup within the family 2 of the cystatin
superfamily of cysteine protease inhibitors. CRES is distinct from the typical family 2
cystatins, such as cystatin C, by its reproductive specific expression and its lack of
consensus sites for cysteine protease inhibition (Cornwall et al., 1994). Specifically CRES is
synthesized and secreted by the initial segment region of the mouse epididymis suggesting
roles in sperm maturation (Cornwall et al., 1994; Cornwall and Hann, 1995). We have
previously demonstrated that in vitro CRES has the propensity to form amyloid and will
transition from a monomer to fibril characteristic of amyloid associated with pathological
conditions (von Horsten et al., 2007) (Figure 3). This is not unlike cystatin C which also has
been shown to form amyloid in vitro. An L68Q mutant form of human cystatin C is highly
aggregation prone resulting in cerebral amyloid angiopathy and resulting death due to
cerebral hemorrhage in affected patients (Ghiso et al., 1986). Within the epididymal lumen,
CRES is synthesized and secreted as a monomeric form in the initial segment region of the
mouse epididymis and then appears to transition to a highly stable high molecular mass form
in the luminal fluid from more distal epididymal regions (Figure 4a). Based on our studies in
vitro, we propose that the high molecular mass forms in the epididymal lumen represent the
self-aggregated amyloidogenic form of CRES. In support that CRES is present as a high
molecular mass structure are our recent immunofluorescence studies showing that in the
cauda lumen CRES is present only as punctuate structures and that some CRES is also
detected in the clear cells suggesting the possibility of CRES turnover by endocytosis
(Parent et al., 2011) (Figure 4b). Thus along the epididymal tubule there is a transition of
CRES from soluble monomeric forms to insoluble aggregates possibly amyloid.

We have recently focused our efforts on establishing the presence of amyloid in the
epididymal lumen, and then carrying out experiments to specifically determine if CRES
amyloid is present in the epididymal lumen. Based on the use of a variety of reagents
including conformation dependent dyes such as Congo Red and thioflavin S and
conformation-dependent antibodies including A11 and OC, reagents classically used to
identify amyloid, our preliminary studies suggest that amyloid is indeed present in the
epididymal lumen and that a proportion of CRES is associated with these amyloid
structures. These studies were performed using epididymal samples from a normal mouse of
proven fertility with no reproductive defects or any associated pathologies. These studies
raise the possibility that either: 1) CRES amyloid formation is potentially pathological yet
control mechanisms within the lumen are in place to protect against any cytotoxicity
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associated with these structures and/or 2) CRES amyloid is functional and may carry out yet
to be determined roles in the epididymal lumen;

Epididymal amyloid: Controlled pathology or biological functions?

While studies are ongoing to address a role for CRES amyloid in epididymal function, we
have demonstrated that within the epididymal lumen there is abundant transglutaminase 2
activity, especially high within the lumen of the initial segment region (von Horsten et al.,
2007). Transglutaminases (TGases) are a family of calcium dependent enzymes that
catalyzes the formation of isopeptide bonds between glutamine and lysine residues either
within a protein or between two proteins. Transglutaminases are known to directly modulate
protein aggregation and the formation of large molecular weight complexes of both soluble
and particulate proteins and thus might contribute to protein quality control. The role of the
TGase2 in the pathogenesis of amyloidogenic diseases is paradoxical in that some studies
indicate a role for TGase2 in enhancing protein aggregation, thus contributing to the disease,
such as in Alzheimer’s disease (Caccamo et al., 2010), whereas other reports suggest a
protective effect of TGase2 by virtue of its forming protein cross-links, thus preventing the
self-assembly of an amyloidogenic protein (Karpu et al., 1999; Konno et al. 2005). While in
many cases, TGase substrates contain either reactive glutamines or lysines allowing these
proteins to be crosslinked to other proteins, CRES is more unusual in that it is a complete
TG substrate and has both reactive glutamine and lysine residues that are substrates for
crosslinking resulting in SDS stable high molecular mass self-aggregates both in vitro and in
vivo (von Horsten et al., 2007). Thus it is possible that TGase crosslinking may function as a
mechanism of extracellular quality control, either stabilizing mature, noncytotoxic amyloid
CRES structures, or converting cytotoxic intermediate CRES amyloid structures into inert
nonamyloid aggregates.

It is possible that the transglutaminase crosslinked structures may carry out biological roles
within the lumen and then may be targeted for removal by endocytosis as seems to occur for
CRES in the cauda epididymidis. Possible functions for CRES amyloid within the
epididymal lumen may be to form an extracellular matrix-like structure for cell-cell or cell-
sperm communication, mediate protein-protein interactions, deliver proteins to the sperm
during maturation (prion-like infection), act as a scaffold/organizational center with the
lumen, and/or participate in removal of secreted proteins from the lumen.

Taken together, our studies suggest that amyloid is an integral part of normal epididymal
function. Further studies of CRES amyloid formation, its modifications within the lumen
along the tubule, and ultimately removal from the lumen will provide important insight not
only for reproductive function but for regulation of amyloid in general possibly leading to
new therapies for amyloidogenic diseases.
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Figure 1. Transmission electron micrograph of the initial segment region of the mouse
epididymis showing particulate material within the lumen
16500X magnification. Micrograph kindly provided by A. Parent and L. Hermo, McGill

University, Montreal, Quebec Canada.

J Androl. Author manuscript; available in PMC 2011 November 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cornwall et al.

Page 9

Dimer Oigomer

(b)

Figure 2. Proposed pathways for amyloid formation

Reprinted from Trends in Biochemical Sciences, vol 29, Charles G. Glabe, “Conformation
dependent antibodies target diseases of protein misfolding”, p542-546, 2004, with
permission from Elsevier.
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Figure 3. Negative stain electron microscopy and Congo Red staining of CRES amyloid
structures

A-F, electron micrographs of CRES allowed to oligomerize at 37 °C and then negatively
stained with 2% uranyl acetate. Monomeric (A) forms of CRES progressed to oligomeric
forms (B and C) and eventually formed fibrillar structures (D). Bar in all micrographs, 50
nm. (E), light microscopic analysis of CRES fibrils stained with Congo Red. Bar, 5 um.
This research was originally published in von Horsten HH, Johnson SS, SanFransisco SK,
Hastert MC, Whelly SM, Cornwall GA. “Oligomerization and transglutaminase crosslinking
of the cystatin CRES in the mouse epididymal lumen: possible mechanism of extracellular
quality control”. Journal of Biological Chemistry, 2007; 282:32912-32923. The American
Society for Biochemistry and Molecular Biology.
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Figure 4.
A) Region-specific detection of SDS-resistant high molecular mass CRES complexes in

the epididymal lumen Luminal fluid was isolated from each epididymal region and
fractionated by size exclusion chromatography. The void volume fractions (fractions 13 and
14) were examined by SDS-agarose gel electrophoresis (top), whereas the fractions
(fractions 19-21) containing the monomeric forms were examined by SDS-PAGE (bottom),
followed by Western blot analysis with CRES antibody. This research was originally
published in von Horsten HH, Johnson SS, SanFransisco SK, Hastert MC, Whelly SM,
Cornwall GA. “Oligomerization and transglutaminase crosslinking of the cystatin CRES in
the mouse epididymal lumen: possible mechanism of extracellular quality control”. Journal
of Biological Chemistry, 2007; 282:32912-32923. The American Society for Biochemistry
and Molecular Biology. B) Immunofluorescence analysis of CRES protein in the mouse
cauda epididymidis. An adult mouse epididymis was fixed with zinc fixative, incubated
with anti-CRES antibody followed by an Alexafluor 594 labeled secondary antibody and
visualized by fluorescence microscopy. The epithelium in the cauda showed no obvious
immunoreactivity for CRES; however, a few focal aggregates of intense reactivity were
randomly distributed in the lumen (circles). Some highly endocytic clear cells (squares)
show strong immunostaining for CRES. Inset: a high magnification of a reactive clear cell.
Bar =50pm, inset = 10 um. This research was originally published in Parent AD, Cornwall
GA, Liu LY, Smith CE, Hermo L. “Alterations in the Testis and Epididymis Associated
with Loss of Function of the Cystatin Related Epididymal Spermatogenic (CRES) Protein”.
Journal of Andrology, in press.
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