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Abstract
Immunotherapeutic options for the treatment of cancer, which remains a major
global health challenge, offer the allure of greater tumor specificity and less associated
toxicity than is typically achieved with traditional chemo- and radio-therapeutic strategies.
The success of some immunotherapies, such as ADCs and CAR-Ts, rely on identification
and selection of targets which are highly tumor-specific with limited or no expression in
normal tissues. Cancer germline antigens represent potential ideal targets for targeted
immunotherapy as CGAs are expressed in cancer cells but show limited or no expression
among normal tissues. Although many cancer-testis antigens have been described, SAS1B
is the first, and only, cancer-oocyte antigen identified to-date. Owing to the limited
expression of SAS1B among normal tissue combined with expression in a number of
cancer indications, we propose that SAS1B is an attractive immunotherapeutic target.
We have shown that, in addition to previous work published in female reproductive
cancers, SAS1B is expressed in a majority of pancreatic and head and neck cancers.
SAS1B localized to both the cytoplasm and the cell surface in PDAC and HNSCC cell
lines by IIF and flow cytometry, suggesting potential utility of SAS1B targeted
immunotherapeutic strategies. Furthermore, an ADC targeting SAS1B administered to
pancreatic cancer cell lines was internalized and subsequently caused significant cell death
in a manner correlated with SAS1B cell surface expression. Thus, SAS1B represents a
novel therapeutic target for the treatment of PDAC and HNSCC. These data support
further development of a SAS1B-ADC including in vivo assessment using mouse xenograft
systems.
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Although we have shown proof of concept that SAS1B-ADC induces cytotoxicity
in pancreatic cancer cell lines, addressing multiple fundamental biological questions which
remain regarding SAS1B expression will also inform production of SAS1B targeted
therapies. For example, we have identified six ASTL splice variants in cancer, known as
SV-A to SV-F, and have shown differential cellular localization of recombinant SV-A and
SV-C proteins (cell surface vs. cytoplasm, respectively). Further studies characterizing
major SAS1B protein isoform(s) expressed at the cell surface in cancers may lead to
development of more effective immunotherapies utilizing mAbs generated against cell
surface, cancer-associated form(s) of SAS1B. Our work suggests SAS1B expression in a
broad range of cancer indications and demonstrates efficacy of a SAS1B-ADC in vitro,
thus supporting further assessment of SAS1B as an immunotherapeutic target for the
treatment of cancer.
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Chapter 1

General Introduction
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Cancer: Statistics and Common Therapeutic Options
Cancer, a major public health problem globally, causes 1 in 8 deaths [1] and is the
second leading cause of death worldwide [2].

In 2017, an estimated 1.69 million

Americans will be diagnosed with cancer and approximately 600,000 will die [3]. For
decades, the mainstay of cancer treatment has been surgery, radiation therapy, and/or
chemotherapy. Although treatment plans will vary depending on tumor type, tumor stage,
and patient health, surgery and radiotherapy are often used when a tumor remains locally
while chemotherapy is used for metastatic disease. Many early-detected, primary and
localized tumors can be effectively treated with surgery, even cured. Prognosis for these
patients is generally very good, especially if the entirety of the tumor is surgically removed
before metastasis has occurred. Tumors prone to early dissemination are likely to receive
combination treatment of surgery and/or radiation to treat the primary tumor followed by
chemotherapy to treat potential metastatic disease [4]. Neoadjuvant therapy, in which
radio- or chemo-therapy is administered before surgery, may be used to shrink tumors prior
to surgical removal. Patients who have metastatic disease at the time of diagnosis typically
have a far less favorable prognosis and are more difficult to treat.

In this case,

chemotherapy and/or radiation therapy are utilized, often in combination or followed by
newer therapeutic approaches [4]. Lymphoma and leukemia, the so-called liquid cancers,
are generally treated with systemic chemotherapy and potentially newer targeted therapies
as well. However, for many patients with metastatic disease, even if initial therapeutic
response is good, development of drug-resistance and relapse are common [5]. Surgery,
chemotherapy, and radiation therapy have been the mainstay of cancer treatment for
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decades; however, chemo- and radio-therapy lack tumor specificity leading to problematic
off-tumor toxicity.
Many current anti-cancer drugs, namely chemotherapeutics, have nonspecific
toxicity as a consequence of targeting proliferating cells which often includes healthy cells
in addition to tumor cells. As such, these drugs have a low therapeutic index and a narrow
therapeutic window which limits their efficacy. Due to lack of specificity, most anti-cancer
drugs are used near their maximum tolerated dose which is typically lower than what would
sufficiently eradicate the tumor [6, 7]. Because dose-limiting toxicities of the
gastrointestinal tract and bone marrow are relatively common, chemotherapy can often be
difficult for patients to endure; therefore, new treatments including targeted
immunotherapeutic approaches (e.g. antibody drug conjugate (ADC)) have become highly
attractive due to their specificity [5].

Select Immunotherapeutic Options for Cancer Treatment
Despite the signing of the National Cancer Act in 1971, which increased efforts to
eradicate cancer as a major cause of death, the war on cancer has clearly not been won;
however, recent advancements in novel treatment modalities, such as immunotherapy,
have provided renewed hope for prolonging patient survival. Development of novel
therapeutics should focus on cancer cell-specific targeted therapies to avoid pitfalls of
current treatment standards (e.g. chemotherapy) including, lack of selectivity/specificity
and unwanted toxicity. Although it has long been known that cancer cells have the ability
to suppress the host’s immune response, immunotherapeutic strategies saw numerous
failures early on. However, several recent clinical successes using immunotherapies such
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as sipuleucel-T, the autologous cellular immunotherapeutic option for prostate cancer,
ipilimumab, the anti-cytotoxic T lymphocyte-associated protein 4 (CTLA-4) antibody for
melanoma, and antibodies against the anti-programmed cell death protein 1 (PD1) also for
melanoma treatment, have gained widespread attention and have rejuvenated the field.
While there are multiple immunotherapeutic options for treating cancer, common
research areas including passive approaches such as antibody-drug conjugates (ADC) and
chimeric antigen receptor T cells (CAR-T) or active approaches like cancer vaccines, have
been given widespread attention in hopes of developing more specific and less toxic
therapeutics [8, 9]. These approaches are unified by their dependence on the identification
and selection of appropriate targets which have high tumor specificity and expression with
no or limited expression in normal tissues. Newly discovered, tumor-specific antigens are
of great value and may be purposed for both active and passive immunotherapies, with the
exception of mutation driven neoantigens that are solely T cell targets. Immunotherapies
represent a promising approach to achieve a more selective, and potentially more potent,
treatment than has been seen before with radio- and chemo-therapy.
Cancer vaccines with tumor antigens work to specifically activate T cells of the
host immune system.

The first FDA approved autologous cellular immunotherapy,

sipuleucel-T (2010), provides a significant survival benefit in prostate cancer patients but
did not significantly decrease tumor volume or disease response in randomized clinical
trials [10]. There is minimal associated toxicity and treatment with sipuleucel-T is of short
duration [8]. Despite excitement generated by sipuleucel-T approval, vaccine development
has been slowed, in part, due to lack of appropriate tumor antigens. Requirements of ideal
tumor antigens include: high tumor expression, high patient incidence, no to low
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expression among normal tissues, and cancer cell growth or survival dependent to avoid
antigen downregulation associated immune escape [8].
In contrast to vaccination, the adoptive cell therapy known as CAR-T, circumvents
the need for functional antigen processing machinery in tumor cells or major
histocompatibility complex (MHC) antigen expression. In CAR-T therapy, tumor cell
surface antigens are recognized by the antibody variable domain portion of the CAR and
then the T-cell receptor (TCR) constant domain portion of the CAR results in T-cell
activation via intracellular signaling chains [8, 11].

Antigen selection is crucial to the

success of CAR-T therapy, which has greatly limited by the lack of tumor specific antigens
not expressed on essential normal tissues. Expression of CAR-T targets in normal tissues,
even at low levels, can result severe on-target, off-tumor toxicity. Thus, the ideal CAR-T
antigen will be exclusive to cancer cells; however, an antigen shared between cancer cells
and nonessential normal cells may also be a potential CAR-T target [11]. The CD19
antigen expressed in the vast majority of B cell malignancies, is a prominent example of a
CAR-T antigen shared between cancer cells and nonessential normal cells as it is also
expressed on B cells at all stages of differentiation. Effectiveness of targeting CD19 with
CAR-T therapy has been demonstrated in patients with follicular lymphoma, large-cell
lymphomas, chronic lymphocytic leukemia, and acute lymphocytic leukemia [12-15].
Cytotoxicity of normal CD19pos B cells is countered by periodic administration of
immunoglobulin infusions into patients receiving treatment thus demonstrating potential
clinical applications for targets which are shared between cancer cells and nonessential,
normal cells. Antigens which are highly specific for cancer cells are of high value for
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immunotherapeutic approaches including cancer vaccines, CAR-T, and ADCs; the nature
of the target will help guide development of the most effective immunotherapeutic option.

Antibody Drug Conjugates
ADCs represent a subset of immunotherapies whose functional activity is not
dependent upon targeting oncogenic pathways that drive tumorigenesis, but via the
recognition of proteins that are uniquely expressed by tumors, leading to direct or indirect
immune-mediated destruction. The use of ADCs for therapeutic purposes is a fast growing
field that has seen recent successes in pre-clinical studies as well as clinical trials. Success
is owed, in part, to optimization of the various components of ADCs: the monoclonal
antibody (mAb), the drug, and the linker. In general, the monoclonal antibody portion of
the ADC binds to the target antigen expressed on cancer cells and the ADC is internalized
followed by release of the toxin culminating in cell death. Based on the specificity of the
target, ADCs have the potential to selectively kill cancer cells while sparing normal cells
which do not express the tumor specific antigen.
The method of action of the ADC becomes complex as the ADC must travel
through various conditions from the blood stream to the target cancer cells with challenges
existing at each step: circulation, antigen binding, internalization, drug release, and drug
action. The stability of the linker in the blood is crucial to prevent nonspecific cell killing
and associated cytotoxicity which may result from premature release of the toxin [7].
ADCs need to have a half-life long enough to reach the target tissue and shouldn’t be
immunogenic, both of which were overcome by generating humanized antibodies for use
in substitution of murine antibodies originally utilized [6, 16].
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Once at the target tissue, the antigen and monoclonal antibody become more
important. Ideal targets will be tumor specific and not expressed on the surface of normal
cells, internalized, not shed into the blood, and of sufficient concentration at the cell surface
for ADC induced cytotoxicity. Naked antibody-antigen binding at the cancer cell surface
leads to cell lysis via one of three mechanisms: 1) stimulation of immune response leading
to antibody-dependent cellular cytotoxicity (ADCC), 2) complement-dependent
cytotoxicity (CDC), or 3) triggering an apoptotic signaling cascade [16]. Monoclonal
antibodies can have high binding specificity for tumor specific antigens but can be
therapeutically ineffective alone; improved cytotoxicity can be achieved by attaching a
toxin to the mAb [7, 16, 17]. In addition to high target selectivity, mAbs may also display
favorable pharmacokinetics. Notably, a humanized antibody can circulate in humans with
a half-life of several days to weeks. Other advantages of mAbs include lack of toxicity
while in circulation as they are only functional upon target binding and internalization [6].
The conjugated mAb needs to retain high immunoaffinity for the target such that attaching
a toxin does not interfere with antigen binding [7]. Antigen concentration at the tumor cell
surface must be high enough such that, following internalization, there is a sufficient
amount of intracellular cytotoxin to cause cell death.
In contrast to being stable in the neutral pH of the blood, the ADC has to efficiently
release the cytotoxin once internalized into a cancer cell; thus, a balance between plasma
stability and efficient active drug release at the target cell must be achieved. Linker
technology is incredibly important to the overall efficacy and safety of the ADC and as
such, continues to be extensively studied. Because most ADCs are internalized by
receptor-mediated endocytosis [18], many linkers are designed to be sensitive to the

12

proteolytic enzymes present in the acidic lysosomal compartment or alternatively utilize
the highly reducing environment of the cell itself [16]. The four groups of linkers are either
cleavable or non-cleavable. Acid-labile hydrazine linkers, early cleavable linkers, were
shown to be associated with non-specific release of the drug in clinical studies [7, 19].
Newer cleavable linkers are disulfide-based or peptide based and have greater in vivo
stability. Disulfide-based linkers are cleaved intracellularly due to high concentration of
glutathione while peptide-based linkers are cleaved by lysosomal proteases. Peptide-based
linkers are advantageous over disulfide-based because they have greater systemic stability
and rapidly release the drug inside the target cell [16]. Non-cleavable linkers are thioethercontaining and proteolytic degradation is likely the cause of toxin release [20, 21]. The
therapeutic index of the ADC may be improved with a non-cleavable linker due to greater
stability in circulation suggesting higher tolerance and lower nonspecific toxicities [20, 22,
23]. It is likely that assessment of each individual mAb-antigen pair will afford the best
optimization of ADCs for particular cancer types.
In addition to the target antigen, the mAb, and the linker, the appropriate cytotoxic
payload must also be chosen. Multiple drugs suitable for conjugation exist but those
currently being used in ADCs are generally either target microtubules or DNA. Because
the concentration of the released drug may be quite low due to low target antigen
expression, the use of very potent drugs with subnanomolar IC50 (as free drug) becomes
necessary [7]. Antibodies can be linked to highly toxic drugs, toxins which are 100 to 1000
times more cytotoxic than traditional anticancer agents, which would otherwise be too
harmful to be used in vivo [24-26]. Drugs are linked to the constant region (Fc) of the
antibody to minimize potential interference with antigen binding which occurs in the
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variable region (Fv). Studies have shown that attaching 2-4 drug molecules per antibody
provides optimal pharmacokinetics giving the best therapeutic window [27, 28]. Many
insights into developing effective, stable, and safe ADCs have been gained over the last
two decades and ongoing research continues to contribute to producing clinically
significant ADCs, two of which are currently in use today.
Two FDA approved ADCs, brentuximab vedotin (Adcetris) targeting the tumor
necrosis factor CD30 and trastuzumab emtansine (Kadcyla) targeting the human epidermal
growth factor receptor 2 (Her2/neu), have revolutionized treatment for Hodgkin’s
lymphoma and breast cancer, respectively [26]. Trastuzamab and Kadcyla, however, target
molecules found on normal and cancer cells and can result in on-target/off-tumor side
effects [29]. In addition to cell surface localization on breast cancer cells, Her2 is expressed
in many normal human tissues which can lead to a variety of adverse drug effects including
cardiomyopathy [30]. CD30, the target of Adcetris, is expressed on normal activated
immune cells (T-/B-cells, natural killer cells, and monocytes) as well as Hodgkin’s
lymphomas and systemic anaplastic large-cell lymphomas [29]. Potential adverse drug
effects associated with CD30 targeting include neutropenia and sepsis. Interleukin (IL)-13
receptor α2 [31] is a promising therapeutic target which is expressed in a majority of
incurable glioblastoma multiforme tumors [32-34] as well as other solid tumors [35] and
is largely absent in normal tissues except for the testes [36]. Despite some potential adverse
effects, the clinical successes of Adcetris and Kadcyla have helped promote greater effort
to identify and validate novel targets for ADCs.

Development of ADCs and other

immunotherapies depends largely on identification of appropriate targets; to deliver highly
cytotoxic drug concentrations with limited off-tumor effects, ideal targets are tumor
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specific and are not expressed on normal tissues. Cancer-germline antigens, described
below, represent a class of proteins, which show specificity for tumor cells over normal
cells, of which some members may be target candidates for immunotherapies.

SAS1B
SAS1B (sperm acrosomal SLLP1 binding; aka ovastacin, ASTL, GenBank ID
NM_001002036.3) is an oocyte membrane-associated zinc metalloprotease which interacts
with the intra-acrosomal sperm ligand SLLP1 prior to gamete fusion, contributing to
fertilization [37, 38]. An additional population of SAS1B has been shown to be exocytosed
from oocyte cortical granules, which are peripherally located subcellular organelles unique
to ovulated eggs, after fertilization to aid in the block to polyspermy by cleaving zona
pellucida protein 2 (ZP2) surrounding 2-cell embryos [39, 40]. SAS1B, a 431 amino acid
protein, is comprised of a signal peptide (amino acids 1-23) at the N-terminus, pro-peptide
(24-90),

proteinase

domain

(91-279)

containing

a

Hex-box

catalytic

site

(HEXXHXXGXXH; zinc atoms are coordinated at positions 182, 186, 192), and a unique
C-terminal domain (280-431) (Figure 1.1). The prodomain (pro-peptide) is predicted to be
endoproteolytically cleaved to activate SAS1B’s enzymatic function, as commonly occurs
with other astacin family zinc metalloproteases [38].
Among normal tissues, SAS1B expression is thought to be limited to the ovary and
only at specific stages of folliculogenesis: secondary, pre-antral, and Graffian follicles.
Expression of SAS1B first occurs within the cytoplasm of oocytes within follicles that have
entered the transition between primary and secondary follicle stages at when the formation
of two granulosa cell layers is initiated. Thus, SAS1B is absent in all oocytes within
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primordial follicles that comprise the quiescent ovarian reserve [38]. Post-fertilization,
distribution of SA1B becomes patchy on the blastomere membranes and is undetectable in
mouse embryos by the late blastocyst stage [37]. The precise timing of expression of
SAS1B during folliculogenesis in follicles at the primary to secondary transition has been
observed in a range of ovaries from different species and stages – post-natal, pubertal, or
adult mouse, as well as in all eutherian species examined (humans, mice, rats, hamsters,
sheep, dogs, cats) [38].
SAS1B was not detected in a variety of additional normal human tissues from a
tissue microarray (TMA) by immunohistochemistry (IHC) [41] and no ASTL expressed
sequence tags (ESTs) have been deposited in NCBI Unigene database from normal tissues
[42].

Some ESTs from uterus matched SAS1B sequence but these deposits were

determined to be from uterine cancers, leading to further investigation of SAS1B in female
reproductive cancers.
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Figure 1.1 SAS1B protein domain structure
Schematic diagram of SAS1B protein domain structure with amino acid positions
listed in parentheses. At the N-terminus, SAS1B begins with a signal peptide (pink), which
likely directs SAS1B to the cell membrane or to be secreted, followed by a propeptide
domain (blue) which is likely cleaved to produce an active enzyme. The proteinase domain
(green) contains a conserved catalytic region (light green dashed-line box; amino acids
182-192 with zinc binding at amino acids 182, 186, and 192). The C-terminal region
(orange) is unique to SAS1B as compared to other metalloproteinases.
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In addition to localization within the ovary, SAS1B has also been shown to be
expressed in a majority uterine tumors (66-85%) [41]. In a uterine tumor cell line SNU539,
SAS1B was shown to be localized to the cell membrane and internalized via the endocytic
pathway; thus, cell surface SAS1B may be used to deliver cargo (e.g. cytotoxins via ADC)
into the interior of tumor cells. SNU539 cells were sensitive to growth arrest and cell death
in the presence of an indirect antibody-saporin (drug) conjugate using a rabbit polyclonal
antibody targeting SAS1B. Markedly increased LDH levels in supernatants were observed.
No effect of the ADC was seen with normal endometrial stromal cells, media alone, normal
rabbit IgG-saporin, or secondary-drug conjugate alone [41]. A pilot in vivo study using
SNU539 tumor cells injected into athymic nude mice showed tumor development with
expression of ASTL/SAS1B transcript and proteins (Pires et. al, unpublished data). This
pilot study suggests that human tumors xenografted in mouse maintain ASTL/SAS1B
expression and therefore represent a suitable system for studying effects of anti-SAS1B
therapies in vivo. These preliminary studies position SAS1B as a viable target of an
immunotoxin and support the study of ADCs for the treatment of SAS1B positive tumors.
Because of limited expression in normal cells plus expression in cancer cells, SAS1B was
the first described protein in a new class known as cancer-oocyte antigens (COA) which is
the ovary counterpart of the well-known group of cancer-testis antigens (described below)
[41].

Astacin Family of Metalloendopeptidases
ASTL/SAS1B belongs to the astacin family of zinc metalloproteinases (MEROPS
family M12) and the metzincin superfamily [43-45]. Included in the metzincin superfamily
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are the ADAMs (a

disintegrin

and metalloproteinase),

the

MMPs

(matrix

metalloproteinases), the pappalysins (pregnancy associated plasma proteins), the
serralysins (bacterial enzymes), the leishmanolysins (protozoan and metazoan proteinases),
and the astacins [46]. The astacin family, which is made up of mostly secreted or plasma
membrane bound proteins, was named from the prototypical digestive enzyme, astacin,
identified from crayfish, Astacus astacus L. Astacins have roles in both mature and
developmental systems with several enzyme family members crucial for embryonic
development, tissue differentiation, and extracellular matrix (ECM) assembly [45, 47].
Characterized by a ~200-residue catalytic region, including a highly conserved Hex-box
sequence, and an N-terminal propeptide region, several hundred astacins have been
identified in animals and bacteria. However, for most, functional roles have not been
determined experimentally but domain structure and localization can be used to
hypothesize physiological roles. In addition to the catalytic and propeptide domains, most
eumetazoan astacins have multiple additional domains including complex C-terminal
regions. These C-terminal elongations, which also roughly reflect different functional
roles, have been used sort astacins into three major groups: tolloids/BMP1 (bone
morphogenetic protein), hatching enzymes, and meprins [45].
The six known astacin family genes in humans and mice include two meprins, three
BMP-1/tolloid-like, and one SAS1B (a.k.a ovastacin) [46]. Since meprins (α and β,
encoded by two separate genes) were first discovered in epithelial cells of kidney tubules
[48, 49] and of the small intestine [50], meprin expression has been documented in colon
[45], intestinal leukocytes [51], skin [52], and cancer [53]. Via hydrolysis, meprins are
able to activate or inactivate a variety of growth factors, vasoactive peptides, cytokines,
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ECM proteins, and secreted protein kinases [54]. More recent work indicates meprin
expression is much broader with suggested roles in angiogenesis, cancer, inflammation,
fibrosis, and neurodegenerative diseases [52]. BMP-1/tolloid-like proteinases are involved
with ECM assembly by activating pro-collagens, pro-proteoglycans, and other matrix
protein precursors via cleavage [55, 56]. Humans express BMP-1 as well mammalian
homolog of tolloid (mTLD) which is a splice variant encoded by the same gene. BMP-1,
mTLD, plus two additional genes encoding mammalian tolloid-like 1 and 2 (mTLL-1,
mTLL-2), comprise the human BMP-1/tolloid-like proteinase subfamily sometimes
referred to as BTPs [57]. While BTPs are secreted, meprins are either secreted or localized
to the plasma membrane. Hatching enzymes degrade embryonic envelopes during the
hatching process and aid in skeletal formation [45]. Initially, ASTL transcript detected in
human and mice ovaries was named ovastacin and was predicted to be involved in hatching
[43] but was subsequently shown to play a role in fertilization, rather than in zonal hatching
[37, 39]. Thus, the Herr group advocates the name SAS1B which conveys the protein’s
biological interactions better than the name ovastacin. Unlike the other astacin family
members, SAS1B is a unique members in that it has been described as a cancer-oocyte
antigen based on its’ limited localization among normal tissues plus expression in cancer.

Tumor Neoantigens
Neoantigens were defined by Boyse and Old as new antigens that appeared on
tumor cells as a result of de-differentiation or trans-differentiation [58]. More recently,
neoantigens have been defined as peptides that are entirely absent from the normal human
genome which are created by tumor-specific DNA alternations resulting in novel proteins
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[59]. A rich literature exists on a class of neoantigens known as cancer testis antigens
(CTAs). SAS1B represents one of the first defined antigens in a new class of cancer-oocyte
antigens [41].

Cancer germline antigens (CGA), exemplified by the well-studied,

numerous CTAs, are normally expressed discretely in germ cells and trophoblasts but are
re-expressed in various human cancers [60, 61]. The first CTA, MAGE-A1 (melanoma
antigen 1), was discovered in 1991 and since then, over 130 CTA genes have been
described belonging to 83 gene families [60, 61]. It is theorized that CGAs are aberrantly
expressed in tumors when the silenced gametogenic program in somatic cells is activated,
and that this program acquisition, in part, contributes to tumorigenesis [62, 63]. Somatic
cell-to-male germline dysregulation has come to be regarded as a general feature of many
human tumors and is associated with highly malignant phenotypes [64-66].
CTAs are expressed in a wide variety of human malignancies with different
histological origins. Common regulatory mechanisms result in coordinated expression of
some CTAs [67]. Embryonic cells, before implantation, are similar to cancer cells in that
both are deprogrammed to a stem cell state and have the potential to become immortal and
invasive [68].

Numerous studies have shown CTAs to be silenced by epigenetic

mechanisms, particularly DNA methylation, and have observed demethylation at the
promoter regions of CTAs in various cancers [69-74].

Similarly, genome-wide

demethylation also occurs in oocytes in very early development [68]. CGAs with no to
low expression among normal tissues are considered widely applicable targets for both
cancer immunotherapy and vaccination with little risk of harmful side effects [66, 75].
Numerous anticancer immunotherapeutic strategies are currently being developed and
have progressed to clinical trials [75].
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Immunotherapeutic approaches to treating cancer are attractive, in part, because
they rely on targets which are largely specific to cancer cells thereby theoretically resulting
fewer side effects as compared to traditional chemo- and radio-therapeutics. SAS1B, a
cancer-germline antigen, represents a potential immunotherapeutic target that is expressed
in cancer but has limited expression among normal tissues. Initial reports show SAS1B
expression in female reproductive cancers. Our subsequent work focuses on expanding the
range of cancer indications, including more solid tumors like pancreatic cancer and head
and neck cancer, as well as hematological malignancies, which could potentially benefit
from a SAS1B targeted therapeutic. We also seek to understand biological properties of
SAS1B, which will guide development of successful SAS1B-immunotherapies, such as
characterization of SAS1B isoform expression patterns and cellular localization in both
cancers and normal tissues.
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ABSTRACT
Successful therapeutic options remain elusive for pancreatic cancer. The exquisite
sensitivity and specificity of humoral and cellular immunity may provide therapeutic
approaches if antigens specific for pancreatic cancer cells can be identified. Here we
characterize SAS1B (ovastacin, ASTL, astacin-like), a cancer-oocyte antigen (COA), as an
attractive immunotoxin target expressed at the surface of human pancreatic cancer cells,
with limited expression among normal tissues. Immunohistochemistry shows that most
pancreatic cancers are SAS1Bpos (68%), while normal pancreatic ductal epithelium is
SAS1Bneg. Pancreatic cancer cell lines developed from patient-derived xenograft models
display SAS1B cell surface localization, in addition to cytoplasmic expression, suggesting
utility for SAS1B in multiple immunotherapeutic approaches. When pancreatic cancer
cells were treated with an anti-SAS1B antibody-drug conjugate, significant cell death was
observed at 0.01-0.1 µg/mL, while SAS1Bneg human keratinocytes were resistant.
Cytotoxicity was correlated with SAS1B cell surface expression; substantial killing was
observed for tumors with low steady state SAS1B expression, suggesting a substantial
proportion of SAS1Bpos tumors can be targeted in this manner. These results demonstrate
SAS1B is a surface target in pancreatic cancer cells capable of binding monoclonal
antibodies, internalization, and delivering cytotoxic drug payloads, supporting further
development of SAS1B as a novel target for pancreatic cancer.
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INTRODUCTION
Pancreatic cancer continues to pose a serious clinical challenge, being the fourth
leading cause of cancer-related deaths in the United States. Total deaths due to pancreatic
cancer are predicted to increase dramatically, with the expectation that it will become the
second leading cause of cancer-related deaths by 2030 [76].

Pancreatic ductal

adenocarcinoma (PDAC) originates in the exocrine pancreas and accounts for 95% of all
pancreatic cancers [77]. Endocrine pancreatic tumors, typically arising from islet cells,
account for only 2-4% of total pancreatic cancer incidence [78]. The overall five-year
survival rate has remained resistant to improvement, from 2% in 1975 to only 8% currently;
for most pancreatic cancer patients, life expectancy is measured in months [3, 79].
Conventional treatment approaches, such as surgery, radiation, chemotherapy, or a
combination of these, have had little impact on this aggressive tumor due to: 1) late stage
diagnosis, which precludes surgery as a viable option, 2) lack of effective early detection
biomarkers, 3) early and frequent metastases, and 4) eventual therapeutic resistance [9, 80,
81]. Almost 100% of patients eventually succumb to advanced metastatic disease with
death from debilitating metabolic effects of the tumor [82]. At time of diagnosis, less than
10% of patients present with localized disease, approximately 30% with regional metastatic
disease, and 50-60% with distant metastatic disease [3, 78]. More than 85% of tumors
cannot be resected at time of diagnosis because of metastases, common sites including the
liver, peritoneum, and the lungs. The only available option for patients with metastatic
disease remains chemo- and/or radio-therapy, yet it rarely has any impact on survival [9,
83]. Gemcitabine, a nucleoside analog, has been the standard chemotherapy for all stages
of PDAC, yet alone or in combination with additional chemotherapy, has shown lack of

25

significant response to therapy [78]. Radiotherapy, although previously used regularly,
poses toxicity threats due to the closely adjacent radiosensitive organs [84, 85]. The need
for effective, novel treatments for PDAC is clear.
Recent advances in the treatment of metastatic disease using combination
chemotherapeutics have only increased overall survival in terms of months [86, 87]. The
dense desmoplastic tumor stroma, characteristic of PDAC, contributes to inadequate
therapeutic penetration and promotes resistance to chemo- and radiotherapy [80, 88].
However, combination of these more aggressive chemotherapies with therapies that engage
novel targets may represent a promising therapeutic strategy for the treatment of PDAC
[80].
Recent clinical success using the ADCs Adcetris and Kadcyla to treat Hodgkin’s
lymphoma and breast cancer, respectively, has sparked greater focus on developing ADCs.
ADCs are an attractive molecular therapeutic option when the target is largely cancer cell
specific and localizes to the cell surface, as is the case for the COA SAS1B.
SAS1B has not been detected in a variety of normal tissues, outside of growing
oocytes within the ovary, but has been identified in female reproductive cancers. In a
uterine tumor cell line SNU539, SAS1B was shown to be localized to the cell membrane,
internalized via the endocytic pathway, and sensitive to growth arrest and cell death in the
presence of an indirect antibody-saporin (drug) conjugate using a rabbit polyclonal
antibody targeting SAS1B [41]. These studies position SAS1B as a viable target of an
immunotoxin in cancer, with the attending advantages of limited on target/off-tumor
effects on normal tissues, and support the study of ADCs for the treatment of SAS1Bpositive (SAS1Bpos) tumors.
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The following study provides evidence that SAS1B is expressed in a majority of
pancreatic cancers, is localized to the cell surface, and that pancreatic cancer cells are killed
when treated with an anti-SAS1B ADC, validating SAS1B as a target for further preclinical development.
RESULTS
SAS1B is expressed in a majority of pancreatic cancers and is not detected in normal
pancreas ductal epithelium by IHC
Given the expression of ASTL (gene) / SAS1B (protein) in uterine cancer [41], we
hypothesized that ASTL/SAS1B may be expressed in PDAC. Immunohistochemistry using
an anti-SAS1B monoclonal antibody (mAb) (6B1; shown to largely recognize cytoplasmic
SAS1B; Supplemental Figure 2.1) was performed on a TMA containing primary and
metastatic pancreatic cancer samples, pancreatic intraepithelial neoplasia (PanIN;
precursor lesions), and normal duct from both benign and malignant pancreas. TMA
staining results were read in a blinded manner and scored by a pathologist on a 0 (negative)
to 3+ positivity scale. SAS1B staining was not detected in untransformed ductal epithelium
present in either benign or malignant pancreas (n=10) (Figure 2.1A-B). Low-grade PanINs
were also SAS1B negative (n=8). SAS1B staining was observed in one out of six high
grade PanINs. In some cases, stromal cells adjacent to ducts in normal and low grade
tumors showed weak cytoplasmic reactivity (Figure 2.1A-B).
In contrast to the limited staining in low grade tumors, the majority of PDACs were
SAS1Bpos (68%, n= 21/31), (Figure 2.1C-E). Both primary (n=13/16) and metastatic
(n=8/15) tumors were SAS1Bpos. Most cancers exhibited 1+ or 2+ SAS1B staining
intensity. When 6B1 mAb was pre-incubated with recombinant SAS1B (rSAS1B) protein
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and then added to histology sections, no staining was detected (Figure 2.2). Staining of
PDACs was cytoplasmic in all cases while membranous localization was also observed in
a few cases. Positive staining could be characterized across a range from strong, diffuse
staining that included some ill-defined membranous staining (Figure 2.1C) to focal,
exclusively cytoplasmic staining (Figure 2.1D-E). Within individual tumors, SAS1B
positivity ranged from about 10% to greater than 90% of cancerous cells staining.
Approximately 20% of PDACs had no detectable SAS1B or showed only trace staining
(Figure 2.1F). Importantly, expression of SAS1B was found both in primary tumors and
in metastatic tumors from the lymph node and distal peripheral sites (Figure 2.1G). One
of six high-grade PanIN samples were SAS1Bpos, suggesting that SAS1B expression may
first appear in advanced precursor lesions during carcinogenesis. These data demonstrate
SAS1B is expressed in a majority of pancreatic cancers evaluated and is not detected in
normal human pancreatic ductal epithelium, providing rationale for further investigation
of SAS1B as a therapeutic target for the treatment of PDAC.

ASTL/SAS1B is expressed in pancreatic cancer patient derived xenografts
With the intent of identifying potential in vivo models that could be used to develop
and to assess SAS1B-specific targets for therapeutic and diagnostic approaches, we
evaluated SAS1B expression in patient derived xenografts (PDX). Tumors were obtained
from PDAC PDX mouse models that have been previously shown to have high genotypic
and phenotypic concordance with the source patient tumor [89]. RNA was isolated from
15 tumors and 3 normal human pancreas samples and was reverse-transcribed to cDNA.
PCR analysis using a primer for the c-terminus of ASTL set showed no detectable ASTL
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transcript in normal pancreas; however, 67% (10/15) of PDAC tumors were positive for
ASTL transcript (Figure 2.3A). Amplicons were cloned and sequenced, revealing 99%
identity to ASTL reference sequence with an occasional single nucleotide polymorphism.
Although not quantitative, gel electrophoresis of PCR products suggests differences in
SAS1B expression levels among tumors.
Immunohistochemical staining for SAS1B expression was performed on these
PDX tumor samples; 67% (10/15) were positive for SAS1B protein (Figure 2.3B), with
each tumor’s protein expression concordant with ASTL transcript data shown in Figure
2.3A. Tumors were scored by a pathologist, in a blinded manner, on a 0 (negative) to 3+
positivity staining-intensity scale. SAS1B was largely localized intracellularly with 1+ and
2+ staining intensities. Correlation of ASTL/SAS1B expression with patient data showed
that ASTL/SAS1B expression occurs in tumors from both males and females, tumors of
early and late stage (II to IV), as well as in primary and metastatic tumors (Figure 2.3A).
These data show concordance between ASTL transcript and SAS1B message within all
pancreatic tumors examined. The robustness of PCR bands (e.g. tumors numbered 3 & 4)
correlated with stronger IHC staining intensity (2+). The 67% incidence among this cohort
of 15 PDX cancer samples matches the 68% incidence identified in the human cancer
samples (Figure 2.1G). These data show that SAS1B expression is maintained when
primary human tumors are grafted into immunodeficient mice, highlighting the potential
utility of this model for in vivo development.
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Figure 2.1 SAS1B was expressed in a majority of pancreatic cancers and was not
detected in normal pancreas ductal epithelium by IHC
TMAs were stained for the expression of SAS1B with 6B1 mAb. SAS1B was not detected
in normal pancreatic ductal epithelium (A) and most pancreatic intraepithelial lesions (B).
Some stromal cells adjacent to these ducts showed cytoplasmic reactivity, as pictured in
A/B. Many ductal carcinomas showed cytoplasmic SAS1B staining (C-E). This ranged
from strong, diffuse staining that also included some ill-defined membranous positivity (C)
to focal, exclusively cytoplasmic staining (D-E). A minority of ductal carcinomas were
negative or showed only trace non-specific staining (F). Images are 400x magnification.
SAS1B staining was scored on a 0 (negative) to 3+ positivity scale for each tissue type and
result are summarized in the table (G). Percent of samples that were SAS1B positive, for
each tissue type, is quantified in the last column (total number of SAS1B positive samples
/ total number of samples) (G).
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Figure 2.2 SAS1B signal in pancreatic cancer tissue was blocked by pre-incubating
anti-SAS1B mAb, 6B1, with rSAS1B
[A] Human primary PDAC tumor stained with anti-SAS1B mAb, 6B1, showed robust
cytoplasmic signal in the tumor and trace staining in adjacent stromal cells. [B] SAS1B
signal in tumor and stroma was blocked when anti-SAS1B mAb 6B1 was pre-incubated
with 40x excess rSAS1B protein for one hour before addition to the tissue section. B is a
serial section of A. Images are 400x magnification.
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Figure 2.3 ASTL/SAS1B expression in pancreatic cancer patient derived xenografts
[A] RT-PCR analyses of 15 PDAC (1-15) PDX tumors and 3 normal human pancreas
(normal) samples using a c-terminus ASTL specific primer set showed a 309bp amplicon
in 10/15 PDAC samples. Tumors from both males and females, early and late stage
disease, as well as primary and metastatic tumors were ASTLpos (table). GAPDH was used
as a housekeeping control for PCR. [B] Immunohistochemical localization of SAS1B, on
representative examples from the same set of 15 PDAC tumors used in panel A, labeled
with anti-SAS1B mAb, 6B1. Tumor number indicated in bottom right corner of image.
Images are 400x magnification. Tumors were scored on a 0 (negative) to 3+ positivity
scale; total number of tumors in each group quantified in the table.
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SAS1B localizes to the cytoplasm and to the cell surface of pancreatic cancer cell lines
The IHC analyses raise the possibility that SAS1B may be expressed at the cell
surface of some pancreatic cancer cells, but routine IHC is not sufficient to confirm cell
surface expression. SAS1B has a putative transmembrane sequence; thus, we hypothesized
that cell-surface expression of SAS1B may be sufficient to support therapeutic approaches
with ADCs and/or CAR-T cells. To obtain preclinical data to address this question, three
pancreatic cancer cell lines (mPanc96, 366, 608) were further evaluated in vitro with
confocal analysis. Cell lines 366 and 608 were derived from PDX PDAC samples and are
numbered 3 and 5, respectively, in the samples shown in Figure 2.3. mPanc96 is a cell line
that has been substantially characterized in a variety of pancreatic cancer studies. Confocal
analysis of indirect immunofluorescence (IIF) of fixed and permeabilized pancreatic cancer
cells, using anti-SAS1B mAb SB2, showed that SAS1B is abundant in the cytoplasm
(Figure 2.4A-C). No signal was detected with non-specific mouse IgG antibody (data not
shown). These IIF data using SB2 mAb are in agreement with the IHC data indicating a
prominent cytoplasmic localization of SAS1B (Figures 2.1 & 2.3). IIF on live, nonpermeabilized cells was performed to determine if SAS1B is also expressed at the cell
surface. IIF on live pancreatic cancer cells, using the same SB2 anti-SAS1B mAb, shows
that SAS1B is present at the cell membrane in a punctate surface staining pattern (Figure
2.4E-G). No detectable SAS1B was observed in non-neoplastic keratinocytes (Figure
2.4D/H).
The majority of pancreatic cancer cells in all three cell lines express cytoplasmic
and cell surface SAS1B. Cell lines 608 and 366 grow in clumps/clusters, and in these
samples, the most robust live cell staining was observed at the periphery of the cell cluster.
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However, when Z-stack analysis was used in confocal microscopy, punctate SAS1B signal
was observed across the surface of the cells in the interior of the cell cluster (data not
shown). As SAS1B expression in mPanc96, 366, and 608 cell lines can be found at the
cell surface, we proceeded to test the ability of SAS1B to serve as a target for ADCmediated killing.
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Figure 2.4 SAS1B localized to the cytoplasm and to the cell surface in pancreatic
cancer cell lines
[A-D] Fixed and permeabilized indirect immunofluorescence (IIF) using anti-SAS1B
mAb, SB2 showed SAS1B localized to the cytoplasm of three pancreatic cancer cell lines
(mPanc96, 366, 608) compared to normal keratinocytes.

[E-H] IIF on live, non-

permeabilized cells using anti-SAS1B mAb, SB2, demonstrated staining of the plasma
membrane of mPanc96, 366 and 608 cells but not normal keratinocytes.
representative of three independent experiments.

Data are
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SAS1B surface expression in pancreatic cancer cell lines correlates with anti-SAS1B
ADC cell killing in vitro
Because SAS1B localizes to the cell membrane in pancreatic cancer cells and
previous data have shown that SAS1B is endocytosed [41], we hypothesized that these
could be killed using an ADC targeting SAS1B, with varying degrees of cytotoxicity
correlated to relative antigen level at the cell surface. To first quantify the SAS1B surface
expression observed in live IIF (Figure 2.4E-H), relative amounts of cell surface SAS1B
were detected by flow cytometry with SB2 performed on live pancreatic cancer cell lines
(mPanc96, 366, 608) and normal keratinocytes (Figure 2.5A). Examination of relative
proportions of SAS1Bpos cells revealed mPanc96 had the highest proportion of cells
expressing SAS1B and the highest per cell SAS1B expression. 608 had intermediate
expression, and 366 showed the weakest expression of SAS1B. Surprisingly, given the
previous IIF data, keratinocytes also had a population of SAS1Bpos cells.

No

immunoreactivity was observed when SB2 mAb was pre-incubated with rSAS1B protein
for one hour before adding to cells (Figure 2.6).
To evaluate the SAS1B antibody SB2 as a candidate targeting immunotherapeutic
drug, an in vitro cytotoxicity assay was performed, in which cells were incubated with SB2
complexed with a secondary antibody conjugated to the DNA-alkylating agent
duocarmycin DM via a pH sensitive linker (Figure 2.5B). Disruption of DNA architecture
by duocarmycin results in eventual cell death. Total cellular ATP was measured using
CellTiter Glo in a luminometer to determine percent viability of cells. No cytotoxicity was
observed when cells were treated with secondary-drug conjugate alone as compared to cells
without treatment (media only; data not shown). Significant cell death was observed in
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mPanc96 and 608 cells treated with sub-nanomolar concentrations (0.01 nM, equivalent to
0.0016 µg/mL) and in 366 treated with nanomolar concentrations (1 nM, equivalent to
0.016 µg/mL) of anti-SAS1B mAb SB2 complexed with drug conjugate, as compared to
the negative control ADC. At 0.016 µg/mL SB2, a statistically significant difference in
cytotoxicity was observed when comparing keratinocytes to each of the three PDAC cell
lines (mPanc96, 608, 366) independently (t-test p-value <0.0001; ANOVA p-value
<0.0001). The LD50 values for mPanc96 were 0.0055 ±0.002, 608 were 0.0088 ±0.006,
and 366 were 0.011 ±0.005 µg/mL SB2 mAb. Although mPanc96 trended toward being
more effectively killed, there were no significant differences in the LD50 between the three
cancer cell lines (n=3 assays; non-linear regression analysis). Lack of significance may be
due to inadequate statistical power or may be due to complications with LD50 calculations
for populations which never reach 100% maximum cytotoxicity. These experiments
showed that a SAS1B-ADC was not cytotoxic, even at high concentrations, to at least 40%
of 608 and 366 cells while in mPanc96, only approximately 20% of cells survived
treatment. Because the LD50s were not statistically different, yet flow cytometry data
showed relatively more surface SAS1B expression in mPanc96 as compared to 608 and
366, these results could indicate that a higher percentage of cells will ultimately be killed
by a SAS1B-ADC in a population which has greater density of surface expressed SAS1B.
Perhaps internalization rates differ among cell lines and with a longer ADC incubation
time, greater cytotoxicity would be achieved in 608 and 366.
Similar results, in terms of general pattern of killing, were found with additional
SAS1B-specific mAbs in mPanc96 cell line. However, SB2 induced significant cell death
at a concentration one log lower than SB4 and SB5 (Figure 2.7). Epitope mapping showed
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that the SB mAbs match the N-terminal, pro-peptide region of SAS1B (A. Mandal et. al,
manuscript in preparation). SB2, SB4, and SB5 mAbs are different clones from the same
parent; differences in affinities are likely attributed to variations in mAb structure.
In the absence of drug-conjugate, anti-SAS1B mAb SB2 alone was not cytotoxic
to cells (Figure 2.8), warranting the need for a cytotoxic agent since prior heat inactivation
of serum in complete media prevented complement mediated cell death. The drugconjugate, in the absence of SB2, also showed no cytotoxic effects (data not shown). SB2
mAb killing specificity was confirmed by the lack of cytotoxicity with antibody that had
been pre-incubated with SAS1B blocking peptide while no effect on cytotoxicity was
observed when using an SAS1B peptide which is not recognized by SB2 (Figure 2.9).
Keratinocytes did not stain for the target by IIF, and despite observation of some SAS1B
signal in flow cytometry, no in vitro cytotoxicity using anti-SAS1B-ADC was observed in
these cells. Similar cytotoxic effects were observed among all three pancreatic cancer cell
lines using a positive control ADC targeting epithelial cell adhesion molecule (EpCAM)
(Figure 2.5B). This demonstrates that the differential cytotoxic responses observed with
anti-SAS1B ADC are as a result of properties of the target rather than inherent differences
in how these cells process an ADC or differential resistance to apoptosis.
Notably, mPanc96 and 366 cells had the highest and lowest SAS1B surface
expression by flow cytometry and most and least ADC mediated cell killing as a proportion
of the treated population, respectively. Thus, the difference in absolute killing apparent in
Figure 2.5 reflects the amount of protein expressed at the cell surface. These data suggest
potential utility of stratifying patients based on the level of SAS1B surface expression with
regard to treatment with anti-SAS1B therapies. These results demonstrate SAS1B is a
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surface target in pancreatic cancer cells capable of binding monoclonal antibodies,
internalization, and delivering cytotoxic drug payloads which effectively kill cancer cells.
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Figure 2.5 SAS1B surface expression in pancreatic cancer cell lines correlated to antiSAS1B ADC cell killing in vitro
[A] Median fluorescent intensity of cell surface SAS1B detected by live cell flow
cytometry with SB2 monoclonal antibody (blue line) or unrelated control antibody (red
line) on PDAC cell lines mPanc96 (left), 608 (left middle), and 366 (right middle) and
keratinocytes (right). [B] Cytotoxicity by anti-SAS1B ADC (mAb SB2) titration shown
below each flow-cytometric plot for corresponding cell line. SB2- mAb-Duocarmycin
immune complexes were generated (ADC) then incubated with cells for 72 hours. Relative
cell viability was measured using CellTiter-Glo. Data represent averages of three
independent replicates, with 3 technical replicates in each data point.
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Figure 2.6 Anti-SAS1B mAb, SB2, signal in live mPanc96 cells was blocked when preincubated with rSAS1B protein
Cell surface SAS1B detected by live cell flow cytometry in mPanc96 cells using antiSAS1B mAb, SB2 (red line) as compared to unrelated mAb control (black line). When
SB2 was pre-incubated with 40x excess rSAS1B protein, then added to cells, SAS1B signal
was effectively blocked (green line).
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Figure 2.7 ADCs with different anti-SAS1B mAbs are also cytotoxic to mPanc96 cells
Cytotoxicity by anti-SAS1B ADCs using mAb SB2 (green line), SB4 (purple line), or SB5
(blue line). Similar cytotoxic patterns observed for each of the three anti-SAS1B mAbs
however SB2 ADC cytotoxic effects observed one log lower than effects seen with SB4
and SB2. Unrelated mAb control (red line) used as negative ADC control. mAbDuocarmycin immune complexes were generated (ADC) then incubated with cells for 72
hours. Relative cell viability was measured using CellTiter-Glo. Data represent averages
of three independent replicates, with 3 technical replicates in each data point.
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Figure 2.8 Anti-SAS1B mAb, SB2, alone was not cytotoxic to pancreatic cancer cell
lines
No cytotoxic effects were observed in pancreatic cancer cell lines mPanc96, 608, and 366
when anti-SAS1B mAb, SB2, alone (no drug-conjugate) was added to cells. SAS1B mAb
incubated with cells for 72 hours. Relative cell viability measured using CellTiter-Glo.
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Figure 2.9 Cytotoxicity of an anti-SAS1B ADC was blocked in pancreatic cancer cell
lines when SB2 mAb was pre-incubated with a SAS1B peptide
Cytotoxicity induced by anti-SAS1B ADC (SB2 mAb) (blue line) is blocked when SB2
mAb is immunoabsorbed with SAS1B peptide (green line) in pancreatic cancer cell lines
mPanc96 [left], 608 [middle] and 366 [right]. Cytotoxicity is not blocked when SB2 is
immunoabsorbed with a negative control peptide (grey line) consisting of an irrelevant
SAS1B sequence. SAS1B ADC incubated with cells for 72 hours. Relative cell viability
measured using CellTiter-Glo.
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DISCUSSION
SAS1B is a newly identified cancer-oocyte antigen in pancreatic cancer
SAS1B is expressed in a majority of both patient PDACs and PDX PDAC samples.
We find that SAS1B localizes to both the cytoplasm and the cell surface in PDAC cell
lines. Further, we validated SAS1B as a therapeutic target by determining that coincubation of pancreatic cancer cell lines with anti-SAS1B ADC results in cytotoxicity in
vitro, indicating that SAS1B has characteristics of a bone fide targetable antigen for
pancreatic cancer.
Among a cohort of 31 pancreas cancer samples, 68% were SAS1Bpos by IHC;
SAS1B expression was observed in primary tumors and expression was sustained in
metastatic disease (Figure 2.1). Increased staining intensity was observed with advanced
disease indicative of increased SAS1B molecule density, however, the sample size was
small. Further studies with increased sample size would help statistically correlate SAS1B
expression intensity and frequency with disease characteristics. These data do suggest a
relatively high penetrance of expression but a heterogeneity in both the overall frequency
of expression and proportion of tumor cells that express SAS1B, indicating that careful
pathological assessment will need to be performed prior to therapy selection. Moreover,
while Pires et al. showed SAS1B expression in cancers from the female reproductive tract
(precisely uterine tumors) [41], this is first report of SAS1Bpos cancers from males, which
is notable since, in untransformed tissue, SAS1B is localized to ovaries in females [41].
The expression of SAS1B in male tumors, but not in male normal tissue, may mean that
immune tolerance to SAS1B is not well established in males, making it an even more
attractive target. However, this conclusion is dependent upon the verification of the low
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level of expression observed in tumor stroma, and whether stromal expression is
constrained to the tumor microenvironment and is absent from true normal pancreas.
SAS1B is expressed in the cytoplasm of pancreatic cancer cells by IHC (Figures
2.1 & 2.3), indirect immunofluorescence (Figure 2.4A-C), and intracellular flow cytometry
(data not shown). A population of SAS1B traffics to the plasma membrane and is
accessible on the cell surface of pancreatic cancer cells (Figures 2.4 & 2.5). The punctate
staining pattern observed at the cell surface suggests that SAS1B may be associated with
lipid rafts or sites of exocytosis. The cycling rates and half-life of SAS1B at the plasma
membrane are currently unknown but the data presented here suggest that there is a greater
pool of SAS1B in the cytoplasm and that a fraction of the total translated SAS1B traffics
to the cell surface. How SAS1B expression relates to tumor biology and disease prognosis
is unknown and requires additional studies.

Potential diagnostic and imaging applications of SAS1B
SAS1B has been shown to be exocytosed from oocyte cortical granules after
fertilization and to cleave zona pellucida protein 2 (ZP2) rendering the ZP unable to support
further sperm binding [38, 39], but it is unknown whether SAS1Bpos cancer cells secrete
SAS1B.

Given these data, additional studies are warranted to determine whether shed

SAS1B may be able to serve as a potential diagnostic marker in circulation for early
detection of pancreatic cancer. Early detection of PDAC precursor lesions and of early
stage disease could increase therapeutic opportunities and outcomes for patients. Further,
this is the first study to report SAS1B expression in a precursor cancer lesion (Figure 2.1G);
whether or not additional PanINs harbor SAS1B expression and if SAS1B contributes to
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carcinogenesis has yet to be determined. PanINs are understood to be noninvasive ductal
precursor lesions to PDAC [90]. Within this study, all low grade PanINs were SAS1Bneg
but one of six high grade PanINs was SAS1Bpos. High-grade PanINs are also referred to
as “carcinoma in situ” and many of the genes altered in invasive pancreatic cancer are also
altered in PanINs [90, 91]. Although this study suggests SAS1B may not be prevalent
among precursor lesions and the sample size was small, over 80% of primary
adenocarcinomas were SAS1Bpos. Thus, there is potential for early detection of PDAC
through screening of individuals with family history of pancreatic cancer using SAS1B as
a biomarker, if SAS1B is shed at sufficient levels from cancer cells. Further, as SAS1B
is expressed at the cell surface of tumor cells and rarely in normal tissue, there is the
potential to develop cancer imaging applications with fluorescently or radio-labeled
nanoparticles [92, 93]. A SAS1B targeted imaging approach has the potential to also serve
as a way to stratify patients who would be most likely to respond to SAS1B therapies.
However, high shed rates could also complicate the use of SAS1B for ADC targeting or
imaging, as shed SAS1B could serve as an antibody sink.

Evaluation of the therapeutic potential of SAS1B as a target for pancreatic cancer
SAS1B was shown to be internalized via the endocytic pathway in uterine tumor
cells after antibody binding using a rabbit polyclonal antibody [41]. When pancreatic
cancer cells were treated with complexes of SAS1B primary antibodies bound to secondary
antibodies linked with the toxin duocarmycin DM, cell death was observed (Figure 2.5).
This study shows that an ADC targeting SAS1B is internalized resulting in cytotoxicity of
pancreatic cancer cells, thus supporting SAS1B as a candidate for ADC therapy.
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The extent of anti-SAS1B ADC cell death observed correlates with the relative
amount of surface-associated SAS1B within a given population of cells. mPanc96 and 366
cells were the highest and lowest SAS1B expressers by flow cytometry, respectively, and
also showed the greatest and least amount of cell death (Figure 2.5). The equivalent
cytotoxicity found between all three pancreatic cancer lines using a control ADC targeting
EpCAM (Figure 2.5B) demonstrates that the differences observed among the cell lines with
the anti-SAS1B ADC are due to target density differences rather than inherent differences
in how each cell line processes and responds to an ADC. The flow cytometry data coupled
with the cytotoxicity data shown in Figure 2.5 suggests that a limited pool of cell surfaceassociated SAS1B may be sufficient to induce cell death when SAS1Bpos pancreatic cancer
cells are targeted with an anti-SAS1B ADC. Our data suggest that pancreatic cancer cells
that have the highest density of SAS1B on the cell surface combined with the highest
percentage of total cells being SAS1Bpos would be most likely to benefit the greatest from
SAS1B targeted ADC therapy. However, in pancreatic cancer cell populations where less
SAS1B is expressed, some cytotoxicity is still observed. Further studies are warranted to
define the rate and regulation of SAS1B cycling to the plasma membrane to determine
whether this influences the threshold of SAS1B expression needed to induce cancer cell
death.

This information could help guide the manipulation of surface SAS1B, and

determine whether surface or intracellular expression needs to be assessed for the
stratification of patients who would most likely respond to a SAS1B targeted ADC therapy.
Non-neoplastic keratinocytes showed a population of SAS1Bpos cells by live cell
flow cytometry but were not affected by the anti-SAS1B ADC (Figure 2.5) suggesting that
SAS1B-ADC complexes were not internalized in these cells as they were in PDAC cells
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(Figure 2.5). The discrepancy between the IIF data showing keratinocytes were SAS1Bneg
(Figure 2.4D/H) and the flow cytometry data showing these cells were SAS1Bpos (Figure
2.5A), suggests that flow cytometry may be more sensitive than the IIF assay for SAS1B
detection in keratinocytes. Another explanation may be that the process of cell dissociation
and handling during flow cytometry staining results in a stress-induced expression of
SAS1B that is not observed in IIF, as in this setting cells remain attached to coverslips in
a stress-free environment. When and how SAS1B expression is induced under varying
conditions, such as stress, remains unknown, and will be important to determine as it could
be exploited to enhance SAS1B expression in cancer cells, or limit on-target/off-tumor
targeting of normal tissue. Alternatively, keratinocytes may express a different SAS1B
isoform which is not internalized via the endocytic pathway; additional studies are required
to determine whether or not this is the case.
Some stromal cells, from both normal and malignant pancreas, appeared to express
SAS1B at a low level, localized to the cytoplasm, by IHC (Figure 2.1; Figure 2.2).
However, ASTL was not detected by RT-PCR in normal pancreas (Figure 2.3A). This
discordance may be because the stromal component of the normal pancreas sections
analyzed in Figure 2.3A may not have been great enough to allow for detection by PCR or
that stromal cells associated with transformed tissue may be induced to express SAS1B.
The latter explanation may further support targeting SAS1B as elimination of tumor stroma
has been shown to be critical for the prevention of tumor recurrence. This population of
SAS1Bpos stromal cells requires further investigation to determine: 1) if staining is truly
SAS1B or is a cross-reactive epitope of another protein, 2) whether or not SAS1B is on the
surface of these cells, 3) what percentage of stromal cells potentially express surface-
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associated SAS1B, 4) if an anti-SAS1B ADC treatment would result in stromal cell death,
and 5) if the stromal cell death would be significant enough to result in negative patient
outcomes, or alternatively enhance the degradation of the tumor. Given that non-neoplastic
keratinocytes were shown to express SAS1B at the cell surface by flow cytometry but
showed no cell death when treated with an anti-SAS1B ADC (Figure 2.5), we hypothesize
that non-cancerous SAS1Bpos cells will not be affected by an anti-SAS1B ADC. However,
surface expression without internalization would not protect stromal cells from CAR-T
reactivity, or T cells that are elicited by a SAS1B vaccination approach. Future studies
using PDX xenografts will be necessary to ascertain the impact of stromal expression on
the optimization of SAS1B-specific immunotherapeutic options.
The heterogeneity and mosaicism of SAS1B expression observed in PDAC has
implications for immunotherapy selection. ADCs are an attractive option for SAS1Bpos
PDACs because, based on the data presented, an anti-SAS1B ADC is cytotoxic to
cancerous cells but not to non-neoplastic cells which is hypothesized to be related to
differences in internalization. A cancer vaccine using SAS1B as a target is an additional
immunotherapeutic option that warrants exploration. However, given that heterogeneity
of SAS1B expression was observed, there may be a subpopulation of SAS1Bneg PDAC
cells which are not targeted by a vaccine. It is likely that, even with a potential anti-SAS1B
ADC therapy for the treatment of PDAC, combination with one or more additional
therapies would provide the maximum anti-cancer benefit to patients.
Additional studies are warranted to further evaluate SAS1B as an ADC therapeutic
target for the treatment of PDAC. The PDAC PDX mouse models examined in this study,
where patient tumors are affixed directly into the mouse pancreas [89], may represent a
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suitable system for studying effects of anti-SAS1B therapies in vivo, along with assessment
of SAS1B expression in the current murine genetic models of pancreatic cancers. The data
presented in this study strongly suggest that SAS1B directed immunotherapies have the
potential to provide a novel axis of therapy for the pancreatic cancer population.
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MATERIALS AND METHODS
Antibodies & Reagents
Mouse anti-SAS1B mAb 6B1 was selected from a hybridoma technology campaign
to be able to screen for SAS1Bpos samples by IHC. For 6B1 [Pires et al., In Submission],
a truncated human SAS1B immunogen [38] was used to inject mice and mAbs were
generated by the Antibody Engineering and Technology (AbET) Core (University of
Virginia (UVA)). For SB2, truncated SAS1B, lacking only the signal peptide, was
expressed as described earlier [37] and was used as the immunogen to generate mouse antihuman SAS1B mAbs. Mouse anti-SAS1B mAb SB2 was selected from a hybridoma
campaign based on a screen for SAS1Bpos live cancer cells. The mAbs were generated by
the AbET Core (UVA). Unrelated anti-human CABYR 3A4 mAb used as a negative
control antibody for flow cytometry and cytotoxicity assays, was developed in mouse using
an immunogen as described earlier [94]. Non-specific mouse IgGs were used as a negative
antibody control for IHC and IIF (Cell Signaling Technology, Danvers, MA). EpCAM
(CD326) antibody (Miltenyi Biotec, San Diego, CA) was used as a positive antibody
control for the cytotoxicity assays.
Fab’-specific peroxidase labeled secondary antibodies (Jackson ImmunoResearch,
West Grove, PA), raised in goat to recognize mouse, were used for IHC (GtαMs HRP).
Goat anti-mouse Alexa Fluor 488 (GtαMs Alexa488; Molecular Probes, Eugene, OR) was
used to label primary antibodies in IIF. Goat anti-mouse R-phycoerythrin (GtαMs R-PE;
Molecular Probes, Eugene, OR) was used as a secondary antibody for the flow cytometry
assay. Fab-anti-mouse IgG Fc region-duocarmycin DM antibody with a cleavable linker
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(Fab-CL-DMDM; Moradec, San Diego, CA) was used as the secondary antibody-drug
conjugate in the cytotoxicity assays.
Nickel-NTA agarose purified recombinant human SAS1B protein as described by
Pires et al. [38] was used to immunoabsorb both 6B1 and SB2 mAbs in the IHC and flow
cytometry assays. A SAS1B N-terminal peptide was used to immunoabsorb SB2 mAb in
the cytotoxicity assay and a SAS1B peptide matching the C-terminus, not recognized by
SB2, was used as a negative control peptide. SAS1B peptides were purified greater than
95% by analytic HPLC (Atlantic Peptides, Lewisburg, PA). SAS1B N-terminal peptide
sequence was APLASSCAGACGTSFPDGL and the C-terminal peptide sequence was
GAPGVAQEQSWLAGV.

Cell Lines and Culture Conditions
mPanc96 cells were obtained from the American Type Culture Collection (ATCC;
Manassas, VA) while 608 and 366 fresh patient-derived cell lines were obtained as
described previously [95, 96]. Primary keratinocytes, isolated from neonatal foreskin
following a previously described protocol, were kindly provided by Dr. S.B. Vande Pol
(University of Virginia, Department of Pathology,) [97, 98]. Pancreatic cancer cells were
cultured in RPMI (Invitrogen, Carlsbad, CA) containing 10% heat inactivated fetal bovine
serum (FBS; ThermoFisher Scientific, Waltham, MA) and 1% penicillin-streptomycin
(Invitrogen, Carlsbad, CA). Keratinocytes were cultured in keratinocyte serum free
medium (KSFM; Invitrogen, Carlsbad, CA) containing 1% penicillin-streptomycin. Cells
were cultured in a humidified incubator (37°C, 5% CO2).

mPanc96 cells were

authenticated before purchase by the ATCC with cytochrome c oxidase subunit 1 analysis,
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DNA profiling, cytogenetic analysis, flow cytometry, and immunocytochemistry. Cell
lines 608 and 366 were authenticated in 2010 and 2011 by the University of Virginia
Biomolecular Research Facility with DNA profiling, cytogenetic analysis, flow cytometry,
and immunocytochemistry.
Human Tissue Microarray and IHC
The pancreatic progression TMA was provided by the Cooperative Human Tissue
Network,

funded

by

the

National

Cancer

Institute

(NCI)

(available

at:

http://chtn.sites.virginia.edu/tissue-microarrays). Other investigators may have received
specimens from the same subjects.
IHC was performed using the protocol as described previously [41], with some
modifications. Histology sections were deparaffinized by melting and clearing in xylene
followed by rehydration in descending grades of alcohol. Antigen retrieval with citrate
buffer was performed by microwaving for 20 minutes followed by blocking with 5% nonfat dry milk (NFDM) containing 5% normal goat serum (NGS; Sigma, St. Louis, MO) in
PBS for one hour at room temperature. Anti-SAS1B mAb, 6B1, or mouse IgG’s were
applied to slides overnight at 4°C at 10 µg /mL. For the immunoabsorption assay, 6B1
mAb was pre-incubated with forty-times excess of rSAS1B protein for one hour prior to
addition to the tissue and then sections were otherwise treated in the same manner. Slides
were washed, quenched in methanol-hydrogen peroxide, incubated with 1:500 dilution of
GαM HRP for one hour at room temperature, and then washed. Development of brown
reaction product was then performed using 3, 3-diaminobenzidine (Sigma, St. Louis, MO).
Hematoxylin was used as a counterstain then slides were dehydrated in increasing grades
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of alcohol. Slides were air-dried, mounted, and then imaged with an Olympus BX51
(Center Valley, VA). A board-certified pathologist (AMM) reviewed and scored all slides.

Tissue Processing for RNA and Protein
Cell lysis was performed on flash frozen PDX PDAC tumor samples and normal
pancreas using the SuperFastPrep-1 with lysing Matrix D tubes (MP Biomedicals, Santa
Ana, CA) in a 4°C cold room. RNA was then purified with the RNeasy kit (Qiagen,
Germantown, MD) and reverse transcribed to cDNA as described previously [41]. PDX
PDAC samples used for IHC were fixed and embedded as detailed earlier [89].

Primers and RT-PCR
Primers designed to amplify the C-terminus of SAS1B, or GAPDH as a control,
were used in a PCR assay, both previously described [41]. PCR products were run on a
1% agarose gel containing ethidium bromide and bands of the correct size were excised.
cDNA was gel purified (QIAquick PCR Purification Kit, Qiagen, Germantown, MD) and
sub-cloned using TOPO-TA cloning kit (Invitrogen, Carlsbad, CA). Plasmid DNA was
purified (QIAprep Spin Miniprep Kid, Qiagen, Germantown, MD). DNA was sequenced
and then searched with BLAST (NCBI) to confirm ASTL/SAS1B identity.

Indirect Immunofluorescence (IIF)
Fixed and Permeabilized IIF
Cells were grown for 30-40 hours on coverslips which were first pre-incubated with
fibronectin (Sigma, St. Louis, MO) at a 1:2000 dilution. Cells were then fixed with 4%
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paraformaldehyde (PFA) in DPBS for 15 minutes at room temperature. After washes with
DPBS, cells were blocked and permeabilized with 5% heat-inactivated NGS in DPBS
containing 0.1% Triton X100 for 30 minutes at 37°C. Anti-SAS1B mAb, SB2, or mouse
IgGs were added to coverslips at a concentration of 6 µg /mL and incubated at room
temperature for 1.5 hours. Following washes, a 1:500 dilution of GtαMs Alexa488
secondary antibody plus a 1:1000 dilution of DAPI was added to coverslips for one hour
in the dark. Coverslips were washed, mounted with ProLong Gold Antifade (Invitrogen,
Carlsbad, CA), dried, and imaged using a LSM 700 laser scanning confocal microscope
(Zeiss, Oberkochen, Germany).
Live & Non-permeabilized IIF
Cells were grown on fibronectin coated coverslips for 30-40 hours and then blocked
with 5% heat-inactivated NGS in media for 30 minutes at room temperature. Coverslips
were then incubated with media containing 0.1% sodium azide (NaN3) for 30 minutes on
ice. SAS1B mAb, SB2, or mouse IgGs were added to coverslips at a concentration of 10
µg/mL and incubated on ice for 1.5 hours and then washed. A 1:500 dilution of GtαMs
Alexa488 secondary antibody was added to coverslips for one hour in the dark. Coverslips
were washed, fixed with 4% PFA-DPBS at room temperature for 15 minutes, washed
again, then stained with a 1:1000 dilution of DAPI.

Following additional washes,

coverslips were processed as described in fixed IIF.

Flow Cytometry
Cells were grown to 80% confluency then dissociated with StemPro Accutase
(Invitrogen, Carlsbad, CA). Cells were resuspended in media and allowed to recover at
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37°C, 5% CO2 for two hours, with intermittent shaking of the tubes. Cells were blocked
with media containing 0.1% NaN3 and 5% heat-inactivated NGS (referred to as “blocking
media”) for 30 minutes on ice. SAS1B mAb, SB2, or unrelated, negative control mAb,
3A4, were added to cells at a concentration of 10 µg/mL made in blocking media and
incubated on ice for two hours. For the immunoabsorbed sample, SB2 was pre-incubated
with forty-times excess rSAS1B protein at room temperature for one hour prior to addition
to cells. EpCAM was used as a positive control antibody at a concentration of 1.0 µg/mL.
Following washes, a 1:500 dilution of GtαMs R-PE made in blocking media was added to
cells and incubated on ice, in the dark, for one hour. After washing, cells were resuspended
in DPBS containing 1:1000 DAPI to distinguish live from dead cells. Acquisition and
analysis were performed in the UVA Flow Cytometry Core Facility using a FACS Calibur
flow cytometer (BD Biosciences, San Jose, CA) and FlowJo software, version 9.8.2
(FlowJo, Ashland, OR).

Cell Line Cytotoxicity
Cells were grown to 80% confluency, dissociated with Accutase, then plated in a
96 well plate and incubated overnight. Fab-CL-DMDM was pre-incubated with primary
antibodies SB2, 3A4, or EpCAM made in cell media, in 1:10 serial dilutions, to allow
primary antibodies to complex with secondary-drug conjugates for one hour at room
temperature. For the immunoabsorption assay, SB2 mAb was pre-incubated with fivetimes excess SAS1B peptide, either blocking peptide or negative control peptide made of
an irrelevant SAS1B sequence, overnight at 4°C before mixing with secondary-drug
conjugate.

Final concentration of Fab-CL-DMDM added to cells was 15 nM and
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concentrations of primary antibodies ranged from 0.0016 µg /mL (0.01 nM) to 16 µg /mL
(100 nM). Cells were incubated with ADCs for 72 hours. Following incubation, media
was removed from each well and 1X CellTiter-Glo 2.0 (Promega, Madison, WI) reagent
in PBS was added and then incubated at room temperature for 10 minutes. ATP level of
live cells was measured at room temperature using the BioTek Cytation3 luminometer.
Percent cell viability was calculated by dividing luminescence values of ADC treated cells
by the baseline luminescence value obtained from averaging cells which received only FabCL-DMDM. Triplicate experiments were performed independently, each with 3 technical
repeats. The LD50s were calculated for each cell line and analyzed for statistical significant
using non-linear regression (p-value <0.05). An ANOVA, Student t-test was used to
determine if the difference in cytotoxicity between pancreatic cancer cell lines and
keratinocytes was statistically significant (p-value <0.05).
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Supplemental Figure 2.1 SAS1B mAb 6B1 preferentially recognizes cytoplasmic
SAS1B
[A] Uterine cancer cell line SNU539 showed moderate 2+ staining intensity for SAS1B
using 6B1 mAb by IHC. [B] No signal was observed when probed with normal mouse
IgG negative control. [C] 6B1 mAb failed to show immunoreactivity on live SNU539
uterine cancer cells by IIF. [D] Negative control normal mouse IgG negative control also
showed no staining. [E] Positive control anti-integrin mAB showed surface staining in live
SNU539 cells. DAPI was used to counterstain the cells (blue stain in panels C-E).
Experiments performed by Eusebio Pires.

61

FUNDING
This work was supported by a Cancer Research Institute Clinical Team Grant:
“Immunotherapeutic targeting cell surface neoantigen SAS1B” to JCH/CLS. Funding was
also received from the Center for Innovative Technology (CIT): “mAbs to target surface
metalloprotease” ER14S-003-LS awarded to ESP/JCH. Additional funds were provided
by the University of Virginia Vice President for Research. This research was also supported
by the UVA Cancer Center through the NCI Cancer Center Support P30 CA44579 awarded
to TWB, with support from the Commonwealth of Virginia.

62

Chapter 3

ASTL/SAS1B: Expression in normal cells and additional cancers
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INTRODUCTION
SAS1B has emerged as an exciting potential therapeutic target for the treatment of
various cancers due to limited localization among normal tissues combined with neoplastic
cell surface localization. A crucial characteristic of SAS1B as an effective target for ADC
or CAR-T therapy is that SAS1B localizes to the cell surface of cancer cells but has limited
or no cell surface expression in non-neoplastic cells.

Two observations, previously

published by our group, suggest no ASTL/SAS1B expression among panels of normal
tissue: 1) no ASTL expressed sequence tags provided in the Unigene database from normal
tissues and 2) IHC performed on an array of normal human tissues using the SAS1B rabbit
pAb showed no expression of SAS1B in any of the tissues examined (adrenal cortex,
adrenal medulla, alveoli, bladder, breast epithelium, cartilage, cerebral cortex, fallopian
tube, heart aorta, heart myocardium, kidney cortex, liver, lymph node, pancreas,
parathyroid, peripheral nerve, placenta villi, prostate, salivary glands, small intestine
mucosa, testes, thymus, thyroid, and tonsil) [41]. Additionally, IHC on a panel of 16
normal mouse tissues showed no SAS1B expression [38] and no ASTL transcript was
detected in 15 normal mouse tissues by Northern blot [37]. Development of effective antiSAS1B therapies for the treatment of SAS1Bpos cancers depends on solid data regarding
SAS1B expression in normal tissues. For example, a SAS1B-ADC will potentially be
cytotoxic to any cells expressing and internalizing an adequate amount of cell surface
SAS1B. To be used clinically, the expression profile of SAS1B in various cancers will
need to be determined and it will need to be shown exhaustively that there are limited, if
any, on-target, off-tumor effects of the SAS1B targeted therapy in vivo.
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Given SAS1B that expression was observed in female reproductive cancers [41]
and pancreatic cancers [Knapp et. al, Manuscript Submitted], and that SAS1B is a COA,
we hypothesized that SAS1B was expressed in other cancer indications. To test this, we
broadened the scope of analysis to include solid cancers from the head and neck region as
well as hematologic malignancies. Interrogation of additional cancer indications will
provide insight into the range of cancers that may potentially benefit from a targeted
therapy to SAS1B.

Head and Neck Cancer
Worldwide, head and neck cancer is the fifth most common cancer diagnosis and
the eighth most common cause of cancer death [99]. Cancers of the head and neck are
heterogeneous and include cancers of the oral cavity, oropharynx, hypopharynx, larynx,
lip, nose, and paranasal sinuses. Over 90% of head and neck cancers are squamous cell
carcinomas (HNSCC) [100]. For approximately one-third of patients, diagnosis is at an
early stage of the disease and treatment is surgery or radiotherapy with a favorable
prognosis. However, two-thirds of patients present with advanced-stage cancers involving
lymph node metastases for which the standard of care is surgery combined with adjuvant
radiation therapy and/or chemotherapy [101].

Five-year survival rates are 40-50%

highlighting inadequacies in current treatment regimens [100]. Chemotherapy resistance
is high, locoregional recurrence develops in the majority of patients, and distant metastases
occur in 20-30% of HNSCCs, emphasizing the need for better therapeutics [102-104].
Generally, the standard of care for treating HNSCC patients is limited based on the lack of
tumor-cell targeted treatments and because of unacceptable toxicity to the patient.
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Treatment strategies aimed at organ and function preservation include: concomitant
chemoradiotherapy, intensity-modulated radiation therapy, and molecular-targeted
biological agents [101, 105]. New and promising therapeutics include targeted therapies
which discriminate cancer cells from normal cells such as ADCs [101].
Currently, two monoclonal antibodies used in the treatment of HNSCC are
cetuximab and bevacizumab.

Cetuximab, an anti-epidermal growth factor receptor

(EGFR) monoclonal antibody, was approved in combination with radiotherapy for
recurrent/metastatic HNSCC. Although cetuximab has been shown to improve survival,
skin toxicity is common [106, 107]. Less promising, bevacizumab, an anti- vascular
endothelial growth factor (VEGF) monoclonal antibody, is likely to provide benefit only
in recurrent/metastatic settings in combination with chemotherapy, and has associated
vascular complications [101]. Clinical use of cetuximab and bevacizumab demonstrates
feasibility of using monoclonal antibody based strategies in the treatment of head and neck
cancers.

Leukemia
Leukemia is the ninth most common cancer in the US with 62,130 predicted new
cases in 2017 and 24,500 estimated deaths in 2017. Although leukemia is among the most
common childhood cancers, it most often occurs in older adults. Leukemia develops in
blood-forming tissues, such as bone marrow, which results in production of abnormal white
blood cells. The four main types of leukemia are acute lymphoblastic leukemia (ALL),
acute myelogenous leukemia (AML), chronic lymphocytic leukemia (CLL) and chronic
myelogenous leukemia (CML) [108]. Treatment is based largely on the type of leukemia
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and stage of disease. Common treatments include chemotherapy, biological therapy,
targeted therapy, radiation, and stem cell transplant [109]. The introduction of the tyrosine
kinase inhibitor, imatinib (Gleevec) resulted in significant overall 5-year survival rate
improvements for patients with CML from 30% before Gleevec to 89% [110]. Leukemia
researchers continue to work towards developing novel therapeutics which target cancer
cells exclusively to achieve higher selectivity and treatment efficacy.

The importance of studying SAS1B incidence in a variety of cancers is to gain
insight into the range of cancer patients who may benefit from a potential therapeutic
targeted against SAS1B. Initial studies will examine small cohorts of samples from various
tumors and if SAS1B expression is indicated, our group suggests larger scale SAS1B
expression profiling. Studying the pattern of SAS1B expression, with regard to protein
isoform cellular localization and level of cell surface expression, will aid in identification
of candidate patient subpopulations who are eligible for an anti-SAS1B therapy. However,
to develop SAS1B theranostics (therapy plus companion diagnostic), we need to first
understand the repertoire and expression patterns of SAS1B protein isoforms, encoded by
ASTL splice variants, present in cancer cells. As an example of the potential value of such
studies, determining which protein isoforms localize to the cancer cell surface will guide
mAb generation, against surface-exposed SAS1B epitopes, to be used in SAS1B-ADC
therapy; congruently, these studies may aid in development of a companion diagnostic test
to identify candidate patients.
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Alternative splicing
Alternative splicing of mRNAs is regarded as a crucial mechanism for gene
regulation and generating transcriptome and proteome complexity [111-113].

High

throughput sequencing technology has recently been used to approximate that nearly 95%
of multi-exon human genes are involved in alternative splicing [114].

Defects or

alterations in alternative splicing have been shown to be involved in various diseases
including cancer [113, 115, 116]. Patterns of alternative splicing can be tissue, stimulus,
or disease specific [117]; examining variants in different tumor types as well is imperative
for distinguishing predominant variants in different tissue and disease states. Splice variant
protein isoforms may be structurally and physiologically different from each other and as
compared to the wild-type protein [117], and can have very significant functional impacts
in cancer biology [116]. Some splice variants may encode secreted proteins while other
variants may encode membrane proteins [118, 119]. The nature and number of splice
variants of human SAS1B, and whether these transcripts are translated into proteins, is
currently unknown.
Encoded by a single copy gene, mouse oocyte SAS1B is alternatively spliced into
six unique variants, each of which encodes translated proteins. This results in SAS1B
protein micro-heterogeneity. All mouse variants contain a characteristic zinc-binding
active site motif and a putative transmembrane domain, while three variants also contain a
putative signal sequence upstream of an N-terminal cleavage sequence to produce the fully
processed form. Mouse SAS1B is 67% homologous to human SAS1B and it is conserved
among mammals [37].
The human SAS1B gene is divided into 9 exons. Although the coding region has
been sequenced in humans, splice variants, isoforms, and protein expression still needs to
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be elucidated in order to characterize SAS1B expression and function in cancer tissues.
SAS1B has been shown to localize to both the cytoplasm and the cell membrane in cancer
cells [41] and to be exocytosed from oocyte cortical granules [39]; thus, we hypothesize
that there are at least three different isoforms of SAS1B. Physiological and structural
differences of SAS1B protein isoforms may result in differential cellular localization and
function. Specific SAS1B splice variant protein isoforms may be preferentially expressed
or upregulated in a particular cancer type [120]. Determination of the main SAS1B
isoforms and whether they are membrane-associated in tumors will aid in development of
targeted diagnostic and therapeutic treatments against SAS1B.

69

RESULTS
ASTL/SAS1B expression in normal tissues
While early studies reported no detection of SAS1B in normal mouse and human
tissues, [37, 38, 41], recent development of more sensitive assays suggests potential
expression of ASTL/SAS1B in limited normal tissues.

Understanding the complete

expression profile of SAS1B not only in cancer indications but also in normal tissues will
help guide development and implementation of anti-SAS1B therapies. The GenotypeTissue Expression (GTEx) database (Broad Institute), which collects human tissues from
genotyped donors, was interrogated for ASTL hits. Expression values are shown in reads
per kilobase of transcript per million mapped reads (RPKM). While most tissues had no
or negligible ASTL expression, presence of ASTL transcript in some normal tissues,
notably whole blood, spleen, and bladder, was observed (Figure 3.1). EBV transformed
lymphocytes also showed ASTL expression, keeping with the observation that transformed
cells in culture express the COA, ASTL/SAS1B. Additionally, both sun-exposed and nonsun exposed skin samples expressed ASTL transcript, which is consistent with our findings
that human keratinocytes were ASTL/SAS1Bpos (Chapter 2, Results).

Some ASTL

expression was also observed in bladder. It remains to be seen whether SAS1B localizes
to the cytoplasm and/or the cell membrane in bladder cells, what percentage of bladder
cells are SAS1Bpos and whether SAS1B expression is restricted to a specific subpopulation
of bladder cells. Ovary did not show appreciable ASTL signal, which is reasonable given
that only a few oocytes within the ovary will express ASTL at any given time leading to
overall low transcript level. Additionally, tissues may have been from post-menopausal
women. The GTEx data does not indicate whether protein translation occurs in these
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[Figure 3.1] ASTL gene expression data from GTEx database
ASTL gene expression from GTEx database showing no or minimal ASTL expression in
a variety of normal tissues. Expression values are shown in reads per kilobase of transcript
per million mapped reads (RPKM). Box plots include median and 25th and 75th percentiles
with outliers ± 1.5 times the interquartile range shown as points. Majority of tissues have
no or negligible ASTL transcript expression; whole blood and bladder have the highest
ASTL hits.
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tissues, which sub-population(s) and proportion of cells from a given tissue are ASTLpos,
or any information about splice variant/protein isoform expression and cellular
localization. Addressing these issues in the ASTLpos tissues identified by GTEx will inform
development of anti-SAS1B therapeutics. For example, a SAS1B-ADC could still be
useful if normal cells identified as ASTLpos by GTEx database either lack SAS1B protein
translation or do not express SAS1B at the cell surface.
Given the RNA sequencing data from GTEx which showed ASTL transcript in
whole blood, human peripheral blood mononuclear cells (PBMCs) isolated from whole
blood, were examined for SAS1B expression by flow cytometry. PBMCs consist of
lymphocytes (T cells, B cells, NK cells) and monocytes (which can differentiation into
macrophages and dendritic cells). PBMCs were either fixed and permeabilized to observe
intracellular signal or were live, non-permeabilized cells to visualize cell surface proteins;
SAS1B protein was detected using the SB2 mAb. In this pilot study of one patient sample,
a small fraction, 3.1%, of PBMCs showed cytoplasmic expression of SAS1B by flow
cytometry (Figure 3.2, row two/left column; experiments performed by Walter Olson). Of
the 3.1% of positive cells, approximately 44% were monocytes and 66% were
lymphocytes. Myeloid derived cells appear in the upper two quadrants (y-axis high) while
lymphoid derived cells appear in the lower two quadrants (y-axis low) (Figure 3.2).
SAS1Bpos monocytes cells account for approximately 6.02% ((1.36/(21.3+1.36)) of the
total population of myeloid derived cells while SAS1Bpos lymphocytes make up a smaller
portion of total lymphoid derived cells, 2.25% ((1.74/75.6+1.74) (Figure 3.2 row two/left
column). Antibody specificity for SAS1B was shown by immunoabsorbing the SB2 mAb
with a SAS1B blocking peptide as compared to no immunoabsorption observed when a
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SAS1B control peptide, which is not recognized by SB2, was used (Figure 3.2, rows three
and four/left column). A very small percent of lymphocytes, 0.51% ((0.43/(0.43+83.3))
were identified as expressing cell surface SAS1B while monocytes did not show cell
surface localization of SAS1B (Figure 3.2, row two/right column). Because this small
population of cell surface SAS1Bpos lymphocytes remained when SB2 was
immunoabsorbed with the SAS1B blocking peptide (Figure 3.2, row three/right column),
it likely represents non-specific antibody binding rather than a true population of cells
expressing cell surface SAS1B. This suggestion is supported by the high level of noise
observed when live, non-permeabilized PBMCs were incubated with isotype control
(Figure 3.2, row one/right column). A similar experiment using a three additional buffy
coat samples showed similar results ranging from less than 1% to 2% of PBMCs expressing
intracellular, but not surface localized, SAS1B. These preliminary results suggest SAS1B
may be expressed intracellularly in a very small population of PBMCs but does not localize
to the cell surface. Despite the SAS1Bpos fraction of PBMCs is small, it remains a
definitive, albeit undefined, population in the peripheral blood. Additional flow cytometry
experiments using PBMCs co-stained with cell type specific markers plus SAS1B will
provide validation of SAS1B expression in PBMCs as well as insight into which subpopulation(s) of PBMCs are SAS1Bpos.
With the intention of validating preliminary results suggesting some human
PBMCs express cytoplasmic SAS1B and to determine which sub-population(s) of
leukocytes in blood express SAS1B, mouse splenocytes were analyzed. The results
generated in mouse indicating which leukocyte cell type(s) are SAS1Bpos will guide
subsequent similar experiments using human samples. Splenocytes were isolated from
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[Figure 3.2] SAS1B localizes to the cytoplasm, but not to the cell surface, in a small
population of human PBMCs
PBMCs from a healthy, human donor were either fixed and permeabilized (left column) or
were live and non-permeabilized (right column) and then stained with anti-SAS1B mAb,
SB2 (second row). Lymphoid derived cells were concentrated in the lower half while
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myeloid cells appeared in the upper half of the grids on scatter plots. Approximately 2%
and 6% of lymphoid (y-axis low) and myeloid (y-axis high) derived cells, respectively,
were positive for intracellular SAS1B (left column, row 2). No cell surface SAS1B signal
was observed on live cells (right column, row 2). SB2 isotype control was used as a
negative antibody control. When SB2 was immunoabsorbed with a blocking peptide,
intracellular PBMC signal was blocked (left column, row 3). Intracellular SAS1B signal
was not blocked when SB2 was pre-incubated with a SAS1B control peptide which is not
recognized by SB2 (left column, row 4). Results indicate intracellular, but not cell surface,
localization of SAS1B in a small portion of PBMCs. (Experiments performed by Walter
Olson.)
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mouse and stained with serum from guinea pig immunized against mouse SAS1B or preimmune control serum. Total mouse splenocytes were permeabilized and stained for
intracellular SAS1B which showed 2.3% of all splenocytes were SAS1Bpos (Figure 3.3A;
experiments performed by Aaron Stevens). All negative controls – no secondary antibody,
no primary antibody, and pre-immune sera – showed no signal. Given the low percentage
of SAS1Bpos cells, specific sub-populations of immune cells were gated based on cell
surface markers and then assessed for SAS1B positivity. Cytotoxic T cells were gated
based on CD8pos, helper T cells on CD4pos, natural killer cells on NK1.1pos, B cells on
B220pos, and dendritic cells on CD11c high plus MHCIIpos. Most immune cell subpopulations were SAS1Bneg while 39.5% of dendritic cells were SAS1Bpos. We then asked
what proportion of immune cell sub-population(s) make up the total pool of intracellular
SAS1Bpos splenocytes identified in the far right plot of Figure 3.3A (2.3% SAS1Bpos). Less
than 3% of SAS1Bpos cells were either helper T Cells (CD4), cytotoxic T cells (CD8), or
natural killer cells (NK1.1). About half of SAS1Bpos cells were dendritic cells and 25%
were B cells. While dendritic cells were shown to express intracellular SAS1B, when live,
non-permeabilized total splenocytes were probed for cell surface SAS1B, only 0.15% of
cells were SAS1Bpos (Figure 3.3D). To confirm SAS1B expression, these experiments
needs to be repeated with an additional group of splenocytes that are incubated with SB2
which has been immunoabsorbed with the SAS1B blocking peptide. This population of
SAS1Bpos live, non-permeabilized splenocytes may represent non-specific antibody
binding as suggested for a similar population in human PBMCs (Figure 3.3). If the
SAS1Bpos population is confirmed by the immunoabsorption assay, additional experiments
are required to statistically assess whether the SAS1B signal is higher than the negative
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[Figure 3.3] Mouse SAS1B was expressed intracellularly in dendritic cells and B-cells
SAS1B expression was examined in mouse splenocytes using serum from guinea pigs
immunized with mouse SAS1B by flow cytometry. [A] Of total mouse splenocytes probed
for intracellular SAS1B expression, 2.3% were SAS1Bpos. All negative controls, no
secondary antibody control, no primary antibody control, and pre-immune guinea pig
serum, showed no signal. [B] Intracellular SAS1B staining of splenocyte sub-populations.
Cytotoxic T cells were gated based on CD8pos, helper T cells on CD4pos, natural killer cells
on NK1.1pos, B cells on B220pos, and dendritic cells on CD11c high plus MHCIIpos. Most
immune cell sub-populations were SAS1Bneg while 39.5% of dendritic cells were
SAS1Bpos. [C] Proportion of immune cell populations comprising the pool of intracellular
SAS1Bpos cells identified in Panel A. The far left plot (taken from Panel A) shows the
gating strategy used to identify SAS1Bpos cells; the specific cell types comprising this
population were subsequently analyzed. Less than 3% of SAS1Bpos cells were either helper
T Cells (CD4), cytotoxic T cells (CD8), or natural killer cells (NK1.1). About half of
SAS1Bpos cells were dendritic cells and 25% were B cells. [D] Only 0.15% of total
splenocytes were positive for cell surface SAS1B expression. Negative controls had no
signal. Experiment repeated twice; representative results shown. (Experiments performed
by Aaron Stevens.)
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controls. These data show that mouse SAS1B was expressed intracellularly, but not at the
cell surface, in the dendritic cell sub-population of total mouse splenocytes.
An additional population of B cells were also positive for intracellular SAS1B;
however, for both B cells and dendritic cells, only a fraction of cells expressed SAS1B.
Whether there is a population of secreted SAS1B remains to be determined; one potential
approach is to use a sandwich ELISA to capture circulating SAS1B from healthy patient
serum samples. Although why only a fraction of dendritic and B cells express SAS1B
remains unknown, SAS1B expression may be related to the cell cycle. Flow cytometry costaining with cell cycle markers will clarify if SAS1B expression is related to cell cycling
in these cell types. SAS1B may also be preferentially expressed in certain subtypes of
dendritic cells and B cells; to determine if this is the case, cells can be co-stained with
additional markers to identify specific dendritic and B cell subtypes.
Three lines of preliminary evidence (Figures 3.1, 3.2, and 3.3) suggest SAS1B is
expressed in a subset of leukocytes and validate further exploration of SAS1B incidence in
certain whole blood cell populations. Importantly, the data presented in Figures 3.2 and
3.3 represent small sample sizes and must be repeated in additional subjects to validate
preliminary results. More experiments are necessary to define SAS1B expression in
normal tissues, which is a critical component guiding anti-SAS1B therapeutic development
for the treatment of SAS1Bpos cancers. Additionally, in vivo studies using a SAS1B-ADC
will be needed to assess the impact of expression on mouse health and immunity.
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ASTL/SAS1B was expressed in a high percentage of HNSCCs and localized to the cell
surface in vitro
RNA was isolated from 24 HNSCC patient samples and was reverse-transcribed to
cDNA. PCR amplification of the unique c-terminus region of ASTL showed 100% (24/24)
of HNSCC tumors were ASTL positive (Figure 3.4A). Amplicons were cloned and
sequenced, revealing 99% identity to ASTL reference sequence.

Although not

quantitative, PCR band intensity suggests differences in levels of ASTL between tumors.
Western blot analysis, using a rabbit polyclonal antibody (pAb) generated to recombinant
SAS1B [41], showed that SAS1B was expressed in 8/8 tumors (Figure 3.4B). There is
100% concordance between ASTL message and SAS1B protein in the cohort of 8 tumors.
No immunoreaction was observed when tumors were probed with pre-immune antibodies
(Figure 3.4B). The predicted molecular weight (primary sequence) of SAS1B is 46 kDa;
however, two predicted SAS1B isoforms of higher molecular weight at ~48 kDa and ~65
kDa were also routinely observed using this pAb [41]. Protein extracts from pancreatic
cancer cell lines (mPanc96, 608, 366) as well as a uterine cancer line (SNU539) show a
similar banding pattern on Western blot when probed with the Rb pAb (data not shown).
These results are limited by the absence of normal head and neck tissue to use as SAS1Bneg
controls in PCR and Western blot assays. However, preliminary screening results warrant
further exploration into SAS1B expression in head and neck tumors and additional normal
tissues.
Given that patient HNSCC tumors express SAS1B, cell lines were examined to
establish an in vitro system which could be used to evaluate SAS1B as a potential
therapeutic target in HNSCC. Eight HNSCC cell lines were examined for ASTL transcript
presence by PCR and for SAS1B protein by Western blot (Figure 3.5). All cell lines are
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squamous cell carcinomas with different origins: Cal27, SCC-9, SCC-25, SCC-61, and
OSC-19 are from the tongue, FaDu is from the pharynx, while UNC-7 and UNC-10 are
derived from lymph nodes. ASTL transcript was detected in 8/8 cell lines by PCR (Figure
3.5A) with varying gel band intensities suggesting differences in ASTL transcript levels
among cell lines. When immunoblotted with the SAS1B rabbit pAb, total cellular protein
from 8/8 cell lines showed a major band ~65 kDa which is consistent with observations
from patient tumors in Figure 3.4B. The predicted molecular weight of SAS1B at 46 kDa
was present in 6/8 cell lines with 2/8 cell lines also having an additional band at ~48 kDa
as well.

Additional studies, described below, are necessary to determine which

immunoreactive bands correspond to which protein isoform and to concretely show each
band is in fact SAS1B.
We hypothesized that SAS1B may be glycosylated and that this may explain
immunoreactive bands at larger-than-expected molecular sizes regularly observed (50 and
65 kDa) in cell lines from multiple cancer indications (HNSCC, PDAC, uterine). An initial
screen using three glycosylation prediction algorithms support our hypothesis that SAS1B
is glycosylated (Figure 3.6).

All three algorithms predicted an N-glycosylation site at

amino acid 265 in the proteinase domain. Two additional N-linked sites in the proteinase
domain were also predicted by one algorithm. Analysis from the three algorithms predicted
19 to 49 O-linked glycosylation sites, with the majority concentrated in SAS1B’s unique
C-terminal region (Figure 3.6).

SAS1B was predicted not to have any C-linked

glycosylation sites. Subsequent studies (described in Chapter 3, Discussion) comparing
glycosidase treated and untreated samples are necessary to experimentally determine
SAS1B’s glycosylation pattern and inform observed immunoassay results.

81

Figure 3.4 ASTL/SAS1B was expressed in a high percentage of patient HNSCCs
[A] RT-PCR analyses of 16 HNSCC (1-16) tumors using a c-terminus ASTL specific
primer set showed a 309bp amplicon in 16/16 tumors.

GAPDH was used as a

housekeeping control for PCR. A total of 24 tumors were examined; 24/24 were positive
for ASTL mRNA, 16 of which are shown here. [B] Western blot analyses of 8 HNSCC
tumors (1-8), corresponding to the same tumors examined in [A], immunoblotted with
either anti-SAS1B pAb or pre-immune IgGs. GAPDH used as a loading control. Predicted
molecular weight of SAS1B is 46 kDa; higher bands predicted to be glycosylated forms
and/or protein isoforms.
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Figure 3.5 HNSCC cell lines expressed ASTL/SAS1B
[A] RT-PCR analyses of HNSCC cell lines using a c-terminus ASTL specific primer set
showed a 309bp amplicon in 8/8 cell lines. GAPDH was used as a housekeeping control
for PCR. Numbers correspond to the following cell lines: 1) Cal27, 2) FaDu, 3) SCC-9, 4)
SCC-25, 5) SCC-61, 6) UNC-7, 7) OSC-19, 8) UNC-10. [B] Western blot analyses of 8
HNSCC cell lines immunoblotted with either anti-SAS1B pAb or pre-immune IgGs. αTubulin used as a loading control. Predicted molecular weight of SAS1B is 46 kDa; higher
bands predicted to be glycosylated forms and/or protein isoforms.
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[Figure 3.6] SAS1B is predicted to be heavily O-glycosylated
N-liked and O-linked glycosylation status of SAS1B amino acid residues as predicted by
three bioinformatics algorithms (Hirst Group, NetOGlyc or NetNGlyc, and GlycoEP).
SAS1B is predicted to be heavily O-glycosylated, with a concentration in the unique Cterminal region; stars (Hirst Group), circles (NetOGly), and triangles (GlycoEP) shown
represent predicted O-linked residues. One N-liked glycosylation site is predicted by all
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three algorithms (solid rectangle) and two additional sites (dotted rectangles) are predicted
by the Hirst Group algorithm. Amino acid residue positions listed about every 20 residues
and protein domains are distinguished by color (signal peptide – orange, propeptide –
fuchsia, proteinase domain – blue, and unique C-terminal region – green).
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If one or both of the larger immunoreactive protein bands observed in Western blot
of HNSCC samples is not due to glycosylation, other methods will be used to determine if
the bands are due to antibody cross-reactivity. In an unbiased approach,
immunoprecipitation of SAS1B from cancer cell lines using SAS1B antibodies followed
by 2-D gel electrophoresis and liquid chromatography tandem mass spectrometry (LC/MSMS) analysis will confirm presence of SAS1B peptides, or other potential protein peptides,
at a given molecular weight. A second approach would be to knock-out or knock-down
SAS1B in a given cell line; immunoreactive bands representing SAS1B should be absent
or display reduced intensity, demonstrating antibody specificity.

Nonetheless, these

preliminary studies suggest several HNSCC cell lines express ASTL/SAS1B, including
potential glycosylated forms of SAS1B and/or protein isoforms, and should be used for
further in vitro studies including assessment of an ADC targeting SAS1B in HNSCC.
To confirm the presence of SAS1B protein, the cell line OSC-19 was further
characterized by IIF using a different SAS1B mAb, SB2. SAS1B was shown to localize
to the cytoplasm in the vast majority of OSC-19 cells when cells were fixed, permeabilized,
and then stained with SB2 (Figure 3.7B); no signal detected when cells were probed with
normal mouse IgG as a negative control (Figure 3.7A). Cytoplasmic SAS1B expression
appears to be concentrated in the peri-nuclear region with suspected endoplasmic reticulum
(ER) and Golgi apparatus association. This observation is consistent with the presence of
a N-terminal signal peptide which is predicted to result in translocation of SAS1B into the
ER membrane where translation continues (known as cotranslational transport).
Live, non-permeabilized OSC-19 cells were then examined by IIF to determine if
SAS1B localizes to the cell membrane and may thus be a potential ADC target. Figure
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3.7D showed SAS1B cell surface localization when stained with SB2 mAb and no
detectable signal when OSC-19 cells were probed with normal mouse IgGs (Figure 3.7C).
A punctate pattern of SAS1B expression was observed over the majority of the cell surface
of most cells (Figure 3.7D) and was consistent with the staining pattern observed in
pancreatic cancer cells (Figure 2.4E-G). As hypothesized earlier, the punctate pattern of
expression may indicate SAS1B is associated with lipids rafts and/or exocytosed and
associated with other cell membrane protein(s). These data support future studies testing
an anti-SAS1B ADC in HNSCC cell lines to further evaluate SAS1B as a viable therapeutic
target for the treatment of HNSCC.
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Figure 3.7 SAS1B localized to the cytoplasm and to the cell surface in OSC-19
[A-B] Fixed and permeabilized IIF on the HNSCC cell line OSC-19. SAS1B (green)
revealed cytoplasmic localization using SB2 mAb [B]. Cell nuclei stained with DAPI
(blue). No signal detected when OSC-19 cells were probed with normal mouse IgG control
[A]. [C-D] IIF on live, non-permeabilized OSC-19 cells. SAS1B detected at the plasma
membrane using SB2 mAb [D]; no signal observed when cells were stained with normal
mouse IgG control.
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ASTL/SAS1B was expressed in about 30% of leukemia samples
ASTL/SAS1B has been previously shown to be expressed in solid tumors from
uterus, pancreas, and head and neck but has not been studied in liquid cancers, more
commonly referred to as hematological malignancies. To assess whether SAS1B is present
in liquid tumors, primary patient leukemia samples and leukemia cell lines were analyzed.
RNA obtained from AML and LGL (large granular lymphocytic) patient samples was
reverse transcribed to cDNA then amplified by PCR. Total ASTL transcript incidence
among both types of leukemia was 32% (9/28) while type specific incidences were similar
with 38% (5/13) AML samples and 27% (4/15) LGL samples ASTLpos (Figure 3.8A).
Although not quantitative, differences in band intensities are suggestive of ASTL transcript
level variation among patients; if this correlates to protein differences remains to be seen.
Leukemia cell lines were then examined to establish an in vitro system to be used
to study effects of anti-SAS1B therapeutic options for leukemia. Total protein from six
AML cell lines (HL60, Kasumi-1, KG-1, OCI-AML3, MOLM-13, MOLM-14) and two
LGL cell lines (NKL, TLG1) examined all showed an immunoreactive band at the
predicted molecular weight of SAS1B at ~46 kDa by Western blot analysis (Figure 3.8B).
No immunoreactivity was observed when probed with pre-immune IgGs. GAPDH was
used as a protein loading control. Band intensities are similar between cell lines suggesting
relatively comparable SAS1B expression levels. Western blot analysis revealed one
immunoreactive band at 46 kDa in leukemia which differs from previous data in HNSCCs
showing a major band at 65 kDa and a doublet at ~46/50 kDa (Figures 3.8B and 3.5B).
SAS1B expression data from patient samples and from cell lines supports further
evaluation of SAS1B as a potential therapeutic target for the treatment of leukemia.

89

Figure 3.8 ASTL/SAS1B was expressed in leukemia patient samples and cell lines
[A] Representative RT-PCR analyses of leukemia samples from patients using a c-terminus
ASTL specific primer set showed a 309bp amplicon in 32% (9/28) of leukemia samples.
Of AML samples, 38% (5/13) were ASTLpos while 27% (4/15) of LGL samples were
ASTLpos. GAPDH was used as a housekeeping control for PCR. [B] AML (# 1-6) and
LGL (# 7-8) cell lines, analyzed by Western blot, all showed a 46 kDa immunoreactive
band when probed with SAS1B pAb and no reactivity was seen when probed with preimmune IgGs. GAPDH used as a loading control. Numbers correspond to the following
cell lines: 1) HL60, 2) Kasumi-1, 3) KG-1, 4) OCI-AML2, 5) MOLM-13, 6) NKL, 7)
TLG1.
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Efficient ASTL amplification by PCR is hindered by ASTL RNA secondary structure
The faint bands observed in the PCR amplification of several leukemia samples
(Figure 3.8A) prompted additional optimization to improve RT-PCR assay sensitivity.
ASTL secondary structure predictions implicated RNA secondary structure as a barrier to
efficient reverse transcription. Previous RT-PCRs for ASTL transcript in HNSCC and
leukemia used a conventional reverse transcription approach. To improve sensitivity, 3’
ASTL gene specific primers (GSPs) were used instead of oligodTs in the reverse
transcription reaction and primer-RNA binding was enhanced by pre-incubating RNA with
primer at 65°C to melt RNA secondary structure followed by cooling at a rate of
0.1°C/second to prevent secondary structure from snapping back before primers could
bind. The effect of using GSPs or oligodTs on PCR amplification of ASTL was compared
in three cell lines, SNU539, Cal27, and Panc366; a representative experiment using
SNU539 is shown in Figure 3.9. RNA was reverse transcribed using one of two ASTL
gene specific primers (GSP), a GAPDH GSP, or oligodTs. cDNA was qPCR amplified
using three different primer sets: ASTL exons 2-3 (pink), ASTL exons 5-6 (blue), or
GAPDH housekeeping control (orange); reverse primer is the same as used for reverse
transcription reaction (Figure 3.9A). As indicated by the lower PCR Cq values (crossing
point; cycle at which the relative fluorescent unit (RFU) crosses the threshold) for both
ASTL primer sets using ASTL GSPs in the reverse transcription reaction as compared to
oligodTs, ASTL PCR amplification was improved using GSPs. Using a GSP for GAPDH
reverse transcription had no effect on the qPCR Cq value suggesting RNA secondary
structure does not affect reverse transcription of GAPDH. These results indicate that ASTL
RNA secondary structure prevents efficient reverse transcription, resulting in lower PCR
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yield, and can be overcome using gene specific priming and enhancing primer-RNA
binding by first melting RNA secondary structure.
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Figure 3.9 Improved RT-PCR amplification of ASTL
RNA from SNU539 cells was reverse transcribed to cDNA using either an ASTL gene
specific primer or oligodTs; cDNA was then PCR amplified. [A] Semi quantitative RTPCR amplification plot of ASTL exons 2-3 amplimer (pink), ASTL exons 5-6 amplimer
(blue), housekeeping control GAPDH (orange), or no template negative control (green).
PCR run in duplicates. Reverse transcription performed with either ASTL gene specific
primers (GSP; straight line) or oligodTs (line with triangles). [B] Table reporting Cq values
(crossing point; cycle at which the relative fluorescent unit (RFU) crosses the threshold)
obtained from plot in A. Change in Cq values (oligodT – GSP) listed. Average fold
difference in starting copy number indicate ASTL gene specific primed reverse
transcription reaction resulted in more copies of ASTL cDNA in starting material for qPCR
as compared to oligodTs.
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Alternative splicing of ASTL results in at least six putative splice variants in cancer
ASTL/SAS1B expression has been demonstrated in several cancer types.
Locational differences of SAS1B – cytoplasm and cell membrane – suggest alternative
splicing of ASTL. We hypothesize that alternative splice variants of human ASTL/SAS1B
are present in SAS1Bpos tumors and that the repertoire and/or levels of individual variants
may differ between cancer types. Determining which isoforms are present at the cell
surface will aid in development of targeted diagnostics and therapeutics such as production
of cell surface SAS1B specific mAbs to be used in ADCs.
In a pilot experiment, PCR primers were designed to amplify full length SAS1B
with the intent of discovering any additional splice variants such as insertion/deletion
mutants which would be amplified with this primer set. An additional forward primer was
designed based on an EST sequence, deposited into the NCBI’s Unigene Database, from a
uterine tumor which suggested a novel 5’ translation start site within intron 1 for ASTL
[42]. Two cell lines were analyzed: a HNSCC line, Cal27, and a malignant mixed
Mullerian tumor (MMMT) line, SNU539. The Herr lab’s initial studies into SAS1B and
cancer were done with SNU539 as an in vitro model which has been characterized in [41].
Cytoplasmic RNA, representing the pool of mature mRNAs, was isolated from cell lines
and was reverse transcribed to cDNA. PCR was performed using two primer sets: 1)
forward primer spanning ASTL exon 1-2 (E1-2 For) + reverse primer located at the very
3’ end of exon 9 (E9 Rev), and 2) forward primer beginning at novel ATG start site in
intron 1 (I1 For) + E9 Rev. Products were run on a 1% agarose gel; bands were excised,
purified, and amplicons were subcloned. Clones were nucleotide sequenced, blasted, and
then compared to the ASTL reference sequence.
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Five novel ASTL splice variants (SV-B to SV-F) were identified from the PCR
screen; ASTL reference sequence was labeled as splice variant A (SV-A). SV-B, SV-E,
and SV-F were identified using primer set 1 (E1-2 For + E9 Rev) while SV-C and SV-D
were amplified using primer set 2 (I1 For + E9 Rev). A schematic representation of the
exon structure of all splice variants is shown in Figure 3.10A. SV-A is a 9 exon, 431 amino
acid protein with a predicted molecular weight of 46 kDa. SV-B is identical to SV-A
except for a 54 basepair (bp) (18 amino acid) in-frame deletion from the 5’ end of exon 8
– part of the proteinase domain. SV-E encodes a truncated version of SAS1B, predicted to
produce a 12 kDa protein, which is lacking the majority of the proteinase domain, including
the catalytic site, and the unique C-terminus. In SV-E, a 421bp sequence from intron 4 is
not spliced resulting in new in-frame stop codon at the second codon in intron 4. Like SVE, SV-F has the same 5’ end as SV-A; however, exon 8 is deleted in SV-F causing a
frameshift mutation resulting in an in-frame stop codon at amino acid position 8 in exon 9.
SV-F is predicted to encode a 248 amino acid, 27 kDa protein. SV-C differs from SV-A
at the 5’ end. SV-C is missing exon 1 and has a novel start site within intron 1 resulting in
addition of 21 amino acids from intron 1 added to exon 2, as compared to the reference
sequence. The inserted intron 1 sequence gives SV-C/D a unique 21 amino acid Nterminus that differs from that found in SV-A/B/E/F. The new N-terminal sequence in SVC/D is hydrophobic overall and amino acids 10-24 are predicted to encode an α-helical
transmembrane domain. SV-C does not have the signal peptide found at the N-terminus in
SV-A; SV-C also lacks a scission sequence typical of signal peptides and as seen in SV-A.
SV-D has an identical 5’ end as SV-C but contains the 85bp intron 7. An in-frame stop
codon is present at the beginning of intron 8 thus the putative protein encoded by SV-D is
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Figure 3.10 ASTL splice variants identified in cancer cells
[A] Exon structure schematic of ASTL splice variants known as SV-A to SV-F. Total
number of amino acids and predicted molecular weight shown for each variant. Gray boxes
with white X indicate regions which are not translated. For reference, SAS1B SB2 mAb,
used extensively in our work, maps to amino acids 32-40 of the propetide region. [B]
Representative RT-PCR amplification of ASTL SV-A and SV-C, using variant specific
primers, from a uterine cancer cell line (malignant mixed Mullerian tumor, MMMT;
SNU539), PDAC PDX tumors, and HNSCC tumors from patients. SAS1B domain
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structure shown below variants with amino acid numbers listed for each domain; SP =
signal peptide, Cat = catalytic site (pink box).
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245 amino acids and 27 kDa. Of the known splice variants, SV-A and SV-C are predicted
to be the major forms because 1) SV-A is the known reference sequence, 2) an EST of SVC in uterine cancer was deposited into Unigene, and 3) SV-A and SV-C sequences were
recovered with greater frequency than the others in our pilot PCR screen.
A preliminary PCR screen for SV-A and SV-C mRNA was done in PDAC PDX
tumors and HNSCC patient tumors to confirm existence of variants in tumors in addition
to previous data in cancer cell lines. ASTL SV-A and SV-C were both present in 2/2 PDAC
PDX tumors and in 2/2 HNSCC patient tumors (Figure 3.10B). PCR gel bands were
excised, purified, subcloned and then DNA sequenced. Clones matching SV-A and SVC sequences were obtained from each respective PCR; SV-B sequences were also revealed
from the SV-A PCR of PDAC PDX #3. Only a few clones were selected for sequencing
thus reducing the likelihood of identifying the less-common variants in the selected tumors.
Although not quantitative, intensity variation of PCR bands in Figure 3.10B suggest tumor
specific differences in SV-A and SV-C transcript level. These preliminary screens suggest
ASTL splice variants exist in cancers and there may be tumor specific transcript level
variation among tumors.
To determine if the predominant ASTL variants, SV-A and SV-C, were translated
into SAS1B protein isoforms, human SAS1B SV-A and SV-C constructs were transfected
in an in vitro mammalian expression system using human embryonic kidney 293T cells
(293T) (Figure 3.11; Experiments performed by Jagathalpa Shetty).

Two SAS1B

expression constructs were generated: 1) hSAS1B SV-A1-431 and 2) hSAS1B SV-C1-436
(Figure 3.11A). DNA inserts were generated from PCR amplification of hSAS1B SV-A
and SV-C from plasmids and were fused in-frame with pcDNA 3.1/V5-His TOPO TA
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plasmid by topo-cloning. The vector carried a V5 epitope followed by a polyhistidine
(6xHis) tag. The constructs were confirmed by PCR and DNA sequencing. Plasmids
containing SV-A, SV-C, or no inserted DNA (mock/control) were transiently transfected
into 293T cells. Total protein extracted from transfected cells was resolved on SDS-PAGE
gels and Western blotted to confirm SAS1B protein translation (Figure 3.11B).
Immunoblotting with anti-His antibody confirmed SV-A and SV-C protein translation
occurred in transfected 293T cells as evidenced by immunoreactive bands at the predicted
molecular weight (~52 kDa for SV-A and ~53 kDa for SV-C). Total protein from mock
transfected 293T cells (control) was used as a negative control. No staining with control
antibodies – normal mouse IgGs (Ms IgG) or mouse secondary antibody alone (Ms 2°
only). SAS1B N-terminus mAbs (SB2, SB4, and SB5) recognized a band of the predicted
molecular weight in both SV-A (~52 kDa) and SV-C (~53 kDa) transfected cell lysates,
matching the staining pattern seen with anti-His. The anti-SAS1B pAb raised in rabbit (Rb
pAb), previously discussed [38], also recognized the expected protein size for SV-A and
SV-C.

The Rb pAb recognized an additional protein band at ~42kDa which is

hypothesized to be a recombinant protein breakdown product resulting from
autoproteolysis, which is known to occur in meprins and astacin [44]. These immunoblot
results indicate that ASTL SV-A and SV-C mRNAs were translated into recombinant
SAS1B proteins in vitro and demonstrate that the SAS1B antibodies, Rb pAb, SB2, SB4,
and SB5 recognize recombinant SAS1B SV-A and SV-C proteins.
Indirect immunofluorescence was performed on 293T cells transfected with SV-A,
SV-C or no DNA plasmid (mock/control) to determine cellular localization of SV-A and
SV-C proteins (Figure 3.11C). SAS1Bpos cells were localized using the anti-V5 tag
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Figure 3.11 Transfection of 239T cells with ASTL SV-A and SV-C mammalian
expression constructs resulted in expression of SAS1B proteins
[A] Structure of the protein domains for ASTL/SAS1B SV-A and SV-C plasmid DNA
constructs used for transfection into 293T cells. [B] Total protein from transfected 293T
cells were run on an SDS-PAGE gel and Western blotted using the following antibodies:
anti-His, normal mouse IgGs (Ms IgG), secondary antibody only (Ms 2° only), SAS1B
pAb raised in rabbit (Rb pAb), and SAS1B N-terminus mAb (SB2, SB4, SB5). Total
protein from mock transfected 293T cells used as negative control cell population (control).
Transfected SV-A and SV-C proteins migrated at the predicted molecular weight (~52
kDa) as seen when probed with anti-His; SAS1B antibodies (Rb pAb, SB2, SB4, and SB5)
also recognized the same molecular weight band. Molecular weight markers listed in far
left lane for each blot (kDa). [C] IIF on 293T cells transfected with SV-A construct, SVC construct, or mock transfection plasmid (control). Cells probed with anti-V5 tag
antibody (green) and DAPI nuclear stain (blue). SV-A and SV-C proteins localized to the
cytoplasm in fixed and permeabilized IIF (Panels 3-4 and 5-6, respectively). SV-A
localized to the plasma cell membrane in live and non-permeabilized IIF (Panels 9-10)
while SV-C was not detected (Panels 11-12). No signal observed in mock transfected cells
(Panels 1-2, 7-8). Images are 10x magnification. (Experiments performed by Jagathalpa
Shetty)
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antibody (green); nuclei were stained with DAPI (blue). SV-A and SV-C proteins localized
to the cytoplasm of 293T cells in fixed and permeabilized IIF (Figure 3.11C panels 3-4 and
5-6, respectively).

SV-A localized to the plasma cell membrane in live and non-

permeabilized IIF (Figure 3.11C panels 9-10) while SV-C was not detected using the V5
tag antibody (Figure 3.11C panels 11-12). Lack of live cell signal in SV-C transfected
cells may be because: 1) SV-C is not trafficked to the cell membrane, 2) SV-C is located
at the cell membrane but the C-terminus, which contains the V5 tag, is located
intracellularly or 3) SV-C localizes to the cell membrane with an extracellular C-terminus
which is not accessible for antibody binding due to protein folding. No immunoreactivity
was observed in mock transfected cells (Figure 3.11C, panels 1-2, 7-8). These results show
that SAS1B SV-A and SV-C protein isoforms both localized to the cytoplasm while only
SV-A was detected at the cell membrane. Taken together, preliminary results indicate
ASTL is alternatively spliced and at least some splice variants are translated into SAS1B
protein isoforms protein isoforms which appear to differ in cellular localization.

siASTL knock-down in mPanc96 cells appears to reduce total cell number
With the intention of creating an ASTL/SAS1B knock-down cancer cell line to use
as an important negative control for a variety of assays including Western blot, IIF, and
cytotoxicity, small interfering RNA (siRNA) targeting ASTL was transiently transfected
into the mPanc96 cell line. siRNA is a type of RNA interference (RNAi) which selectively
targets a particular mRNA for degradation, essentially blocking further protein expression
[121]. In an attempt to optimize the protocol, three different concentrations of the
transfection reagent, lipofectamine, were used (low, medium, and high as according to the
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manufacturer’s suggestions) and forward or reverse transfection was performed (Figure
3.12). In forward transfection, mPanc96 cells were plated on day 0 and transfection
occurred on day 1 whereas in reverse transfection, transfection occurred at the time of cell
plating (day 1). In both cases, cells were harvested after 72 hours of transfection. RTqPCR was performed on RNA harvested from transfected mPanc96 cells; ASTL copy
number was ascertained using a standard curve generated from qPCR of serial dilutions of
an ASTL plasmid. Percent ASTL decrease was determined by comparing ASTL copy
number in cells that received siASTL to cells which received siNon-targeting (Figure 3.12
A/H). Bright field images were captured prior to RNA harvest (Figure 3.12 B-G, I-N).
Lipofectamine concentration did not appear to affect efficiency of transfection or ASTL
copy number (Figure 3.12 A/H). Forward or reverse siASTL transfection produced similar
ASTL knockdown effects – a 60% ASTL decrease for forward transfection and 48% ASTL
decrease in reverse transfected cells (Figure 3.12 A/H). Qualitatively, a slight reduction in
cell number was observed when mPanc96 cells were forward transfected with siASTL as
compared to the siNon-targeting control (Figure 3.12 B-D vs. E-G). A more pronounced
reduction of cell number was observed when cells were reverse transfected with siASTL
(Figure 3.12 I-K vs. L-N). Reverse siASTL transfected cells also appeared different
morphologically with elongated cell bodies and less cell clustering (Figure 3.12 I-K).
These initial observations suggest siASTL transfection may be cytotoxic to mPanc96 cells
since cytotoxic effects were not observed in the siNon-targeting control. Cytotoxic effects
of siASTL appear to be more pronounced when siRNA is added to cells at the time of
plating rather than allowing cells to spread for 1 day before transfection. Importantly,
additional experiments with all proper controls are necessary to determine whether the
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observed cytotoxic effects are true or are a result of lack of proper experimental
optimization. If subsequent experiments prove SAS1B knock-out is lethal to cancer cells,
we may speculate that, and further investigate if, SAS1B is involved in signaling pathways
that regulate and/or contribute to cell viability and/or cell death.
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Figure 3.12 siASTL knock-down in mPanc96 cells reduced total cell number
mPanc96 cells transfected with siASTL or siNon-targeting with varying concentrations of
transfection reagent (Lipofectamine) for 72 hours. [A-G] Forward transfection: cells plated
on day 0 and transfected on day 1. [A] Quantification of ASTL copy number by qPCR;
siASTL decreased ASTL copy number by an average of 60% as compared to the nontargeting siRNA group. [B-G] Total cell number appears to be slightly reduced across all
lipofectamine concentrations as compared to non-targeting siRNA in [E-G].

[H-N]

Reverse transfection: transfection at time of cell plating (day 1). [H] siASTL decreased
ASTL copy number by an average of 48% as compared to non-targeting siRNA group. [IK] Total cell number appears to be reduced across all lipofectamine concentrations as
compared to control in [L-N]. Morphology of siASTL treated cells appears different than
control siRNA treated cells – cells appear elongated and more likely to grow as single cells
in siASTL. Brightfield images: 10x magnification.
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DISCUSSION
Some non-neoplastic cells may express SAS1B: Implications for SAS1B Targeted
Immunotherapies
Although several lines of evidence indicate SAS1B is undetectable in panels of
normal tissues from both mouse and human [37, 38, 41], some recent contradictory data
has emerged suggesting expression of ASTL/SAS1B in non-neoplastic cells.
Understanding the complete expression profile of ASTL/SAS1B among normal human
tissues is essential for development of clinically useful SAS1B targeted therapies. RNA
sequencing data from the GTEx database indicates ASTL transcript in a few normal cell
types including bladder, whole blood, skin, and spleen (Figure 3.1). Presence of ASTL
transcript in normal cells only becomes a potential problem for SAS1B targeted therapies
like ADCs, CAR-T, or cancer vaccination if protein translation occurs. Intracellular
staining of human PBMCs from whole blood, with a SAS1B mAb, confirms ASTL
translation occurs in one of the tissues identified as ASTLpos by GTEx. A pilot experiment
assessing SAS1B expression in human PBMCs by flow cytometry showed a small but
consistent population of SAS1Bpos cells (Figure 3.2). However, SAS1B expression was
only detected in fixed and permeabilized PBMCs, indicating intracellular SAS1B
localization, but was not detected in live, non-permeabilized cells, suggesting no cell
surface SAS1B expression.
Because this small SAS1Bpos population of PBMCs existed in a majority of samples
analyzed (n=4), we reasoned that SAS1B expression is specific to a small subset of
leukocytes. Dendritic cells were suggested as a potential source of SAS1Bpos PBMCs as
they account for only 1-2 % of PBMCs [122]. Readily available mouse splenocytes, which
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were then used to analyze leukocyte subpopulation(s), showed similar results – about 2%
of splenocytes expressed intracellular SAS1B with no detectable cell surface SAS1B
expression (Figure 3.3 A/D). As predicted, cytoplasmic SAS1B expression was observed
in 40% of murine dendritic cells by flow cytometry (Figure 3.3 B). Additionally, while
only 1% of B cells were SAS1Bpos, of the total 2% SAS1Bpos splenocyte population, 25%
were B cells (Figure 3.3 B-C). Similar experiments need to be repeated in human samples.
Analysis of SAS1B expression in various specific leukocyte sub-types from multiple
human PBMC samples by flow cytometry will provide a validated and more thorough
understanding of SAS1B expression among PBMCs.
In addition to SAS1B expression in human PBMCs from normal donors,
keratinocytes showed both cytoplasmic and cell surface SAS1B expression by flow
cytometry (Figure 2.5A) and pancreas stromal cells also showed some cytoplasmic SAS1B
expression by IHC (Figure 2.2). Despite cell surface SAS1B expression, a SAS1B-ADC
was not cytotoxic to keratinocytes (Figure 2.5 B) suggesting non-neoplastic, SAS1Bpos
cells are not sensitive to a SAS1B-ADC. As previously discussed (Chapter 2, Discussion),
lack of SAS1B-ADC cytotoxicity in keratinocytes may be due lack of internalization
and/or differences in isoform expression. Whether stromal cells express cell surface
SAS1B remains unknown; but, even if non-neoplastic stromal cells do express surface
SAS1B, they may also be insensitive to a SAS1B-ADC. Analysis of stroma from other
malignancies is needed to determine if SAS1Bpos stroma is associated with additional
cancer types or if it is specific to the pancreas.

Despite these preliminary results

contradicting previous reports showing no SAS1B detection in normal tissues, clinical
utility of a SAS1B ADC or CAR-T has not yet been disqualified.
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While the success of both ADCs and CAR-Ts depend on target specificity, ADC
targets must be internalized into the cell while CAR-T cytotoxicity is independent of target
internalization. SAS1Bpos cells which do not internalize cell surface SAS1B theoretically
will not take up an ADC and will therefore remain insensitive to the cytotoxic effects of an
ADC. Because CAR-T therapy does not depend on target internalization therefore ontarget, off-tumor cytotoxicity may occur in the skin of patients treated with a SAS1B CART. However, a more thorough assessment of SAS1B expression in keratinocytes, as well
as other potential SAS1Bpos normal cells, is first necessary. The keratinocytes used in our
work were from newborn foreskin from one individual; we suggest screening a larger
cohort including adults for cell surface localization of SAS1B by flow cytometry. Of
interest, for CAR-T development, will be the percent of cells expressing SAS1B; potential
toxicity would theoretically be worse if 95% of cells expressed the target as opposed to
only 10%. There may be a threshold off-tumor skin cytotoxicity that patients can endure
so the observation of cell surface SAS1B expression in keratinocytes still does not preclude
this theoretical therapy from use. For ADC treatment, it will be critical to determine
whether lack of endocytosis is the reason for no observed cytotoxicity in SAS1B-ADC
treated keratinocytes; this can be accomplished by live cell immunofluorescence using the
SAS1B mAb, SB2. Keratinocytes co-stained SAS1B and endosomal pathway markers
(e.g. with green and red fluorescent label, respectively) and monitored over time by video
microscopy. If SAS1B is endocytosed, a yellow color produced from green and red
overlap, will be evident; if SAS1B is not endocytosed, no green signal will be observed
intracellularly. Normal cells which express cell surface SAS1B pose a potential problem
for CAR-Ts and also to ADCs if they are internalized. Whether or not potential on-target,
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off-tumor cytotoxic effects could be countered by additional treatment or if toxicity would
be intolerable in patients remains to be seen.
Multiple approaches should be employed to confirm SAS1B expression and
cellular localization in potentially SAS1Bpos normal cell types.

In addition to flow

cytometry, another approach to determine if SAS1B localizes to the cell surface would be
to use the biotin-avidin system to biotinylated cell surface proteins. Proteins are recovered
using avidin and subsequently analyzed by Western blot.

Subcellular, or phase,

partitioning of cell lysates followed by immunoblotting may also yield information about
cellular localization of SAS1B as cytoplasmic and membrane forms will be present in
separate fractions. Once we understand which specific populations of normal cells express
SAS1B, we can consider ways to treat any potential off-tumor, on-target toxicity that may
be associated with an ADC or CAR-T. Ultimately, administering potential SAS1B ADCs
or CAR-Ts in murine models in vivo will be of great benefit to see how well SAS1B
targeted immunotherapies are tolerated and to what extent off-tumor toxicity occurs.
Normal cells that express only cytoplasmic forms of SAS1B pose much less of a
challenge to development of SAS1B based ADCs and CAR-Ts. Lack of cell surface
antigen will, in theory, prevent both ADCs and CAR-Ts from binding to the surface of
cells which express only cytoplasmic forms of SAS1B, such as dendritic cells or B cells.
However, if follow-up experiments determine that a SAS1B cell surface population exists
in some leukocytes, there still may be ways in which ADCs and/or CAR-Ts can still be
useful, depending on the pattern of SAS1B expression. For example, as discussed in
Chapter 1, CD19 is targeted by CAR-T for the treatment of CD19pos lymphoma/leukemia
but is also expressed by non-neoplastic B cells. Cytotoxicity to B cells is countered by
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giving patients immunoglobulin (IgG) infusions concurrent with treatment. IgG treatment
may also benefit patients treated with a SAS1B CAR-T therapy as a small subset of B cells
has been shown to express SAS1B. Follow up studies using flow cytometry to analyze
human PBMCs with B cell subpopulation markers will help identify the specific type of B
cells that may express SAS1B. Preliminary studies suggest a very small portion of B cells
express SAS1B, only about 1% (Figure 3.3B); cytotoxicity to this small population may be
tolerated by patients. On the other hand, a much higher proportion, 40%, of dendritic cells
were SAS1Bpos (Figure 3.3B). If subsequent studies with more samples confirm these
initial findings and show that there is a population of cell surface SAS1B in dendritic cells,
we may consider ways to increase dendritic cell population in SAS1B-immunotherapy
treated patients.
Dendritic cells are professional antigen presenting cells which play an essential role
in both innate and acquired immunity and are thus vital to proper immune system
functioning [123]. Multiple studies have shown that autologous dendritic cells can be
cultured ex vivo and transferred back to a patient [124-126]. One potential way to counter
side effects of dendritic cell cytotoxicity, which would likely cause serious
immunodeficiency, associated with SAS1B targeted ADC or CAR-T therapy may be to
propagate SAS1Bneg autologous dendritic cells ex vivo then administer back to patients.
While our current data suggests only intracellular SAS1B localization in dendritic and B
cells, which theoretically shouldn’t be a problem for ADCs or CAR-Ts targeting SAS1B,
potential cytotoxicity of these cell populations may be counted by administration of
SAS1Bneg dendritic cells and immunoglobulin. A more thorough understanding of SAS1B
expression in immune cells, as well as in keratinocytes, bladder, and any other potential
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SAS1Bpos tissues, is critical to development of SAS1B immunotherapies to be used in the
treatment of SAS1Bpos cancers.

Multiple cancer types express ASTL/SAS1B
To expand the potential impact of therapies targeting SAS1B, it is crucial to
understand which cancer types are SAS1Bpos and the SAS1B expression patterns within
each cancer type. In addition to female reproductive and pancreatic cancers, ASTL/SAS1B
was detected in 100% of HNSCCs (Figure 3.4) and 32% of leukemia samples (AML and
LGL specifically) (Figure 3.8A) from patients. SAS1B expression in leukemia indicates
that SAS1B expression is neither specific to solid tumors nor is it specific to cancers of
epithelial origin (carcinomas), as leukemia arises from hematopoietic cells.
All HNSCC (n=8) and leukemia (n=8) cell lines surveyed expressed SAS1B
(Figures 3.5 and 3.8B, respectively), providing a way to study cellular localization of
SAS1B and effects of anti-SAS1B therapeutics in vitro. IIF on the HNSCC cell line, OSC19, showed that SAS1B localized to the cytoplasm and to the plasma membrane (Figure
3.7) providing rationale for the hypothesis that a SAS1B-ADC will be cytotoxic to
SAS1Bpos HNSCC cells. SAS1B expression appeared to be concentrated in the perinuclear region on OSC-19 cells (Figure 3.7B), likely to be due to association with the ER
and Golgi. In contrast, the pattern of SAS1B expression in live OSC-19 cells was punctate
across the entire cell surface (Figure 3.7D). The vast majority of OSC-19 cells were
SAS1Bpos by both fixed/permeabilized and live/non-permeabilized IIF. While the pattern
of SAS1B expression by IIF in OSC-19 cells, using SB2 mAb, was similar to the pattern

111

observed in PDAC cell lines (Figures 3.7 and 2.4), qualitatively, the cell surface SAS1B
signal intensity appeared relatively stronger in OSC-19 cells (Figure 2.4E-G vs. Figure
3.7D). Based on this observation, we predict the anti-SAS1B SB2-ADC may induce in
vitro cytotoxic effects at a lower LD50 and/or in a great proportion of HNSCC cells, as
compared to PDAC cells.

Reasons for potential quantitative differences in SAS1B

expression among cancer types have yet to be determined but may be related to the
functional role of SAS1B or transcription/translation regulation differences. These results
validate additional studies in HNSCC and leukemia to assess the cytotoxic potential of
anti-SAS1B therapies, such as using a SAS1B-ADC as previously described in a PDAC in
vitro system (Figure 2.5).
Although most patients diagnosed with AML are past reproductive age, some AML
diagnoses are made in children and teens. We suspect other types of leukemia to be
SAS1Bpos as well based on the observation of SAS1B expression in AML and LGL
leukemia as well as in a fraction of normal dendritic and B cells, of myeloid and lymphoid
lineages, respectively. This includes the most common form of childhood leukemia, acute
lymphocytic leukemia (ALL); the observation of SAS1Bpos B cells (derived from
lymphocytes) supports the prediction that at least some ALL samples will be SAS1Bpos.
SAS1B-ADC therapy would be particularly advantageous for female patients who are at
or below reproductive age. Common cancer therapeutics (e.g. chemo- and radio-therapy)
can be particularly harmful to children in terms of future reproductive potential. A SAS1BADC therapy may result in on-target/off-tumor effects on the population of growing
oocytes within the ovary but would not harm the pool of primordial follicles; thus, fertility
could be restored in female cancer patients after cessation of treatment. An important next
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step will be to screen various other types of childhood cancers (e.g. neuroblastoma and
lymphoma) in addition to cancers typically arising in patients past reproductive years.
Although results are preliminary and need to be confirmed, PCR and Western blot
analyses from small cohorts suggest ASTL/SAS1B may be expressed in additional cancers
including renal clear cell carcinoma, breast cancer, and melanoma (data not shown).
Because PCR (Figure 3.9) and IHC assays have been optimized to detect ASTL/SAS1B
with greater sensitivity since some of the preliminary screening experiments were
performed, we expect that some initial incidence results to increase (e.g. leukemia) if rescreened with newer, more sensitive assay protocols. We also predict that more cancer
types are SAS1Bpos and suggest a larger effort focused on understanding the incidence and
expression of SAS1B in larger cohorts of many tumor types; this will be vital to determine
which patients may benefit from a targeted therapy to SAS1B. One approach to efficiently
screen larger cohorts of tumors is to stain TMAs for SAS1B by IHC. However, this
approach is currently limited by the SAS1B mAb, 6B1, used for screening as this mAb
preferentially recognizes cytoplasmic SAS1B as compared to cell surface SAS1B
(Supplemental Figure 2.1; experiment performed by Eusebio Pires); data generated would
not indicate which patients may respond to a SAS1B-ADC. Epitope mapping of the 6B1
mAb could offer clues into SAS1B isoform localization. If we consider ASTL SV-A
(predicted cell surface form) and SV-C (predicted cytoplasmic form), while 6B1 may map
to the unique N-terminal region of SV-C, it may also map to a shared, inaccessible epitope
in SV-A as a result of potential conformational differences of SV-A and SV-C. Regardless,
additional methods and/or molecular tools (e.g. antibodies) are necessary for screening
larger cohorts of patients for cell surface SAS1B expression.
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Western blotting could potentially be used as a SAS1B/cancer screening method
after additional studies are performed to determine precisely which immunoreactive bands
are SAS1B. Preliminary SAS1B Western blot screens in HNSCC (Figures 3.4B and 3.5B)
and leukemia (Figure 3.8B) were done using the anti-SAS1B rabbit polyclonal antibody
(Rb pAb). Although this antibody has been previously validated by mass spectrometry as
recognizing SAS1B [41], it remains unclear which immunoreactive bands are SAS1B; a
major band is observed at ~65 kDa and a doublet at ~46/48 kDa. The predicted molecular
weight of SAS1B is 46 kDa, however, that does not factor any post translational
modifications that may increase the molecular weight of the protein. The higher molecular
weight bands observed in HNSCC samples (Figures 3.4B and 3.5B) and in renal clear cell
carcinoma (same pattern as HNSCC; data not shown) could be: 1) unidentified protein
isoforms, 2) cross-reactive protein(s), or 3) a result of post translational modifications. A
comprehensive study of the ASTL splice variants and SAS1B isoforms, as described
below, will indicate if any variants exist with higher predicted molecular weights.
Specificity of the antibody can be determined by making a SAS1B knock-out/down in a
cancer cell line then doing the Western blot to compare wild type vs. knock down cells;
bands which are truly SAS1B should disappear when SAS1B is knocked-out in vitro. Post
translational modifications may also result in increased protein molecular weight.
Glycosylation, the attachment of saccharide moieties to proteins, is a common posttranslational modification which can add significant molecular weight to a molecule. Most
plasma membrane and secretory proteins contain one or more carbohydrate chains whereas
cytosolic and nuclear proteins are usually not glycosylated. Oligosaccharides attached to
glycoproteins may have a variety of functions including assisting in proper protein folding,
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protection from proteolysis, cell-cell adhesion, and signal transduction [127, 128].
Meprins, the closest astacin family member to SAS1B, are extensively glycosylated with
~25% of the total molecular mass attributed to carbohydrate [129, 130]. N-linked and Olinked are the two most common forms of glycosylation [128], both of which are present
in meprins. N-linked glycoproteins can have large and extensively branched glycans
whereas O-linked glycans usually have simpler oligosaccharide structures. N-linked
glycosylation is important for proper folding, processing, and secretion of proteins from
the ER and the Golgi [128]. Multiple glycosylation prediction algorithms predict one to
three potential N-linked glycosylation sites in SAS1B within the proteinase domain.
SAS1B is also predicted to be heavily O-glycosylated with, 19 to 38 predicted
glycosylation sites based on analysis from three different glycosylation prediction
programs. The majority of the predicted glycosylation sites reside the unique C-terminal
region which distinguishes SAS1B from all other human metalloproteases. Given the
extensive roles that glycans are known to play, it is reasonable to suggest that these glycans
may be contributing to the unique activity of SAS1B.
It is also likely that SAS1B protein isoforms with different cellular localization
and/or functions may be differently glycosylated. For example, meprin-β, which is an
integral membrane form, is heavily O-glycosylated whereas the secreted meprin-α does not
have O-linked oligosaccharides [130]. Different glycans also confer distinct functional
differences in meprins; N-linked oligosaccharides in meprin-α is important for secretion
and enzymatic activity whereas O-linked glycans in meprin-β offer protection from
proteolytic cleavage [129, 130]. Based on the predicted glycosylation status of SAS1B
and meprins being heavily glycosylated, we hypothesize that addition of sugar moieties to
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SAS1B may account for the observed immunoreactive bands on Western blot which run at
a higher molecular weight than predicted based on the amino acid sequence.
Additional studies are required to determine if SAS1B is glycosylated and if so,
how glycosylation affects molecular weight and potential SAS1B protein localization and
functional differences. Differences in SAS1B glycosylation may exist between neoplastic
and normal (e.g. oocytes) SAS1Bpos cells given that aberrant glycosylation is considered a
hallmark of cancer and is thought to have an important role in neoplastic progression [131].
Furthermore, protein glycosylation may vary between cancer types. Because glycans can
significantly impact the molecular composition of a glycoprotein, changes in glycosylation
can cause functional modifications as a result of differences in charge and conformation of
a protein [131]. To test whether SAS1B has N-linked and/or O-linked glycosylations as
predicted, cell protein lysates can be treated with specific glycosidases to remove glycans.
Protein separation by SDS-PAGE gel electrophoresis followed by detection by western
blot using SAS1B mAbs is used to observe potential molecular size changes between
glycosidase treated and untreated cells.

A glycoproteomic approach could also be

employed where glycoproteins which have and have not received glycosidase treatment
are analyzed by liquid chromatography and tandem mass spectrometry (LC-MS/MS) and
compared. Results from these studies will also have implications for theranostic SAS1B
antibody production as alterations to glycans, which reside on the protein surface, may
impact antibody binding and should thus be considered. Potential SAS1B glycosylation
differences between normal and cancer cells offers an additional targeting strategy given
that, although challenging, antibodies can be developed which target specific glycan
sequences.
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Unlike Western blot analysis of HNSCCs, which shows 2 immunoreactive bands
which run at higher-than-predicted molecular sizes (Figure 3.4B and 3.5B), only one main
immunoreactive band at the predicted molecular weight (46 kDa) was observed in
leukemia samples (Figure 3.8B). Although additional studies are needed to confirm these
data, this observation suggests leukemias may have a different repertoire of SAS1B protein
isoforms and/or differences in glycosylation as compared to the solid tumors analyzed thus
far. If the higher immunoreactive bands observed in HNSCC Western blotting are due to
glycosylation, it may be that leukemia primarily expresses non-glycosylated, cytosolic or
secreted form(s) of SAS1B. Differences in SAS1B isoform expression between solid and
liquid tumors may be related to the inherent metastatic differences between these groups
of cancers. Leukemia, unlike solid cancers, may be considered inherently metastatic due
to the characteristic cell motility of leukocytes. Conversely, carcinomas must acquire
anchorage independent growth in order to intravastate into circulation and extravasate at a
distant site. It may be postulated then, that the potential contribution of cell surface
localized SAS1B to metastasis via degradation of the ECM in solid tumors, may not be
necessary or advantageous for leukemia progression [132]. The suggestion that solid
tumors, which are anchorage dependent, expresses glycosylated, cell surface localized
SAS1B whereas liquid tumors, which are anchorage independent, express nonglycosylated cytoplasmic or secreted SAS1B, is supported by two observations in normal
cells: 1) keratinocytes express cell surface SAS1B (Figure 2.5) and 2) dendritic and B cells
express intracellular, but not surface localized SAS1B (Figure 3.3).
Although lack of membrane-associated forms of SAS1B would preclude SAS1BADC or CAR-T treatment for leukemia, other types of SAS1B based immunotherapies,
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such as vaccination, may still be an option. However, successful vaccination relies on the
target, SAS1B, being specific to cancer cells, of which a better understanding is first
required. Determining the range of protein isoforms expressed in various cancers and
glycosylation status of SAS1B will help direct development and utility of anti-SAS1B
therapies.

Alternative splicing of ASTL results in multiple ASTL splice variants encoding
unique SAS1B protein isoforms
Preliminary PCR screens, which identified five putative unique ASTL splice
variants (SV-B to SV-F) in additional to the reference sequence (SV-A) in the uterine
cancer cell line, SNU539 and HNSCC cell line, Cal27 (Figure 3.10A), suggest that ASTL
is alternatively spliced. Variants A-D have also been identified by PCR in PDAC PDX
tumors and HNSCC patient tumors (Figure 3.10B) suggesting variants were not cell line
or cancer-type specific. Transfection studies in 293T studies using full length SV-A and
SV-C constructs demonstrate that these variants were translated into SAS1B protein
isoforms (Figure 3.11) suggesting existence of SAS1B protein heterogeneity.
Early efforts were focused on determining differences between the 2 groups of
predicted isoforms, SV-A/B/E/F versus SV-C/D, which differ at the N-terminus. The SVA group has a classical signal peptide encoded by exon 1 and contains a canonical scission
sequence which is predicted to be cleaved during processing. Signal peptides, which are
found in membrane-associated and secreted proteins, dictate protein translation by
ribosomes that are associated with the membrane of the rough endoplasmic reticulum
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(RER) and then trafficking through the secretory pathway. In most cases, proteins that do
not have signal peptides are translated by ribosomes free in the cytosol and remain as
cytosolic proteins [133]. In contrast to SV-A, the SV-C group N-terminal domain encoded
in intron 1 does not contain the typical signal peptide with a cleavage sequence, present in
SV-A, and is thus predicted to persist in each SAS1B protein encoded by SV-C/D.
Although SV-C does not have a predicted typical signal peptide with cleavage site, the 21
amino acid sequence from intron 1 is generally hydrophobic and contains a predicted αhelical domain, which are features of a transmembrane domain. Bioinformatics analysis,
combined with the IIF data showing cytoplasmic but not cell surface localization of SV-C
in transfected 293T cells (Figure 3.11C panels 9-10), offers two possibilities: 1) the
putative transmembrane-like domain at the N-terminus of SV-C acts as a non-cleaved
signal peptide directing secretion of SV-C, or 2) absence of classical signal peptide or
defined transmembrane domain results in cytosolic localization of SV-C. These initial
studies propose multiple ASTL splice variants and SAS1B protein isoforms exist and
suggest therapeutic and diagnostic value in identifying which isoforms are targetable, as
described in Chapter 4.

The search for an ASTL/SAS1B negative cell line
We attempted to make an ASTL/SAS1B knock-down line after a search for an
ASTL/SAS1B negative cell line to use as a negative control in various assays was
unsuccessful. All immortalized and transformed cancer cell lines examined were ASTL
and/or SAS1B positive depending on which assay was used for the initial assessment. Nontransformed, non-cancerous cell lines which had been immortalized were also
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ASTL/SAS1B positive (e.g. HEK-293, mouse 3T3 fibroblasts, human pancreatic stellate
cells, normal immortalized keratinocytes; data not shown). These observations suggest
that ASTL/SAS1B expression in vitro may be related to immortalization and
transformation; however, it is unclear if ASTL/SAS1B expression is a passenger during
global mutation acquisition during immortalization or if ASTL/SAS1B confers a growth
advantage to cells in vitro.

The search for an ASTL/SAS1B negative cell line was far

from exhaustive so such a line may still exist, but efforts were switched to creating a knockdown line instead.
Preliminary attempts to transiently knockdown SAS1B via siASTL in mPanc96
cells resulted in an apparent, qualitative reduction in total cell number 72 hours after
reverse transfection (Figure 3.12 B-N). Morhpological changes were also observed in
siASTL transfected cells, suggesting prominent cellular effects when cells have reduced
ASTL/SAS1B.

Although intriguing, these results are preliminary and additional

experimentation is required before any conclusions are made. Because siASTL is a pool
of four siRNAs, the observed results may be due to off-target effects of siRNAs binding to
non-ASTL transcripts. Potential ways to increase siRNA knock-down efficiency include
1) increasing concentration of siRNA, 2) transfect with individual siRNAs to identify
which works the best, 3) maintain threshold of siRNA in cells by adding a second dose of
siRNA on day 2, or 4) try different cell lines known to be easily transfectable.
Alternatively, other methods could be utilized to achieve knock-down or knock-out
including transfection with other types of RNAi (e.g. short hairpin RNA (shRNA)) or with
an ASTL CRISPR/Cas9 knock-out plasmid.
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These preliminary studies suggest SAS1B expression is in a far greater range of
cancer indications than previously recognized. ASTL splice variants and SAS1B protein
isoforms, as well as post-translational modifications, which appear to be evident in cancer
cells, may plan an important role in the development of SAS1B theranostics. While
preliminary data suggests SAS1B to be a worthwhile cancer therapeutic target to study,
many unanswered questions remain to be examined surrounding SAS1B’s basic biology
and clinical relevance.
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METHODS
Flow cytometry: human PBMCs
Buffy coat samples, from whole blood, were obtained from healthy donors from
Virginia Blood Services (Richmond, VA); peripheral blood, containing myeloid and
lymphoid cells, was isolated using a ficoll gradient (Ficoll-Paque™ Plus; GE Healthcare
Bio-Sciences, Pittsburgh) and cryo-preserved in liquid nitrogen. After thawing, PBMCs
recovered in thaw medium (RPMI with 10% fetal calf serum and 100 Units of DNAse/mL)
at 37°C, 5% CO2 incubator for one hour. PBMCs were divided into two portions for
staining either intracellular or surface expression of SAS1B. For intracellular detection,
PBMCs were washed in PBS, then

labeled with the live/dead cell stain Aqua

(Invitrogen/Molecular Probes) at 4⁰C for 30 minutes, followed by washing 3 times in
FACS buffer (PBS+0.1% BSA+0.1% sodium azide). Cells were fixed and permeabilized
for intracellular staining according to manufacturer’s instructions (Cytofix/Cytoperm
(perm buffer), BDBiosciences). Cells were suspended in 0.05 mL of perm buffer with 0.05
mL of SAS1B mAb, SB2, or isotype control (IgG2b, Invitrogen) antibody, for a final
concentration of 10 µg/mL, in 50% perm buffer and RPMI containing 10% FCS and 0.1%
sodium azide (RPMI-FACS buffer) and incubated for one hour. For the immunoabsorption
assay, SB2 was pre-incubated with either the SAS1B blocking peptide or the SAS1B
control peptide (sequences listed in Chapter 2, Methods) for 1-2 hours at 37°C at a 1:1
peptide:antibody ratio. Following 3 washes in perm buffer, 0.1 Ml of Fitc-conjugated
sheep anti-mouse IgG (SAM-IgG-Fitc; F(ab’)2 fragment; Cappel, MP Biomedicals))
diluted to 1 ug/mL in perm buffer was applied to cells for 45 minutes and washed again in
perm buffer, followed by 2 washes in FACS buffer. For detection of SAS1B on the cell

122

surface, PBMCs were centrifuged from thaw media, washed once in RPMI-FACS buffer
and cells suspended in 100 µL of SB2 mAb with or without peptide block. After 1 hour
incubation, cells were washed in cold RPMI-FACS buffer (3x) followed by incubation in
0.1 mL SAM-IgG Fitc (2 µg/mL) for 45 minutes. After washing 3x in PBS, cells were
labeled with Aqua for 30 minutes at 4C, washed in RPMI-FACS buffer, fixed in 4%
paraformaldehyde for 10 minutes at room temperature. Sample acquisition and analysis
was done using a Canto2 flow cytometer and FlowJo software, respectively.
Glycosylation prediction
The SAS1B reference sequence, also known as splice variant A, was analyzed using
three bioinformatics glycosylation prediction algorithms: the Hirst Group at University of
Nottingham in the UK, NetOGly and NetNGly at the Technical University of Denmark,
and GlycoEP at Microbial Technical Institute in India). Potential N-linked, O-linked, or
C-linked glycosylation sites were predicted.
Mouse splenic harvest and flow cytometry
Spleens were harvested from recently euthanized C57BL/6, homogenized, and
treated with red blood cell lysis. Live/dead stain was applied to splenocytes followed by
blocking with Fc receptor block and normal mouse serum. Cells were incubated with the
following immune cell markers for 25 minutes: CD8 for cytotoxic T cells, CD4 for helper
T cells, B220 for B cells, NK1.1 for natural killer cells, and CD11c high plus MHC-II for
dendritic cells. Cells were then permeabilized for intracellular staining, and incubated with
a 1:1600 dilution of serum, from a guinea pig immunized with mouse SAS1B (previously
described, [37]), for 30 minutes. For live cell staining, cells were not fixed and

123

permeabilized. Following washes, cells were incubated with secondary goat anti-guinea
pig antibody conjugated to FITC for 30 minutes and washed again before analysis.
Staining controls included pre-immune serum, no primary (secondary only), and no
secondary (primary only). All incubations were done at 4°C. Samples were acquired on a
Canto2 flow cytometer (UVA Carter Immunology Center) and analyzed using FlowJo
software.
Cell culture
HNSCC and leukemia cell lines were obtained from our collaborators, Dr. Mark
Jameson and Dr. Thomas Loughran (UVA), respectively. HNSCC cell lines were grown
in DMEM/F-12 containing 5% heat inactivated FBS and 1% penicillin-streptomycin.
Leukemia cell lines were cultured in RPMI containing 20% FBS and 1% penicillinstreptomycin. Cells were cultured in a humidified incubator (37°C, 5% CO2).
Tissue/Cell Line Processing for RNA and RT-PCR
Cell lysis was performed on flash frozen HNSCC tumor samples using the
SuperFastPrep-1 with lysing matrix D tubes in a 4°C cold room. Cell lines were harvested
by scraping the cell monolayer in lysing buffer. RNA was then purified with the RNeasy
kit (Qiagen, Germantown, MD) and reverse transcribed to cDNA as described previously
[41] using gene specific primers or oligodTs. Primers designed to amplify the C-terminus
of SAS1B, or GAPDH as a control, were used in a PCR assay, both previously described
[41]. Additional SAS1B primers used for ASTL splice variant PCRs analysis and qPCR
optimization are listed in Table 3.1 below.
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ASTL Primer
Sequence (5’ to 3’)
Location
E1-2 For (SV-A/B/E/F) CTC TCC TTG CCA GGT GTG ATC CTA
Exons 1-2
E9 Rev
CCT ACC AGT GCT GTG GGC ATG GGA
Exon 9
I1 For (SV-C/D)
ATG TCC TGC TGT CTG GTC TCA CCG
Intron 1 – Exon 2
SV-D Rev
GCT GAA GGC AAG CCT GGA ACC CAG Exon 7 – Intron 7
Ex2-3 For
GTA CCA GCT TCC CAG ATG GC
Exons 2-3
Ex2-3 Rev
CTC TGG GGT TTC TTC CAG GAT
Exon 3
Ex5-6 For
GAG GCT CTT GCG GAG TTT GA
Exons 5-6
Ex5-6 Rev
CAC ACT CGA GAA GCA CCC ATA
Exon 6
Table 3.1: DNA primers used for ASTL splice variant detection (top four) and qPCR
optimization (bottom four).

PCR products were run on a 1% agarose gel containing ethidium bromide and bands
of the correct size were excised. cDNA was gel purified (QIAquick PCR Purification Kit,
Qiagen, Germantown, MD) and sub-cloned using TOPO-TA cloning kit (Invitrogen,
Carlsbad, CA).

Plasmid DNA was purified (QIAprep Spin Miniprep Kid, Qiagen,

Germantown, MD). DNA was sequenced and then searched with BLAST (NCBI) to
confirm ASTL/SAS1B identity. For qPCR, SYBR green master mix was utilized, samples
were run using the BioRad CFX96 instrument, and data analyzed using CFX manager
software. Plasmids containing SV-A were amplified in a 1:4 dilution series to obtain a
standard curve to use for semi-quantification of ASTL.
Tissue/Cell Line Processing for protein plus Western blot and IIF
Flash frozen HNSCC tumor samples were lysed as described above. Cell lines were
harvested by scraping cells in the dish/flask in Celis buffer, containing protease inhibitor
cocktail [134], which is urea-containing total denaturing buffer expected to extract all
cellular proteins. For Western blotting, 30µg total protein was loaded onto a 10% SDS gel,
proteins were electrophoresed and, following transfer to a nitrocellulose membrane, were
blocked with NFDM-PBS and incubated with 5 ug/mL concentration of SAS1B rabbit
polyclonal antibodies (previously described, [38]overnight at 4°C. Blots were washed with
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PBST and then incubated with 1:10,000 dilution of GαRb-HRP for 1 hour in the dark.
Following washes, immunoreactive bands were detected by ECL.
Fixed/permeabilized and live/non-permeablized IIF was performed as described
previously (Chapter 2, Methods).
Transient Transfection of SAS1B in HEK-293T cells, Western blot, & IIF
HEK-293T cells were cultured in DMEM/F-12 containing 10% heat-inactivated
FBS, 1% non-essential amino acids, and 1mM sodium pyruvate at 37°C in a humidified
incubator with 5% CO2. For transient transfection, 293T cells were seeded at a density of
0.5 x 106 per T75 vented culture flask one day prior to transfection. Plated cells were
transfected with 20ug plasmid DNA (constructs described below) per T75 flask using
TurboFectTM transfection reagent following the manufacturer’s instructions. The cells were
harvested 72 hours prost-transfection, washed with PBS, and the cell pellets were used for
preparation of protein lysates or frozen immediately at -70°C for future use.
Two SAS1B expression constructs were generated to encompass SAS1B domains
of predicted major splice variants: 1) entire open reading frame of hSAS1B-SV-A1-431 or
2) whole open reading frame of hSAS1B-SV-C1-436. The DNA fragments for each of the
SAS1B inserts were generated by PCR from hSAS1B SV-A and SV-C plasmids. The
SAS1B DNA fragments were fused in frame with pcDNA 3.1/V5-His-topo vector by
TOPO cloning. The vector carried a C-terminal V5 epitope followed by a polyhistidine
(6xHis) tag. The constructs were confirmed by PCR and DNA sequencing. The primers
used for PCR amplification of the SV-A insert were F: GAT ATG GAG GGT GTA GGG
GGT CTC TGG and R: ATC TTC GGA CAT CCC CTT GAA ATG ATT; primers used
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for SV-C were F: GAT ATG TCC TGC TGT CTG GTC TCA CCG and R: ATC TTC
GGA CAT CCC CTT GAA ATG ATT. Control cells were transfected with empty
plasmid. Western blot: Proteins were electrophoresed and then Western blotted as
described above. Blots were probed with anti-His, Ms IgGs, Ms secondary only, Rb pAb,
SB2, SB4, or SB5.
IIF:

SV-A or SV-C constructs described above, or empty plasmid, were

transfected into 293T cells at ~50-70% confluence. Before transfection, cells were seeded
on 24-well plates containing poly-d-lysine coated 12mm round coverslips and transfected
with TurbofectTM for 48 hours at 37°C. Cells were fixed with 4% PFA in PBS for 12 min,
washed in PBS 3x, permeabilized in 100% methanol for 15 min, washed again, and blocked
in culture media contain 5% NGS for 30 minutes. Cells were incubated with SAS1B mAbs
(10ug/mL) for 1 hour and/or rabbit-anti-V5 epitope tag antibody-DyLight 488 conjugated
(5ug/mL). Complexes of mAbs with SAS1B were then localized with AlexaFlour-594
conjugated F(ab)2goat anti-mouse IgG antibody (5ug/mL) for 1 hour in blocking buffer.
Cover slips were mounted with SlowFade Diamond containing DAPI to stain nuclei and
visualized in a Zeiss LSM 700 confocal microscope and a Zeiss axiovert 200 fluorescence
microscope.
Transient siRNA Transfection in mPanc96 Cells
mPanc96 cells, cultured as described earlier (Chapter 2, Methods), were seeded at
a density of 0.5 x 106 per 10 cm dish one day prior to transfection. Two siGENOME
SMARTpool siRNAs were obtained from Dharmacon for transfection. ASTL siRNA pool
contained the following four target sequences: GAACGTTCCACGTGCATCA,
TTCATGAGCTCATGCATGT,

TATGACTACTCCTCTGTGA,

and
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GGGGATGTCCGAAGATTAA.

Non-targeting siRNA pool contained the following

sequences which do not match any known human genes: UAGGCUAUGAAGAGAUAC,
AUGUAUUGGCCUGUAUUAG,

AUGAACGUGAAUUGCUCAA,

UGGUUUACAUGUCGACUAA. 50 uM siRNA stock was mixed with Optimem serum
free media, mixed with RNAiMax transfection reagent, and then added to cells in a final
concentration of 50nM siRNA. RNA was harvested from cells after 72 hours.
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Chapter 4

Future Directions
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We have shown that ASTL/SAS1B is a cancer-oocyte antigen which is expressed
within the cytoplasm and at the cell surface in various cancers including PDAC, HNSCC,
and leukemia and has limited expression among normal tissues (Chapters 2 & 3).
Combined with the finding that an SAS1B-ADC was cytotoxic to SAS1Bpos cell lines with
an apparent correlation between surface exposed SAS1B and level of cytotoxicity achieved
(Chapter 2), we propose that SAS1B is may represent an ideal target for development of
selective tumor treatments. However, we do not yet know if a SAS1B-ADC will be
effective as a tumoricidal therapy in vivo. We have also shown expression of ASTL splice
variants in cancer cell lines suggesting potential protein microheterogeneity with regards
to functional and/or localization differences. We have not yet determined the function and
localization of the putative protein isoforms nor have we shown which isoform(s) are the
major targetable forms for cancer therapeutics. Our work has validated the need for
additional studies regarding the therapeutic potential of an SAS1B-ADC using animal
studies as a next step. However, our knowledge is limited by an incomplete understanding
of the role of SAS1B in cell biology as well as many of the basic biological properties of
SAS1B including regulation, function, protein microheterogeneity, substrates, binding
partners, and low expression in normal tissues. Although we have not yet defined potential
functional roles of SAS1B in cancer, we suspect SAS1B is an active metalloprotease in
cancer based on what is known about functional SAS1B expressed in the ovary. Thus,
more studies are needed to address the following questions, which will greatly aid in the
development of clinically effective therapeutics directed against SAS1B:
1. What is the pattern of expression and cellular localization of ASTL splice variants
and SAS1B isoforms in cancer?
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2. What is the functional role of SAS1B in cancer?
3. How is SAS1B regulated in cancer?
4. Is SAS1B expressed in pancreatic cancer stem cells?
5. What is the threshold of SAS1B surface expression needed for ADC cytotoxicity in
PDAC cell lines and how does this relate to potential cutoff for which patients will
be treated?
6. Does a SAS1B-ADC effectively stop tumor growth or shrink tumors in vivo?

1. What is the pattern of expression and cellular localization of ASTL splice variants
and SAS1B isoforms in cancer?
Initial studies, which indicate that ASTL is alternatively spliced resulting in SAS1B
protein heterogeneity, vindicate a comprehensive study of ASTL/SAS1B variants to
determine the full repertoire of splice variants in cancer, whether variants are translated
into proteins, cellular localization of protein isoforms, and if isoform expression levels
differ between cancer types. One approach to capture ASTL splice variants in a largely
hypothesis-independent approach, is via RNA-sequencing (RNA-seq), a powerful and
emerging technology for quantitative transcriptome profiling [135, 136]. In theory, RNAseq will capture almost all of the expressed transcripts in a sample, known and unknown.
Many different types of splicing events can be identified using RNA-seq including exonskipping, mutually exclusive exons, intron retention and alternative 5’ or 3’ sites [116,
137]. Novel transcriptional start sites and termination sites could also be revealed within
non-coding intronic sequences. Benefits of using RNA-seq as the primary variant
identification method include: low background noise, high sensitivity, minimal RNA
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sample requirements, and quantitative measurements of alternatively spliced isoforms
[116, 136]. Deep sequencing will be performed on fragments of polyA-selected mRNAs
to obtain an inventory of mRNA isoforms. Sequenced cDNA fragments (reads) will be
mapped to human genomic SAS1B and transcript variant levels will be quantified. To
confirm the accuracy of RNA-seq analysis of alternative splicing, a subset of tumors will
be amplified using semi-quantitative RT-PCR. Additional PCR reactions using primers
designed to flank identified splice variants will be used to confirm results from RNA
sequencing and to generate amplicons for subcloning. Amplicons will be subcloned and
nucleotide sequences verified by DNA sequencing; sequencing will be performed at least
twice.
Confirmation of SAS1B isoform expression will be performed using 1D and 2D
gel electrophoresis and Western blotting with anti-SAS1B rabbit pAb and/or other SAS1B
antibodies.

Spots resolved on SDS-PAGE gels will be cored and sent for liquid

chromatography tandem mass spectrometry (LC/MS-MS) in order to verify the presence
of SAS1B peptides. Post-verification, isoforms can be cloned into mammalian expression
vectors containing two different fluorescent tags on the N- and C- termini and then
transfected in vitro to: 1) determine cellular migration and localization of each isoform
(e.g. cytosolic or membrane-associated), 2) define protein orientation of membraneassociated isoforms, and 3) purify endogenous mammalian SAS1B isoforms for use in
developing isoform specific mAbs. Knowledge of major isoform(s) and localization of
isoforms within tumors will help determine which isoform(s) are ideal for the development
of targeted diagnostic and therapeutic treatments against SAS1B, such as generating a
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monoclonal antibody to the membrane-associated predominant variant in tumors to use in
an antibody-drug conjugate therapeutic.

2. What is the functional role of SAS1B in cancer?
While two clear roles of human SAS1B have been described pertaining to
fertilization, the potential functional role SAS1B may be playing in the context of cancer
has not yet been elucidated. SAS1B was reported to be exocytosed from oocyte cortical
granules and to cleave zona pellucida 2, which contributes to the structural modification
(i.e. hardening) of the zona pellucida (ECM surrounding the egg) in the post-fertilization
block to polyspermy [39]. Our group defined another role of SAS1B as the first reported
oolemmal binding partner for a known intra-acrosomal sperm ligand, SLLP1, prior to
gamete fusion [37]. Recombinant human SAS1B has been shown to hydrolyze synthetic
substrates used for assaying metalloproteases, in vitro [43], suggesting potential functional
activity in cancer cells.
The potential action of SAS1B in cancer may be better predicted by combining
what is known about SAS1B in fertilization with analysis of the functional roles of SAS1B
homologues.

SAS1B is phylogenetically related to MMPs and ADAMs, proteases that

are significantly associated with cancer and metastasis, hinting that SAS1B may have a
similar association. Most closely related to SAS1B are meprins which are implicated in
disease states such as inflammation, fibrosis, neurodegenerative disorders, and cancer via
cleavage of a variety of substrates [52]. Meprins were shown to play a role in breast cancer
cell invasion and migration, indicating a potential role in tumor progression [138]. Meprin
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α, through degradation of ECM components, was proposed to contribute to colon
carcinoma progression by facilitating migration, intravasation, and metastasis [51, 53].
BTPs (BMP-1/tolloid-like proteinases), other close homologues of SAS1B, are involved
with morphogenesis, tissue repair, and tumor progression [57]. Downregulation of BMP1, a BTP, in non-small cell lung cancer resulted in decreased tumor invasion in vitro by
suppressing TGF-β activity which lead to downregulation of MMP2 and MMP2, key
oncogenic genes [139].
Based on the known roles of SAS1B in fertilization, the activity of the closelyrelated homologues in cancer, and the presence of ASTL splice variants and putative
SAS1B protein isoforms in cancer, we hypothesize that SAS1B may have at least one
functional role in cancer. Oolemmal SAS1B plays a critical role in gamete fusion by
binding with the sperm protein, SLLP1 during fertilization [37]. Cancer cells are known
to fuse with normal cells (stromal, epithelial, macrophages) and with other cancer cells
[140]. Cell fusion events can result in the formation of the highly tumorigenic and
chemoresistant polyploid giant cancer cells (PGCCs) when cancer cells fuse together [141]
and in metastasis initiation when cancer cells fuse with macrophages [142]. In culture, the
SAS1Bpos SNU539 SAS1B localized to the cancer cell surface may play a role in cancer
cell fusion through interaction with other membrane-associated proteins that are yet to be
identified.
However, we believe a more likely scenario involves SAS1B playing a
physiological role in cancer as an active metalloprotease. Given that SAS1B homologs
(meprins, BMP-1) appear to promote cancer progression via cleavage of various substrates
and that SAS1B is a metalloprotease which cleaves ZP2 during fertilization [39], we

134

hypothesize that SAS1B may cleave ZP-domain containing proteins potentially present in
the tumor microenvironment. Thus, SAS1B may be involved in cancer metastasis via
degradation of the ECM [143] or the extracellular domains of signaling molecules. The
ZP domain, present in extracellular proteins, appears to function as a polymerization
module. A search for ZP domain homologs using the SMART algorithm (a simple modular
architecture research tool) revealed 16 non-redundant ZP domain containing proteins in
humans (Table 4.1). Notable examples of human ZP-domain proteins associated with
cancer include transforming growth factor-β (TGF-β) receptor type III (TGFβR3), endoglin
(ENG), and deleted in malignant brain tumor 1 (DMBT-1) [143].
Deregulation of the TGF-β signaling pathway, which has multiple important
physiological roles in development, cellular proliferation, synthesis of extracellular matrix,
angiogenesis and immune responses, may result in tumor development. TGFβR3, as well
as the structurally related protein ENG, are TGF-β co-receptors and modulators of the
TGF-β response; TGF-β signaling is widely reported to be altered in cancer [144].
Furthermore, TGFβR3 has been shown to have tumor suppressor phenotype in renal cell
carcinoma [145]. DMBT-1 has also been described as a putative tumor suppressor. Tissuespecific dual functionality of the DMBT-1 gene has been suggested in epithelial cancer
which resolves contradictory data of DMBT-1 as a tumor suppressor gene: protection of
monolayered epithelia and differentiation of multilayered epithelia, potentially due to
differences in protein isoform expression [146]. Alterations in DMBT-1, usually deletions
and loss of expression, have been observed in many cancers including: brain, oesophageal,
gastric, colon [147], breast [148], HNSCC [149], and lung [150]. In the porcine and equine
species, DMBT-1 has been implicated in fertilization via secretion into the oviduct and
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localization to the ZP and oocyte cytoplasm [151]. Because alterations in DMBT-1
expression have been observed in multiple cancer types, some of which coincide with
SAS1B expression (HNSCC, breast), and DMBT-1 was also shown to play a role in
fertilization, we suggest that DMBT-1 is an ideal candidate substrate for SAS1B (first
suggested by M. Harding). The expression of an active protease, such as SAS1B, could be
a way to inactivate the tumor suppressor function of DMBT-1 or TGFβR3. In this
hypothetical scenario, the genes for DMBT-1 / TGFβR3 would remain but the onset of
SAS1B expression would inactivate the tumor suppressor functionality by proteolytic
cleavage.
One initial approach to identifying candidate ZP domain protein substrates for
SAS1B would be to look for co-expression of SAS1B and known ZP domain homologs in
different cancer types. A SAS1B knock-out cancer cell line would then be compared to
the untreated cancer cell line via SDS-PAGE Western blot analysis with substrate specific
antibodies to detect potential molecular size changes due to cleavage. Alternatively,
SAS1B binding partners may be revealed by performing co-immunoprecipitation (co-IP)
with SAS1B antibodies from cancer lysates; binding partners can be detected by SDSPAGE and Western blot analysis.
Aside from ZP-domain proteins, SAS1B may also have additional, unknown
substrates in cancer. The unique C-terminal region of SAS1B, which shows no similarity
to other domains present in the equivalent region of most astacins [43], is predicted to
participate in the recognition of its putative substrates. Additionally, the wide range of
substrates meprin cleaves, dependent on factors such as subunit expression, cell type,
disease state, and glycosylation status, suggests that SAS1B may proteolyze additional
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unknown proteins.

An unbiased proteomics approach using PROTOMAP (protein

topography and migration analysis platform; described in [152]) technology could be
employed to identify differential protein expression (e.g. due to proteolysis) between a
SAS1B knock-out line and control cells. Control and SAS1B knock-out cell lysates are
analyzed via SDS-PAGE; gels are then cut into bands and trypsinized. Peptides are
identified by LC-MS/MS and analyzed by peptographs, which plot gel migration versus
sequence coverage for each protein, to show approximate site(s) and extent of cleavage.
To confirm identified substrates are directly acted on by SAS1B, and not indirectly through
a cascade of proteolytic activators, rSAS1B can be incubated with a potential substrate and
subsequently analyzed by Western blot by which molecular size changes due to proteolysis
will be evident.
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Abbreviation
CUZDI
DMBT1
EGLN
GP2
OIT3
POZP3
Q5DID0-2
TECTA
TGBR3
TGR3L
UROM
ZP1
ZP2
ZP3
ZP4
ZPLD1

Protein Name/Description
CUB and zona pellucida-like domain-containing protein 1
Deleted in malignant brain tumors 1 protein
Endoglin
Pancreatic secretory granule membrane major glycoprotein 2
Oncoprotein-induced transcript 3 protein
POM121 and ZP3 fusion protein
Isoform 2 of uromodulin-like 1
Alpha-tectorin
Transforming growth factor beta receptor type 3
Transforming growth factor beta receptor type 3-like protein
Uromodulin
Zona pellucida sperm binding protein 1
Zona pellucida sperm binding protein 2
Zona pellucida sperm binding protein 3
Zona pellucida sperm binding protein 4
Zona pellucida-like domain-containing protein 1

[Table 4.1] Human ZP-domain containing proteins
The SMART (a simple modular architecture research tool) algorithm was used to search
for human proteins containing ZP domain homologs. The 16 non-redundant human
proteins containing a ZP domain identified from the search are listed alphabetically.
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3. How is ASTL/SAS1B regulated in cancer?
While there is some available insight regarding the control and regulation of
ASTL/SAS1B in the ovary, how ASTL/SAS1B is regulated in malignancies remains
unknown. By analyzing available SAS1B-ovary data and closely related homologs,
preliminary hypotheses can be generated concerning the regulation of ASTL/SAS1B in
cancer. The precise temporal and spatial expression pattern of SAS1B in the ovary in
several eutherian orders indicates tight, conserved regulation [38]. SAS1B has been
suggested to be under hormonal control given that expression of SAS1B is highly induced
in superovulated mice [43]. The tight control of SAS1B observed in the ovary is likely lost
in the malignant process, which is a well-documented occurrence in other proteases [153156]. Regulation can occur at the transcriptional, translational, or post-translational levels.
Many CTAs, of which SAS1B is the sole member defined so far of the partner class
of COAs, have been shown to be silenced in somatic cells via CpG island promoter
methylation effects on chromatin structure and transcription factor binding.

CTA

expression can be induced in vitro using targeted experimental promoter demethylation
[73, 157, 158]. During gametogenesis and early embryogenesis, DNA methylation patterns
are changed and chromatin is restructured which allows for CTA gene expression [159]. It
is appreciated that cancers dedifferentiate and reactivate the gametogenic program
normally silenced in somatic tissues [66]. Global epigenetic changes, including promoter
hypomethylation, are a hallmark of cancer [160]. Given this knowledge, we propose that
ASTL/SAS1B is also normally silenced in somatic cells by promoter hypermethylation and
that global hypomethylation in tumorigenesis results in activation of ASTL. To test this,
genomic DNA from SAS1Bpos cancer cells and from corresponding SAS1Bneg normal cells
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can be treated with bisulfate; subsequent DNA sequencing will reveal which cysteines in
the ASTL promoter region are methylated [161]. If the hypothesis is correct, the ASTL
promoter region in SAS1Bpos cancer cells will be less methylated than that in
ASTL/SAS1Bneg normal cells. A follow-up experiment in which ASTL/SAS1Bneg cells
are treated with demethylating agents to induce ASTL/SAS1B expression will confirm
hypermethylation as a silencing mechanism. It remains unclear whether ASTL/SAS1B
expression correlates with tumorigenesis or is a passive bystander activated by cellular
transformation. Determining whether SAS1B plays a functional role in cancer cells, as
outlined in Chapter 4 Section 1, will help answer this central question.
At the level of transcription, the transcription factor newborn ovary homeobox
protein (NOBOX) has been implicated in the control of ASTL expression. NOBOX, which
shows preferential oocyte expression, is essential for folliculogenesis and the regulation of
oocyte-specific gene expression in the mouse [162]. As such, NOBOX has been described
as one of the master transcription factors regulating oogenesis. ASTL expression in
NOBOX knock-out mouse ovaries was decreased 13.9-fold [163] suggesting NOBOX
promotes ASTL transcription. Additionally, bioinformatics analyses show consensus
NOBOX binding sites in the ASTL promoter region (M. Harding, unpublished data). It is
reasonable to hypothesize that NOBOX may be regulating ASTL transcription in cancer as
well. A preliminary Western blot screen could be employed to determine if NOBOX is
expressed in ASTL/SAS1Bpos cancer cell lines. To determine whether ASTL is associated
with NOBOX regulation, NOBOX could be knocked-out in ASTLpos cancer cell lines. A
decrease in ASTL expression by RT-qPCR in the NOBOX KO would suggest regulatory
control of ASTL by NOBOX.
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Initially, proteolytic activity of rSAS1B was shown to be abolished in vitro by
inhibitors of metalloproteinases and by batimastat (BB-94), an inhibitor originally
designed to target MMPs overexpressed in cancer [43]. Fetuin-B, which is decreased 7.1fold in NOBOX KO mouse ovaries [163], has since been shown to be a selective
physiological inhibitor of ovastacin [164, 165]. The liver-derived protein fetuin-B prevents
premature ZP hardening by blocking prematurely released SAS1B and has been shown to
be an essential component in maintaining fertility. Fetuin-B is a potent competitive
inhibitor of SAS1B. Mechanistically, it has been suggested that the 55 kDa fetuin-B can
diffuse through the ZP to block prematurely released ovastacin. Post-fertilization, the
fetuin-B level within the ovary, which is in steady state with plasma-fetuin-B, cannot
sustain inhibition of the high level of ovastacin secreted from the cortical granula; no
fetuin-B is produced in the ovary but rather comes from the liver [165]. Furthermore,
tumor suppressor activity of fetuin-B was implicated in an overexpression study in skin
squamous carcinoma cells which resulted in tumor growth prevention in mice [166]. In
line with these findings, fetuin-B was identified in a genome wide study as a significantly
underexpressed gene in both poorly and moderately differentiated in hepatocellular
carcinoma [167]. If fetuin-B regulates SAS1B in cancer as predicted, we would expect to
see an inverse correlation between fetuin-B and active SAS1B levels (i.e. lacking
propeptide region) in SAS1Bpos human tumors which could be assayed by RT-qPCR and
Western blot. Downregulation of fetuin-B, via an unknown mechanism, would result in
loss of SAS1B activation inhibition by fetuin-B. If a SAS1B substrate is identified in
cancer, such as DMBT-1, whether fetuin-B inhibits SAS1B in cancer could be assayed by
monitoring proteolysis of DMBT-1 in vitro in response to fetuin-B treatment of SAS1Bpos
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cells. In this model, fetuin-B treatment would result in decreased proteolysis of DMBT-1
by SAS1B.
SAS1B is synthesized as an inactive zymogen with a propeptide region which is
then proteolytically processed to become an active enzyme [43, 46]. Many astacins are
activated extracellularly by trypsin-like serine proteases [168] which has been suggested
to be the case for SAS1B in vitro, specifically by plasmin or plasminogen plus tissue
plasminogen activator (tPA) (Karmilin et al., unpublished data). To determine if SAS1B
is activated tPA-activated plasmin, tPA plus plasminogen can be incubated with rSAS1B
in vitro and then Western blotted to look for accumulation of activated SAS1B (lacking the
propeptide region). Within a cell line, an inhibitor of tPA-activated plasmin can be
administered and then cell lysates and culture media assayed by Western blot for increased
level of inactivate SAS1B zymogen.

4. Is SAS1B expressed in pancreatic cancer stem cells?
Once called “tumor-initiating” cells, cancer stem cells (CSCs) have been defined
as malignant cells with functional properties similar to traditional stem cells: capacity for
self-renewal, the potential to develop into any cell in the overall tumor population, and
extensive proliferative potential [169] as well as the unique ability to seed tumors when
transplanted into an animal host [170]. CSCs may produce all the malignant cells in the
primary tumor and/or colonize distant metastases. Also considered drug-resistant, cancer
stem cells may comprise the small pool of cells which will cause relapse after a
chemotherapy-induced remission [169]. If we think of the population of cancer stem cell

142

as having the highest malignant potential, we may also consider this population to be the
most de-differentiated, to have reverted the farthest back toward the undifferentiated
mother cell. Genetic instability and drug resistance, features associated with tumor
progression, are suggested to be associated with cancer stem cells [169]. It is reasonable
then, to suggest, cancer stem cells may have acquired a higher degree of gametogenic
programming than any other tumor cells which could theoretically include expression of
SAS1B. Furthermore, some CTAs have shown preferential expression in CSCs [171] also
supporting the hypothesis that SAS1B is expressed in CSCs. Clinical therapies targeting
CSCs should eradicate tumors more effectively by reducing potential for relapse and
metastasis. SAS1B may represents a potential novel therapeutic target for the elimination
of the CSCs and therefore more effective treatment of SAS1Bpos cancers.
Pancreatic cancer stem cells have been defined as CD133pos and are of high value
in the treatment of the notoriously chemo- and radio-therapy resistant PDAC [172]. A
preliminary experiment using pancreatic cancer cell lines co-stained with markers for
pancreatic CSCs and SAS1B and analyzed by flow cytometry will determine if pancreatic
CSCs are SAS1Bpos. This experiment will define what percent of CSCs are SAS1Bpos and
what percent of SAS1Bpos cells are also CSCs. Additionally, a subpopulation of CD133pos
CXCR4pos cells have been identified as essential for tumor metastasis [172]. PDAC cell
lines will also be stained for CXCR4 to determine if these migrating CSCs are also
SAS1Bpos. Pancreatic CSCs can also be co-stained for SAS1B and c-met, an additional
known pancreatic CSC marker [173], to confirm presence or absence of cell surfaceassociated SAS1B in pancreatic CSCs.
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If pancreatic CSCs show SAS1B cell surface localization by flow cytometry, a
follow up cytotoxicity study will be completed. PDAC cell lines will be treated with a
SAS1B-ADC, as described in Chapter 2 Methods section; after 72 hours, cells will be
analyzed by flow cytometry to determine what percent of remaining viable cells areCSCs
(defined by CD133pos), and what proportion of those are SAS1Bpos, as compared to the
control treated cells. Elimination of the pancreatic CSC pool in response to SAS1B-ADC
treatment would validate SAS1B as potential therapeutic target for CSCs in pancreatic
cancer.

5. What is the threshold of SAS1B surface expression needed for ADC cytotoxicity
in PDAC cell lines and how does this relate to potential cutoff for which patients will
be treated?
PDAC cell lines (mPanc96, 366, 608) showed a range of cell surface a SAS1B by
flow cytometry which appeared to correlate with extent of cytotoxicity observed when
treated with a SAS1B-ADC (Figure 2.5). However, the threshold of SAS1B surface
expression needed to cause ADC induced cytotoxicity in vitro is unknown. Establishing a
cutoff for SAS1Bpos cancer cells that will or will not respond to ADC treatment is vital for
effective patient selection and clinical application. To assess firstly if a threshold exists,
and secondly what level of surface-expressed SAS1B is sufficient to cause significant
cytotoxicity, we propose collecting data on SAS1B density index versus cytotoxicity. Flow
cytometry using anti-SAS1B mAb, SB2, can be used to assess cell surface SAS1B density
of cell lines covering a range of SAS1B expression. A SAS1B knock-out or greatly
knocked-down PDAC cell line(s) and a line(s) with overexpressed SAS1B will be used as
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the lower and upper limits of surface expression. There is also likely an upper limit of
surface expression which, once reached, will provide no greater cytotoxic results once
surpassed. Multiple PDAC cell lines will be analyzed in addition to mPanc96, 608, and
366 which have been previously studied (Chapter 2); additional cell lines include those
generated by the Bauer group, 738 and 450 [96], as well as BxPC-3 [174], Panc-1 [175],
and AsPC-1 [176], which are well documented within the literature. SAS1B-ADC (mAb:
SB2) cytotoxicity will be evaluated on each cell line according to the protocol established
in Chapter 2: Methods. The density index of cell surface associated SAS1B and the LD50
for each cell line will be graphed to evaluate the potential SAS1B expression threshold
required for cytotoxicity.
SAS1B surface density is likely only one of multiple components contributing to a
successful ADC.

Additional barriers and challenges to adequate ADC-mediated

tumoricidal effects, related to the target, include antibody-antigen affinity, SAS1B
membrane recycling rate, and internalization rate [177]. These other properties will need
to be studied as well to develop the most effective clinical therapeutic. However, some
ADC properties may be less relevant if SAS1B surface expression is not great enough to
result in ADC cytotoxicity. Given that we have previously observed modest relative levels
of cell surface SAS1B (Figure 2.5) and expression is heterogenous among tumor cells
(Figure 2.1), we may consider ways to induce SAS1B expression at the cell surface to
promote cell death. CTA expression has been shown to be highly inducible in cancer cell
lines using the hypomethylating agents 5-Aza-2’-deoxycytidine or 5-Azacytidine and/or a
histone deacetylase inhibitor LBH589 [178, 179]. We predict that treatment with either 5Aza-2’-deoxycytidine or 5-Azacytidine in PDAC cell lines will induce expression of
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SAS1B and suggest completing this experiment using flow cytometry to quantify changes
in surface expressed SAS1B. The ADC cytotoxicity assay will then be used to determine
if induced SAS1B expression leads to greater cytotoxic effects observed in PDAC cell
lines. The implications from these results may advocate the use of hypomethylating agents
as adjunctive therapy in combination with a SAS1B-ADC to achieve maximum tumoricidal
effects.

6. Does a SAS1B-ADC effectively stop tumor growth or shrink tumors in vivo?
Cytotoxic effects of a SAS1B-ADC have been demonstrated in vitro in a uterine
cancer cell line [41] and in neoplastic pancreatic cancer cell lines using a different SAS1BADC (Chapter 2, Figure 2.5) while non-neoplastic keratinocytes were not killed in the same
assay. How a SAS1B-ADC potentially affects malignancies in vivo is unknown; these
studies warrant further in vivo evaluation of SAS1B as an ADC therapeutic target. We
propose utilization of PDAC PDX mouse models, from which tumors have been shown to
be SAS1Bpos (Chapter 2, Figure 2.3), for in vivo SAS1B-ADC assessment as a logical
progression from the in vitro studies presented in Chapter 2. Two of the PDAC cell lines,
366 and 608, which were sensitive to cell death by a SAS1B-ADC (Chapter 2, Figure 2.5),
were generated from patient tumors also used for the orthotopic mouse models. Both 366
and 608 PDX orthotopic models have been published in the literature [89, 95, 96] and
represent ideal models for in vivo testing of a SAS1B-ADC. The suggested PDAC PDX
orthotopic mouse models, where fresh patient tumors are affixed directly into the mouse
pancreas [96], have been shown to recapitulate the clinical, pathological, genetic, and
molecular aspects of human disease [89] and are thus expected to be the best clinically
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relevant model in which to study the effects of SAS1B therapies in vivo. Other models
using freshly-derived human specimens have been described but have not validated that
xenografted tumors maintain high phenotypic and genetic similarity with the patient tumor
[180]. Both 366 and 608 PDX models are considered superior to PDAC models in which
cancer cell lines are implanted heterotopically (subcutaneous) as the latter models poorly
recapitulate the pancreatic tumor microenvironment [181] which plays a significant role in
tumor cell behavior [182].

We predict that an ADC (with anti-SAS1B mAb SB2

conjugated to duocarmycin used previously in PDAC cell lines (Chapter2)) targeted against
SAS1B will demonstrate tumoricidal activity in SAS1Bpos tumors whereas negative control
arms will show limited or no tumoricidal activity.
Prior to the main study, we suggest an initial tolerance study in which
immunocompromised mice to assess impact on mouse health. Animals will be observed
daily for acute effects on respiration and behavior. A dose-escalation study will also be
performed to determine the maximum, tolerated dose producing effective tumoricidal
effects. The main drug efficacy study will determine if an SB2-duocarmycin ADC shows
tumoricidal activity in vivo. The design of this study will recapitulate human situation by
asking if the drug will shrink pre-existing tumors. Treatment will begin after implanted
tumors have grown to a volume of 250 to 500 mm3 as assessed by volumetric magnetic
resonance imaging (MRI). The tumoricidal activity of the SAS1B-ADC will be compared
to control arms including 1) unlabeled SB2 mAb, 2) vehicle alone, 3) isotype matched mAb
directed to an irrelevant antigen conjugated with duocarmycin (e.g. 3A4 used in Chapter
2), and 4) isotype matched mAb alone. ADCs will be delivered intravenously and tumor
growth/regression will be assessed using MRI. Animal weights will be monitored at
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weekly intervals. At the time of sacrifice, blood samples will be collected by cardiac
puncture and tumors will be harvested for histopathology, Western blots, and for molecular
studies (PCR) of SAS1B expression. Additionally, lung, kidney, liver, heart, brain, and
mesenteric and peritoneal surfaces will be harvested and analyzed for any metastases and
additional pathology to serve as an early safety and toxicity assessment. Ovaries will be
harvested from female mice and studied by morphometrics for possible effects of drug
treatment on oocyte growth and folliculogenesis.

We anticipate that mice bearing

pancreatic tumors treated with an ADC targeting SAS1B will show tumor shrinkage and
will extend animal survival time. These studies will provide proof of concept that SAS1B
can potentially be used as a therapeutic target for the treatment of pancreatic cancer using
an ADC, opening an entirely new field of therapeutic targets.
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FINAL SUMMARY
Immunotherapeutic options for the treatment of cancer, which remains a major
global health challenge, offer the allure of greater tumor specificity and less associated
toxicity than is typically achieved with traditional chemo- and radio-therapeutic strategies.
The success of some immunotherapies, such as ADCs and CAR-Ts, rely on identification
and selection of targets which are highly tumor-specific with limited or no expression in
normal tissues. Cancer germline antigens represent potential ideal targets for targeted
immunotherapy as CGAs are expressed in cancer cells but show limited or no expression
among normal tissues. Although many cancer-testis antigens have been described, SAS1B
is the first, and only, cancer-oocyte antigen identified to-date. Owing to the limited
expression of SAS1B among normal tissue combined with expression in a number of
cancer indications, we propose that SAS1B is an attractive immunotherapeutic target.
We have shown that, in addition to previous work published in female reproductive
cancers, SAS1B is expressed in a majority of pancreatic and head and neck cancers.
SAS1B localized to both the cytoplasm and the cell surface in PDAC and HNSCC cell
lines by IIF and flow cytometry, suggesting potential utility of SAS1B targeted
immunotherapeutic strategies. Furthermore, an ADC targeting SAS1B administered to
pancreatic cancer cell lines was internalized and subsequently caused significant cell death
in a manner correlated with SAS1B cell surface expression. Thus, SAS1B represents a
novel therapeutic target for the treatment of PDAC and HNSCC. These data support
further development of a SAS1B-ADC including in vivo assessment using mouse xenograft
systems; however, some major questions regarding SAS1B need to be addressed prior to
advancement to clinical utility.
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While initial reports failed to detect ASTL/SAS1B in variety of normal tissues,
recent data generated using more sensitive assays suggests some low level SAS1B
expression in normal tissues, other than the ovary, including: keratinocytes, pancreas
stromal cells, and leukocytes. For SAS1B to be considered a viable clinical therapeutic
target, further studies are needed to fully characterize SAS1B expression in normal cells.
In vitro, keratinocytes have been shown to express cell surface SAS1B but are insensitive
to a SAS1B-ADC leading to the prediction that non-neoplastic SAS1Bpos cells will not be
affected by a SAS1B-ADC. While ADCs need to be internalized to exert cytotoxic effects,
CAR-Ts will potentially induce cell death in any cells expressing the target at the cell
surface, independent of internalization. Unlike keratinocytes, pilot studies assessing
SAS1B expression in leukocytes suggests SAS1B localizes to the cytoplasm in dendritic
cells and a small population of B-cells and is not likely expressed at the cell surface. In
theory, SAS1B expression limited to the cytoplasm of normal cells, would not preclude
ADCs and CAR-Ts as viable SAS1B targeting approaches as these strategies rely on target
expression at the cell surface. In addition to characterization of SAS1B expression in
normal tissues, in vivo studies using a SAS1B ADC or CAR-T is needed to assess potential
off-tumor cytotoxicity which will help guide development of SAS1B targeted
immunotherapies.
Although we have shown proof of concept that SAS1B-ADC induces cytotoxicity
in pancreatic cancer cell lines, addressing multiple fundamental biological questions which
remain regarding SAS1B expression will also inform production of SAS1B targeted
therapies. For example, we have identified six ASTL splice variants in cancer, known as
SV-A to SV-F, and have shown differential cellular localization of recombinant SV-A and
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SV-C proteins (cell surface vs. cytoplasm, respectively). Further studies characterizing
major SAS1B protein isoform(s) expressed at the cell surface in cancers may lead to
development of more effective immunotherapies utilizing mAbs generated against cell
surface, cancer-associated form(s) of SAS1B.
Our work suggests SAS1B expression in a broad range of cancer indications and
demonstrates efficacy of a SAS1B-ADC in vitro, thus supporting further assessment of
SAS1B as an immunotherapeutic target for the treatment of cancer. While preliminary
data suggests SAS1B to be a worthwhile cancer therapeutic target to study, potential
complications arising from the basic biology of SAS1B need to be addressed in order to
produce the most effective SAS1B targeted immunotherapy.
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