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The obscurins comprise a family of proteins that regulate the assembly, contractile
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structure and include approximately sixty adhesion domains followed by several domains
involved in signal transduction, including a RhoGEF domain and a pair of
serine/threonine kinases. Although their expression and function was thought to be
limited to striated muscle, whole exome sequencing of various types of tumors revealed
that mutation of OBSCN could drive the development of cancer. We sought to elucidate i)
the expression pattern of obscurins in normal and cancerous breast epithelial cells, ii) the
signaling pathways in which obscurins participated, and iii) the expression and
localization of obscurins in a broad range of tissues. We first showed that the giant
isoforms of obscurin are readily expressed in normal breast, skin, and colon epithelial
cells, but not in their cancerous counterparts. Abrogation of the expression of obscurin
giant isoforms using shRNA in MCF10A normal breast epithelial cells resulted in
increased anchorage-independent growth and reduced apoptosis in response to DNA
damage or substrate detachment, properties associated with the development and
metastasis of breast cancer. Furthermore, loss of giant obscurins enhances microtentacle
formation and reattachment, even in the presence of the chemotherapeutic, paclitaxel.

These properties can be traced to downregulated RhoA activity upon loss of the obscurin
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Chapter 1:
Introduction

1.1 Introduction to Breast Cancer
1.1.1

Cancer and Metastasis
Despite the signing of the National Cancer Act in 1971 by United States president

Richard Nixon, the hundred or so pathologically distinct cellular growth abnormalities
that collectively comprise “cancer” continue to cause more than 570,000 American
deaths annually and remain the 2nd leading cause of death (1). As one of the major risk
factors in the development of many types of cancer is advanced age (1-3), an aging
population ensures that cancer diagnoses and deaths in the United States will continue to
burden the public for decades to come. Cancer is likely to soon surpass heart disease as
the leading killer in the United States (Figure 1.1) (4, 5); it is already the leading killer
among Latinos (6).
While malignant neoplasms come in many shapes and forms, and can be highly
diverse even within a particular histological subtype, decades of research into the
molecular mechanisms of the development and dissemination of tumors has revealed a
number of commonalities that span all tumor types. These characteristics were
immortalized in Hanahan and Weinberg’s seminal Cell paper, “The Hallmarks of
Cancer” (7). Outlined in Figure 1.2, acquisition of the Hallmarks through progressive
genetic changes causes cells to become reprogrammed in a manner that uncouples their
growth and division from normal physiological cues, rendering these transformed cells
immortal and impervious to the body’s attempts to rid itself of them. Additionally, the
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characteristic genetic changes that cancer cells have undergone allow them to become
nomadic, spreading throughout the body and colonizing distant sites (8-18).

These

“colonies”, referred to as metastatic tumors or metastases, are particularly worrying as
they are ultimately responsible for 90% of deaths from cancer (19, 20). Metastatic tumors
are frequently resistant to both traditional chemotherapeutics and specific inhibitors of
biological processes (21, 22) and often cannot be surgically resected. Therefore, it is
critical that the mechanisms that underlie the dissemination of primary tumor cells to
distant sites be investigated, with the hope of yielding novel targets for the development
of metastasis-specific therapeutics.

Figure 1.1: Age-adjusted rates for different causes of deaths in the United States since 1958. “ICD-X”
is the International Classification of Diseases, Xth edition; the vertical lines on the graph represent
when new editions of the ICD were released. Sharp changes to the slope of the curve around these
guideline changes are therefore reflective of changed parameters for inclusion, not changes in
incidence. From (4).
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Figure 1.2: The Hallmarks of Cancer. Genetic changes in cancer cells allow them to grow
uncontrollably. These include the ability to grow in the absence of growth factors and mitogens,
insensitivity to signals that either tell the cell to stop growing or self-destruct (via apoptosis), and the
capability to bypass the point at which normal cells stop dividing (senescence). In addition to changes
within the cancer cells themselves, alterations to the composition of the surrounding tissue allows the
formation of blood vessels (angiogenesis) that can reach the tumor to provide oxygen. Invasion and
metastasis of cancer cells requires changes to the cytoskeleton that renders the cells capable of breaking
away from the primary tumor and traveling to a distant location via the vasculature. From (7).

The process of metastasis of a carcinoma (a tumor derived from epithelial cells,
like most breast tumors) is outlined in Figure 1.3 (23). First, during the uncontrolled
growth of the primary tumor, a subset of cancer cells may acquire gene mutations or
epigenetic alterations that allow them to invade through the basement membrane and
stromal cell layers underlying the epithelium, either as an intact epithelial sheet or as
individual cells that have freed themselves of the firm junctions that characterize
epithelial cells (24-29). This subset of invasive cancer cells migrates through the
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extracellular matrix towards blood vessels or the lymphatics, frequently in response to a
chemotactic gradient (30, 31). Upon invading through the endothelium and entering the
bloodstream or lymphatic vessels, most cancer cells will die by detachment-induced
apoptosis or fragmentation due to the shear forces encountered in restrictive capillary
beds (11, 32, 33). Those circulating tumor cells that survive, however, may reattach to the
endothelium and extravasate to a suitable distant site. Disseminated tumor cells that have
colonized distant sites and can avoid immune surveillance may proliferate to become
metastatic tumors.

Figure 1.3: The Metastatic Cascade. Cells at the primary tumor invade the surrounding tissue and
intravasate into the bloodstream or lymphatics. They may then extravasate and grow into lymph-node
or distant metastatic tumors. From (23).
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While cancer was once thought to follow a linear trajectory with cells in a primary
tumor eventually accumulating enough mutations to allow dissemination, metastasis is
now known to frequently occur in parallel with the growth of a primary tumor (34-37).
Instead of a single cell from the primary tumor gaining the ability to seed metastases after
becoming fully malignant at the primary tumor (Figure 1.4), the “parallel progression”
model suggests that cells are shed from the primary tumor beginning early during the
growth of a primary tumor. This allows the dissemination of tumor cells that are diverse
in their acquired mutations and can therefore survive in different niches; for breast
cancer, this may include the development of metastases in the lung, liver, bone, or brain
(Figure 1.5). Elimination of heterogeneous metastases represents a challenge that can be
likened to slaying the multi-headed Lernaean Hydra; clearly, more research is necessary
to uncover factors or pathways whose manipulation may cause the destruction of all
lineages of metastases. This Dissertation focuses on one such novel factor in breast
cancer, obscurin.

Figure 1.4: The Linear Progression model of metastasis. A single cell from a slow-growing primary
tumor eventually acquires a mutation that allows it migrate to and colonize a distant site. This tumor
grows more quickly than the primary tumor, and its cells seed secondary metastases, and so forth.
According to this model, tumor volume doubling time decreasess with each successive metastatic step.
From (34).
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Figure 1.5: The Parallel Progression model of metastasis. Throughout the growth of a primary tumor,
diverse sets of individual cells gain the ability to disseminate and seed metastases. These metastatic
tumors occupy distinct niches in various tissues. Importantly, this model explains why some metastatic
can progress to such a large size relative to the primary tumor: They were seeded early on during the
development of the primary tumor. From (34).

1.1.2

Breast Cancer Epidemiology
Breast cancer is the most commonly diagnosed cancer in women in the United

States, with more than 230,000 detected annually (Figure 1.6). Deaths have declined
substantially in the last several decades for a number of reasons, including increased
awareness, improved detection methods (including both mammography and breast self
exam), and improved outcomes for many cases that remain localized to the breast
(addressed in the next section). However, breast cancer remains the second cause of
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cancer deaths among American women, with approximately 40,000 deaths annually
(Figure 1.6) (38). It is also important to note that while women make up the vast majority
of breast cancer cases, more than 2000 American men are diagnosed with breast cancer
each year, and more than 400 will die of the disease (1).

Figure 1.6: Ten leading cancer types for the estimated incidences and deaths by sex in 2013. From (1).

Approximately 5-10% of cases of breast cancer are due to hereditary genetic
mutations. Of these, 15-20% can be attributed to mutations in the BRCA1 or BRCA2
genes (which cause deficiencies in the ability of cells to repair DNA damage) (1, 39-41).
Therefore, most cases of breast cancer cases occur in women without a strong family
history. Non-genetic risk factors for the development of breast cancer include age greater
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than 65 years, menarche prior to 12 years of age, smoking cigarettes, and factors that alter
the body’s natural hormone balance, including recent use of oral contraceptives and postmenopausal hormone replacement therapy (Table 1.1). Interestingly, high socioeconomic
status is also a minor risk factor for the development of breast cancer (39, 42, 43).
However, women in lower socioeconomic strata tend to have more advanced disease at
first presentation and overall higher mortality (44, 45). This is likely due to economically
disadvantaged women having fewer routine visits with primary care providers and less
mammographic screening (46, 47), along with reduced access to state-of-the-art breast
cancer treatment (48-50).
Table 1.1: Risk factors for the development of breast cancer. “Relative Risk” indicates the fold change
in risk over an unexposed group. From (39).
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In addition to disparities due to socioeconomic status, morbidity and mortality
from breast cancer also vary based on race (39, 44, 51, 52). Non-hispanic white women
have the highest overall incidence of invasive breast cancer, at approximately 130 cases
per 100,000 women in 2010 (Figure 1.7). However, African-American women are about
50% more likely to die of breast cancer than white women, a trend that has continued
since the early 1980s (Figure 1.8). This is due largely to the fact that African-American
women are more likely than white women to be diagnosed with advanced stage breast
tumors that tend to have poorer clinical outcomes (38, 45, 51).

Figure 1.7: Trends in female breast cancer incidence, by race. Data are compiled from the Surveillance,
Epidemiology, and End Results (SEER) Program of the National Cancer Institute. From (39).
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Figure 1.8: Trends in female breast cancer deaths, by race. Data are compiled from the Surveillance,
Epidemiology, and End Results (SEER) Program of the National Cancer Institute. From (39).

Globally, the incidence of breast cancer continues to rise. Since 2008 estimates,
the number of new cases of breast cancer diagnosed annually has risen by 20% to 1.7
million, and deaths have risen by 14% to 522,000 annually, worldwide (42, 43). This is
likely to continue to increase as women in less developed countries make lifestyle
choices (delayed child-rearing, cigarette use, etc, outlined in Table 1.1) that increase their
risk for breast cancer (39). However, while highly developed regions such as Western
Europe and North America have the highest incidence of breast cancer, less developed
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regions have much higher relative mortality (Figure 1.9). In fact, it is the leading cause of
cancer death in women in less developed regions (42, 43), in contrast to more developed
regions (including the United States), where it is the second leading cause of cancer
death. Clearly, global public health initiatives must place a high priority on increasing
breast cancer survival by women in Africa in particular; these interventions may include
increased access to screening and diagnostics, as well as improved treatment for those
diagnosed with breast cancer (53, 54).

Figure 1.9: Worldwide breast cancer incidence and mortality. Despite a lower incidence of breast
cancer in less developed regions, mortality from the disease is much higher, relative to the number of
cases, compared to the more developed world. From (43).
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1.1.3

Breast Cancer Subtypes
Breasts, or mammary glands, are the organs that produce the milk that female

mammals feed to their young. They are comprised of a network of 15-20 lobes, which
contain the smaller milk-producing subunits, lobules, as well as ducts, which carry milk
from the lobes to the nipple. The lobes and ducts are infiltrated by numerous blood
vessels and supported by connective tissue. A layer of fatty tissue and pectoral muscle
overlies the glands; a diagram is in Figure 1.10.

Figure 1.10: Structure of the human female breast. Left: outer view. Right: Cross sectional view of the
breast highlighting ducts and lobules within the network of the vasculature and surrounded by fatty
tissue. Image from WebMD.

Epithelial breast neoplasms can arise in either the lobular or ductal tissue. Noninvasive breast growths include Ductal and Lobular Carcinomas In Situ (DCIS or LCIS),
which are abnormal growths of cells that have not invaded past their own borders. These
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are relatively simple to remove surgically, and the 10-year survival rate is nearly 100%
(1, 55, 56). However, a diagnosis of LCIS (and to a lesser extent, DCIS) puts a patient at
a substantially elevated risk of developing invasive breast cancer.
Among invasive breast cancers, invasive ductal carcinoma (IDC) comprises
approximately 50-75% of diagnosed cases, while invasive lobular carcinoma (ILC)
makes up an additional 10-15% (57). The prognosis for these tumors is generally related
to their stage at diagnosis, as well as their molecular subtype. Breast cancer is staged
according to the American Joint Committee on Cancer’s TNM system, where T refers to
the size of the tumor (from 0-4, with 4 being largest), N refers to lymph node
involvement (0-3, with a higher number indicating more lymph nodes involved), and M
(0 or 1) indicates whether or not the cancer has spread to distant organs (58). Once the
TNM score for a tumor has been determined, it is staged according to the guidelines in
Table 1.2; larger tumors and those with lymph node involvement are generally higher
stage and have much poorer prognosis and 5-year survival rates. In addition to the stage
of the tumor, another important parameter that determines prognosis is the tumor grade.
The grade of the tumor describes the appearance of cells microscopically, with lower
grade representing cells that are still well differentiated (ie, resemble the tissue
surrounding the tumor) with few actively dividing cells, while higher grades describe
poor differentiation and increased proliferation (58). Higher-grade tumors tend to grow
and disseminate more rapidly than lower grade, well-differentiated tumors.
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Table 1.2: Staging of breast tumors according to the TNM system. Note that higher stage tumors
generally exhibit larger tumors (higher T value) or more lymph nodes involved (higher N value). From
(58).

Aside from stage and grade at diagnosis, the genetic characteristics of the tumor
cells themselves are the other major determinant of patient prognosis. Breast epithelial
cells express three receptors that have proven invaluable for breast cancer therapy: The
estrogen receptor (ER), the progesterone receptor (PR), and a particular epidermal growth
factor receptor, HER2. Estrogen and progesterone are both hormones used by breast
epithelial cells to stimulate normal processes, including growth and division; in cancer,
cells may become dependent on these hormones, estrogen in particular, to proliferate
uncontrollably. Similarly, overexpression of the HER2 receptor can make breast cancer
cells overly responsive to epidermal growth factor, again causing inappropriate growth
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and division. The particular combination of receptors expressed in a breast tumor can be
detected using immunohistochemistry of a biopsy, and leads to classification of a tumor
within a general subtype, listed in Table 1.3 (59). Although immunohistochemistry is still
the most common way breast cancer subtype is determined, molecular profiles based on
gene expression yield more precise classification that may influence therapy (60-63).

Table 1.3: Major molecular subtypes of breast tumors. Classification is based on expression of
hormone receptors. Reproduced from (59).

Molecular
Subtype
Luminal A
Luminal B
HER2 Positive
Basal-like

ER
+
+
-

Immunohistochemical Staining
PR
HER2
+
+
+
+
-

Because cancer cells can become “addicted” to the influx of pro-growth signals
conferred by the presence of hormone and growth factor receptors, cutting off those
signals can be a very effective method to slow the growth of cancer cells. To this end,
several “targeted” therapies have been developed for different subtypes breast cancer. For
example, ER+ tumors can be treated with drugs that block the estrogen receptor
(tamoxifen) or the production of estrogen (aromatase inhibitors). In part because they
respond to these specific treatments, patients with ER+ tumors tend to have better 5 year
survival than patients with ER- tumors (64). Although HER2+ cancers tend to be more
aggressive and have poorer prognosis than other breast cancers (39, 65), they respond to
biologic drugs (ie, trastuzumab/Herceptin) that bind the HER2 receptor and block its
ability to transduce a signal.
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By far the worst outcomes are seen for the 10-15% of tumors that do not express
any of the three receptors, so-called “triple negative” or “basal-like” breast cancers (66).
In the absence of the ER, the PR, or HER2, targeted therapies are not an option, leaving
only chemotherapeutics (and to a lesser extent, radiation) in conjunction with surgery to
remove the tumor. Compared to receptor-positive cancers, they tend to be diagnosed in
younger women and African American women, be more aggressive, and have a poorer
prognosis (67) and lower probability of survival (Figure 1.11) (61, 68). In particular, they
are the most common breast cancer diagnosed in women with a BRCA1 mutation (66).
Figure 1.11: Survival analysis of breast cancer patients based on tumor type. “Normal” refers to tumors
that clustered with normal breast tissue in a phylogenetic analysis. From (61, 68).
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In addition to the major subtypes of epithelial breast cancer discussed above,
several other rare subtypes represent not more than 15-20% of diagnoses. Amongst
others, these include tubular carcinoma, inflammatory breast cancer, and Paget’s disease
of the breast. The reader is directed to several excellent reviews of some of the various
rare subtypes (69-73).

1.2

Introduction to Obscurins
The following is reproduced from a review article on which I served as first

author, entitled “Obscurins: Unassuming Giants Enter the Spotlight,” published in
IUBMB Life in 2013. As the first author, I performed the literature searches, wrote the
manuscript, and drew the first figure. Maegen Ackermann provided comments and
created the second figure. Marey Shriver and Rebecca Hu read the manuscript carefully,
and my mentor, Katia Kontrogianni, edited the content.
1.2.1

Background to Obscurins
Named due to initial difficulties in characterization and detection (74), obscurin is

now understood to be a family of proteins (“obscurins”) expressed from the single
OBSCN gene, which in humans spans more than 170 kb on chromosome 1q42.13. The
prototypical obscurin, obscurin A, is comprised of 62 immunoglobulin (Ig) repeats
interspersed with 3 fibronectin type-III (FNIII) domains and a calmodulin-binding IQ
motif, followed by a src homology-3 (SH3) domain, tandem Rho-guanine nucleotide
exchange factor (RhoGEF, also known as a dbl homology (DH) domain) and pleckstrin
homology (PH) domains, 2 additional Ig repeats, and a non-modular COOH-terminal
region of ~400 amino acids that contains consensus phosphorylation motifs for ERK
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kinases, yielding a total size of ~720 kDa (74) (Figure 1.12). Another giant isoform,
obscurin B (~870 kDa), is very similar to obscurin A, but lacks the non-modular COOHterminal region. Instead, it includes two Ser/Thr kinase domains with homology to
myosin light chain kinases (MLCKs), referred to as SK2 and SK1, which are preceded by
Ig, and Ig and FNIII domains, respectively (75) (Figure 1.12). An alternative ribosomal
entry site and start codon (76) allows the expression of smaller obscurin isoforms in
humans, including a tandem kinase isoform that consists of partial SK2 and full length
SK1, and a single kinase isoform that only contains SK1 (Figure 1.12); recently, the
activity of this alternate promoter was verified in mice (77). Expression differs among the
obscurin isoforms; while giant obscurins A and B are expressed in higher amounts in
skeletal compared to cardiac muscles, the tandem and single kinases isoforms are largely
present in cardiac muscle (75, 78).

Figure 1.12: Domain architecture and protein binding partners of the four characterized isoforms of
obscurin. Binding partners of mammalian obscurins are shown in regular type, while those of the C.
elegans obscurin homolog UNC-89 are italicized.

In addition to the aforementioned obscurin isoforms, new evidence indicates that
many more variants can be generated from OBSCN’s 119 exons. Analysis of the OBSCN
gene has revealed that most of its tandem Ig domains are encoded by individual exons
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that have complementary splice sites and preserve the reading frame, allowing for the
modular assembly of isoforms containing all or select Ig domains (75, 76). This is
supported by immunoblots conducted with antibodies to epitopes spaced along the length
of giant obscurins; immunoreactive bands of ~100 and ~150 kDa that contain both NH2and COOH-terminal epitopes were observed in rat skeletal muscles (79), while bands of
~110 and ~120 kDa that contain the DH and kinase domains, respectively, were detected
in nuclear lysates prepared from epithelial cells (80). Furthermore, Bowman et al. (2007)
suggested that a unique isoform of obscurin containing a novel NH2-terminus and the
non-modular COOH-terminus of obscurin A, but lacking the DH domain, is present at
sarcomeric Z-disks (81). Collectively, the intricate alternative splicing that the OBSCN
gene undergoes may represent a novel mechanism of generating specialized obscurin
scaffolds that provide binding sites for select interacting partners.
While this review focuses on the functions of mammalian obscurins, study of
non-mammalian OBSCN orthologs has revealed their conservation across distant lineages
(82). A Caenorhabditis elegans ortholog of OBSCN, unc-89, also produces multiple
splice variants of the protein UNC-89 (83-85), for which many binding partners and
functions have been determined (86-92). Danio rerio (zebrafish), which has two separate
genes encoding the two largest obscurin isoforms, has been a useful model to study the
effects of obscurin depletion by morpholino antisense technology (93-95). Furthermore,
Drosphila melanogaster obscurin was recently characterized (96). In addition to its
orthologs, OBSCN has two paralogs within mammalian genomes, striated preferentially
expressed gene (SPEG) and obscurin-like-1 (OBSL1), whose products may possess
similar functional activities (97, 98).
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The vast size of the giant obscurins is necessitated by one of their functions in
striated muscle cells, that is, acting as molecular “rulers”. Along with titin (~3-4 MDa)
and nebulin (~600-800 kDa), obscurins may serve to define the dimensions of the
developing sarcomere. It was in this context that obscurin was originally discovered as an
interacting partner of titin in a yeast-two-hybrid screen (74). Herein, we will provide an
overview of the functions of obscurins in striated muscles, discuss recent evidence
regarding their roles in non-muscle tissues and conclude with their involvement in
different diseases. Readers interested in a detailed description of the role of giant
obscurins in myofibrillogenesis are directed to a recent comprehensive review (99).
1.2.2

Obscurins in Striated Muscles

Subcellular Distribution
The striated appearance of cardiac and skeletal muscle is due to the regular
arrangement of actin and myosin filaments and their associated proteins into contractile
units, termed sarcomeres (Figure 1.13). These incorporate into bundles of myofibrils that
comprise the muscle cell or myofiber. Sarcomeres are defined by protein-dense
structures, termed Z-disks, which contain structural and signaling molecules and serve as
anchoring sites for actin thin filaments, which occupy I-bands. The central region of
sarcomeres contains bundles of myosin thick filaments, organized into A-bands, which
are bisected by M-bands that are devoid of myosin heads. Upon release of calcium ions
from the sarcoplasmic reticulum (SR), which intimately surrounds each sarcomere, the
heads of the myosin filaments hydrolyse adenosine triphosphate in order to “pull” on the
interdigitating actin filaments. This causes shortening of the sarcomere and hence

!20

contraction of myofibers; reuptake of Ca2+ to the SR leads to relaxation until a new cycle
starts (100).
The subcellular distribution of obscurins has been studied extensively in cardiac
and skeletal muscle of mouse and rat, and to a lesser extent in human. This has been
primarily accomplished through confocal optics and immunofluorescence (IF) or
immuno-electron microscopy (EM), employing antibodies raised to epitopes spanning the
entire length of giant obscurins. Obscurins containing both A and B epitopes concentrate
at M-bands and Z-disks in fully differentiated rodent (79, 81) and human (101) skeletal
and cardiac muscles (101-103). In addition to their sarcomeric localization, obscurins are
also present at the nuclei and sarcolemma of striated muscle cells and at a specialized
domain of the sarcolemma, the intercalated disc, in cardiomyocytes (104) (Figure 1.13A).
During differentiation, however, obscurins’ subcellular distribution is variable. In skeletal
myoblasts, obscurins assemble into primordial M-bands, prior to the organization of
myosin into A-bands, while they incorporate into Z-disks after those have matured (105).
In contrast, obscurins appear at Z-disks early during myofibrillogenesis in
cardiomyocytes, but later translocate to M-bands (74). Whether this dynamic localization
during cardiac development is due to the presence of multiple splice variants, or simply
an artifact of epitope accessibility, remains to be determined.
In contrast to titin and nebulin, which are oriented longitudinally along the long
axis of sarcomeres, specifying their length, obscurins exhibit a reticular distribution,
presumably defining their diameter (79, 103). This unique topography allows obscurins
to provide binding sites for diverse binding partners located in distinct subcellular
compartments (99).
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Figure 1.13: Localization of obscurins. A) Organization of the sarcomere and surrounding membranes.
Obscurins are known to localize to the Z-disk (green), peripheral Z-disk/I-band (yellow), M-band (red),
and at the exofacial surface of the sarcolemmal surface (purple). B) In epithelial cells, obscurins are
located in the nucleus (green), and cell-cell contacts (blue), and within the Golgi apparatus (yellow).
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Interacting Partners
Obscurin was originally discovered in the course of a yeast-2-hybrid screen of a
human cardiac library for binding partners to a fragment of titin that is localized to the
peripheral Z-disk in striated muscles (74). Specifically, obscurin domains Ig58/59 interact
with titin Ig domains Z9/Z10, anchoring obscurin to the Z-disk. The Ig58/59 region of
obscurin also binds to a novel isoform of titin that resides at the I-band, novex-3 (106).
Because muscle extension results in stretching of the novex-3:obscurin complex, the
authors proposed that it might be involved in strain-induced signaling during muscle
development and cardiac disease (106).
Obscurins also bind the region of giant titin that extends into the M-band; in
particular, the Ig1 domain of obscurin interacts with the M10 domain of titin (107).
Interestingly, atomic force microscopy demonstrated a relatively low unbinding force
(~30 pN) for the titin-M10:obscurin-Ig1 complex (108). The weak titin-M10:obscurin-
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Ig1 coupling at the M-band is also part of a ternary complex with myomesin, a protein
that is involved in anchoring thick filaments to the M-band, which directly binds to the
Ig3 domain of obscurin (107). Upon introduction of exogenous obscurin Ig1 or Ig3,
which contain binding sites for titin and myomesin, respectively, to neonatal rat
cardiomyocytes, endogenous obscurins are displaced from the M-band and remain
diffuse in the cytoplasm (107) This dominant negative effect emphasizes the importance
of titin and myomesin in targeting and stabilizing obscurins to the M-band.
The NH2-terminal region of obscurins also binds to a novel variant of myosin
binding protein-C slow (sMyBP-C variant 1) in skeletal muscle (109). The obscurins’
second Ig domain, Ig2, directly interacts with the COOH-terminal Ig domain, C10, of
sMyBP-C variant 1. The presence of 26 novel amino acids following C10 domain
considerably strengthen the interaction between obscurins and sMyBP-C variant-1.
Overexpression of obscurin Ig2 disrupts the formation of M-bands and the assembly of
myosin filaments into A-bands, underlining the essential role of obscurins’ NH2-terminus
to the assembly and stabilization of thick filaments.
In addition to playing key roles in sarcomeric organization, obscurins also
contribute to Ca2+ signaling. Although alterations were observed in the localization and
expression level of SR proteins in OBSCN knockout mice (110), no changes in calcium
release or reuptake were reported (77). However, upon characterization of obscurin A, it
was discovered that its IQ motif interacts with the calcium sensor calmodulin in a
calcium-independent manner (74). Therefore, it is conceivable that the IQ-calmodulin
interaction may play a role in coupling calcium signaling to other obscurin functions,
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such as guanine nucleotide exchange in the nearby RhoGEF domain, a possibility that
merits further investigation.
Obscurins’ RhoGEF domain can specifically induce exchange of guanine
diphosphate (GDP) for guanine triphosphate (GTP) in the small GTPases RhoA (111)
and TC10 (also known as RhoQ; (112)), leading to activation of their downstream
effectors, but not in Rac1 or Cdc42 (111, 112). This specificity is observed in C. elegans
UNC-89 as well (87), with conservation indicative that obscurin RhoGEF’s activation of
RhoA and TC10 is necessary for the proper function of striated muscles. Indeed, RhoA
activity plays an important role in normal myofibril growth and during pathologic
hypertrophy (113), consistent with the upregulation of RhoGEF-containing obscurins
during normal myofibrillogenesis (114) and stress-induced cardiac remodeling (115).
RhoGEF domains are often coupled to PH domains, which regulate their activity
and membrane recruitment (116). While functional studies of obscurins’ PH motif have
not been conducted, the structure of the UNC-89 PH domain suggests that it is likely not
involved in binding phosphoinositides, a canonical function of PH domains (86).
However, as UNC-89 and obscurin PH domains share only 23% identity, it is possible
that they have different properties and functions. Consistent with this, a novel function of
the obscurin RhoGEF domain is its interaction with Ran Binding Protein-9 (RanBP9)
(117), a scaffolding protein that binds to the nuclear import-export regulators,
RanGTPases. RanBP9 is present at M-bands and Z-disks, and when overexpressed in
cultured skeletal myotubes, inhibits the incorporation of the NH2-terminus of titin to
developing Z-disks. Interestingly, both RanBP9 and the RhoGEF domain of obscurins
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bind directly to the NH2-terminus of titin, suggesting that a ternary complex of titin,
obscurin, and RanBP9 may be important for Z-disk assembly.
The most studied obscurin ligand is a splice variant of the ANK1 gene, small
ankyrin-1 (sAnk1, also known as Ank1.5), an integral component of the network SR.
Two groups discovered this interaction independently (103, 118), and while both found
that sAnk1 bound to the non-modular COOH-terminus of obscurin A, discrete sites were
identified. Bagnato et al. narrowed the sAnk1 binding site to residues 6236-6260
(NP_443075.3) (118) that has a predicted random coil structure and a dissociation
constant of 384 nM (119), while Kontrogianni-Konstantopoulos et al. identified residues
6316-6345 that has a ~28% predicted α-helical structure and a dissociation constant of
~130 nM (103, 119). Both binding sites rely on electrostatic interactions (120, 121),
while the higher affinity of the more COOH-terminal site (amino acids 6316-6345) is
also supported by hydrophobic interactions (122).
Characterization of the obscurin binding site on sAnk1 revealed two regions that
can mediate binding; the first, residues 57-89 (AAH61219.1) is conserved across ankyrin
isoforms, while the second, residues 90-122, is unique to sAnk1 (120) and another ANK1
splice variant, ank1.9, which also binds to the COOH-terminus of obscurin A (123).
Recently, two homologous sites have been found in a novel splice variant of ankyrin B,
encoded by the ANK2 gene, that also binds to the non-modular COOH-terminus of
obscurin A and serves to recruit protein phosphatase 2A to the M-band (124). The
identification of sAnk1 (and related isoforms) as a binding partner of obscurin A was
particularly significant because it represented the first direct molecular link between the
contractile sarcomere and the SR membrane, illuminating a possible mechanism for the
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alignment and anchoring of the SR around the developing myofibril. Indeed, in the
absence of obscurins, sAnk1 remains associated with the SR membrane, though in a
disorganized manner, and the SR fails to assemble around the contractile apparatus (125).
Although no studies have been conducted on the interaction of UNC-89 and SR-localized
ankyrin isoforms, in UNC-89 mutant nematodes, which no longer express the largest
UNC-89 isoforms, SR proteins are disorganized and calcium signaling is compromised
(89).
The binding of obscurins to sAnk1 appears to mediate another novel biological
process. Through the adaptor protein, potassium channel tetramerization domain
containing-6 (KCTD6), the ubiquitin E3 ligase cullin-3 binds and ubiquitylates sAnk1,
targeting it for degradation (110). However, a subset of the sAnk1 lysines subject to
ubiquitylation are located within the obscurin binding domain, and therefore are
inaccessible when sAnk1 is bound to obscurin; this is consistent with the observation of
lower sAnk1 levels in obscurin-null mice (77, 110). Reinforcing the emerging importance
of obscurin in mediating protein turnover is the recent observation of UNC-89’s
interaction with maternal effect lethal-26 (MEL-26) (90). Upon binding to either the Ig2Ig3 or Ig53-FnIII-2 regions of UNC-89, MEL-26 recruits cullin-3 and promotes
degradation of the microtubule-severing protein katanin. While the nature of the
obscurins’ interaction with cullin-3 is quite different in these two cases, the idea that
obscurins may assemble protein degradation complexes is intriguing.
Increasingly, the kinase-containing isoforms of obscurins are understood to play
distinct roles in muscle, particularly in the heart (75, 78). Qadota et al. demonstrated that
small-CTD-phosphatase-like-1 (SCPL-1) binds to both kinase domains of UNC-89 (88).

!26

In addition, Xiong et al. showed that the first kinase domain of UNC-89 forms a ternary
complex with the four and one-half LIM protein-9, LIM-9 and SCPL-1 (91). This
complex is localized to the M-band and, through bridging proteins, links UNC-89 to
costameric integrins, and thus the extracellular matrix (ECM).
Recent work in our laboratory has revealed that both the more NH2-terminal
(SK2) and COOH-terminal (SK1) kinase domains of obscurin B are active and capable of
autophosphorylation. Importantly, N-cadherin is a substrate of SK2, while Na+/K+ATPase is a binding partner of SK1 (104). Furthermore, a small isoform of obscurin
containing only SK1 is localized extracellularly in cardiomyocytes and can undergo Nglycosylation (104). The exofacial localization of at least one obscurin isoform raises the
possibility that obscurins may interact with and/or modify the ECM.
Embryonic development
The effects of obscurins’ depletion on developing zebrafish embryos have been
observed using morpholino antisense technology. Knockdown of obscurin A specifically
results in defects in the development of striated muscles, including ventricular hypoplasia
and decreased heart rate, failure of skeletal myofibrils to assemble into larger functional
units, and SR disorganization (95). Somite boundaries were less well-defined in the
absence of obscurin A (94, 95), suggesting that it may link myofibrils to the ECM.
However, as expression of the kinase-containing isoform(s) was unaffected by the
morpholino treatment, the proposed ECM interaction is distinct from that involving the
kinase domains (see “Interacting Partners,” above). In particular, knockdown of obscurin
A resulted in deficient integrin clustering, causing disorganization of the fibronectin
matrix (94). Importantly, the severe abnormalities observed upon depletion of obscurin
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A, including the irregular organization of adherens junctions that affected both muscle
and retina development, could be rescued by expression of a “mini-obscurin” consisting
of the RhoGEF and ankyrin-binding regions of obscurins (93). This implicates obscurinstimulated small GTPase function in tissue differentiation.
The effects of obscurin/UNC-89 knockdown or mutation in D. melanogaster and
C. elegans also result in altered organization of striated muscle (96, 126), although the
effects of depletion on other tissues have not been investigated. In contrast to the robust
phenotypes observed in obscurin A-depleted zebrafish, OBSCN knockout mice (77) do
not show any developmental or structural abnormalities, despite alterations in the
organization of sAnk1 and morphological changes in the SR (110). Nevertheless,
additional studies need to be conducted in light of the presence of multiple obscurin
isoforms and their diverse roles in distinct cell processes.
1.2.3

Obscurins in Non-Muscle Tissues
There has been little work examining the functions of obscurins in organs other

than striated muscles. Obscurin transcripts have been observed at low levels in other
tissues, however, including brain (127), liver, kidney, and pancreas (75). In zebrafish,
normal brain and retina express obscurins at the transcript and protein level, however,
morpholino-induced silencing of the expression of obscurins caused defects in retina
differentiation and therefore eye development (93, 95).
Our group recently described that giant obscurin proteins are expressed
abundantly in breast, skin, and colon epithelial cell lines, where they localize to the
plasma membrane and cell-cell contacts, cytosolic puncta that codistribute with the Golgi
apparatus, and the nucleus (80) (Figure 1.13B). Notably, the nucleus contains at least two
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unique forms of obscurin, not found in the cytoplasm, raising the possibility that they
may impact cell cycle progression, DNA replication, or transcription; these exciting
prospects merit further investigation.
We have recently begun to characterize the expression of obscurins in non-muscle
tissues and have shown that giant obscurins as well as smaller, yet uncharacterized forms,
are present in the brain, kidney, liver, lung, spleen, and skin, where they exhibit
membrane, cytosolic and nuclear localization (our unpublished observations). Given the
wide expression of obscurins in different organs and tissues and their diverse subcellular
distributions, it is not surprising that they have been directly linked to an array of
pathologies.
1.2.4

Obscurins in Disease
Genomic linkage analysis has revealed the presence of a G>A transition of

nucleotide 13,031 of OBSCN, resulting in a missense mutation within the protein (128).
This Arg4344Gln mutation has been directly linked to the development of hypertrophic
cardiomyopathy (HCM) in humans. Interestingly, the Arg4344Gln substitution falls
within Ig58, abrogating obscurins’ binding to titin. Consistent with this, in vitro studies
have demonstrated that mutant obscurins fail to incorporate into Z-disks (128).
OBSCN dysregulation may also contribute to symptoms associated with the
development of myopathy. For instance, upon treatment of mouse myotubes with siRNA
to dystrophin to mimic the molecular effects of Duchenne Muscular Dystrophy (DMD),
the obscurin transcripts are reduced to half of control levels (129). In contrast, obscurin
transcripts are upregulated during cardiac sarcomeric remodeling (115, 130, 131).
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Recently a number of solid tumors have been shown to possess mutant obscurins
(132, 133). The first modest evidence that mutant obscurins may be associated with
tumor formation and progression came with the observation that the OBSCN gene is
bisected within the first intron by a chromosomal translocation associated with the
childhood kidney disease, Wilms’ tumor (134). While the possible contributions of the
disrupted OBSCN gene were not pursued at the time, recent data suggesting that OBSCN
mutations may contribute to the formation of several cancers underscores the importance
of that study.
During large scale sequencing efforts aiming to determine consensus coding
sequences that were mutated in breast and colorectal cancers, OBSCN was identified as
one of only two genes (the other being TP53) which, when mutated, could drive the
formation of both tumor types (132). In a follow up study OBSCN mutations were also
detected in glioblastoma and melanoma (133). In addition, the relative expression levels
of OBSCN and PRUNE2 transcripts were sufficient to differentiate between two
phenotypically similar cancers, leiomyosarcoma and gastrointestinal stromal tumors
(135). This accumulated evidence led us to investigate the role of obscurins in cancer. We
found that giant and smaller isoforms of obscurin are dramatically reduced in breast, skin,
and colon cancer cells relative to their non-malignant counterparts (80). Furthermore,
RNAi-mediated knockdown of obscurins in non-tumorigenic breast epithelial cells was
sufficient to reduce apoptosis by 70% upon exposure to a DNA-damaging agent (80).
Given the wide expression of obscurins in epithelial cells (our unpublished work), and
their loss from different cancer epithelial cell lines it seems likely that obscurins may
have important roles in the formation and progression of different types of cancer.

!30

In a testament to the diversity of cellular processes in which obscurins participate,
a recent analysis of the genetics of aspirin exacerbated respiratory disease (AERD) in
Korean patients demonstrated that an OBSCN single nucleotide polymorphism (SNP)
may contribute to aspirin sensitivity in asthmatics (136). The authors postulated that
altered SR architecture occurs in airway smooth muscle cells bearing variant OBSCN
alleles, resulting in defective calcium signaling and broncho-constriction upon aspirin
ingestion. While the OBSCN SNPs have not been experimentally shown to affect SR
structure or calcium flux, it is likely that linkage disequilibrium and transcriptomic
analyses will continue to implicate the dysfunction of obscurins in various pathologies
and syndromes. Therefore, it is imperative that these disease-associated obscurin variants
be molecularly and functionally characterized, potentially with the end goal of
developing novel, obscurin-targeting therapeutics.
1.2.5

Conclusions
In spite of early evidence that obscurins are expressed in muscle exclusively,

where they play key structural and regulatory roles, accumulating evidence indicates that
they are expressed in an array of tissues, where they have distinct topographies and
ligands, and are dysfunctional in different pathologies. In just the last 5 years, obscurins
have been implicated in cancer formation, found to interact with the ubiquitin proteasome
pathway, and suggested as targets for drug development (137). No longer “obscure”, the
obscurins have emerged as critical regulators of normal tissue function. Without question,
the future will yield further exciting discoveries about obscurins as they continue to
become more widely studied.
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1.3

Obscurin Mutations and Transcriptome Changes

1.3.1

Mutations Associated with Cancer
Whole exome sequencing of tumor samples is a technique to identify genomic

changes that occur during the development and progression of cancer. Because the
technique involves sequencing only exons and their adjacent splice sites, it is not capable
of detecting changes to promoters and other non-transcribed regions of DNA that may
influence gene expression. Nevertheless, the method has proven powerful to pinpoint
somatic mutations that serve as drivers of the neoplastic process. Furthermore, it may
steer investigators toward studying genes not previously thought to be involved in cancer
(such as OBSCN). One highly rigorous study in particular has highlighted mutations in
OBSCN that are statistically associated with the development of cancer (132). These
mutations are included in Table 1.4.
Table 1.4: Mutations to obscurin associated with cancer development. Note that in “Sample Type”,
when Cell Line is designated, the Stage represents the condition of the tumor used to create the cell
line. LN: lymph node-derived. Met: metastasis

Tissue

Sample Type

Mutation

Breast
Breast
Breast

Primary Tumor, Stage IIB
Primary Tumor, Stage IIIC
Cell Line, Stage IIIA

Frameshift
Point
Point

Breast

Primary Tumor, Stage IIA

Point

Breast
Colorectal
Colorectal
Colorectal
Colorectal
Colorectal
Colorectal
Colorectal

Tumor, Stage IIA
Cell Line, LN, Stage III
Liver Met, Stage IV
Cell Line, Liver Met, Stage IV
Cell Line, Liver Met, Stage IV
Liver Met, Stage IV
Primary Tumor, Stage IV
Liver Met, Stage IV

Nonsense
Point
Nonsense
Point
Point
Point
Point
Point
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Obscurin
Domain
Affected
cDNA position 3101
S2314F, within Ig23
R4810Q, between Ig47
and Iq
A5071T, between Ig48
and Ig49
Q5713X, within RhoGEF
A1136V, within Ig11
W1752X, within FNIII-2
R1792H, within FN111-2
V1930M, within Ig19
E2090K, within Ig21
R3983Q, within Ig41
R4558H, within FNIII-3

In addition to the mutations listed above, a follow-up study found an additional
OBSCN mutation (R4574K, within the 3rd FNIII domain) from a lung metastasis of a
melanoma, as well as finding that the same R4558H point mutation previously found in a
colorectal tumor (132) exists as a germline variant in glioblastoma (133).
1.3.2

Obscurin Transcript Level Variations in Cancer
In addition to mutations affecting the functionality of gene products, variations to

the amount of transcript present influences the amount of protein produced and thus its
ability to perform its duties within the cell. High quality gene expression data is curated
in a public resource called The Cancer Genome Atlas (TCGA) of the National Cancer
Institute. Using the data for invasive breast carcinoma (138), we queried OBSCN
expression patterns through the TCGA Data Portal (139, 140) in four major subtypes of
breast tumors: Luminal A, Luminal B, Basal-like, and HER2 overexpressing. In each
type, we found that more than 93% of tumors showed at least a 2-fold downregulation in
obscurin transcript expression relative to matched normal tissue. In fact, the difference
was so dramatic as to confound survival analysis, with too few tumors unaffected by
transcript level changes to form a statistically significant control group. However, the
trends we saw in Kaplan-Meier survival analysis were consistent, and are reflected in
Figure 1.14; in general, patients whose tumors express lower levels of obscurin do not
survive as long as patients within unaltered levels of obscurin transcript in tumors.
Importantly, this expression data from clinical samples is consistent with the molecular
changes we can induce in cell lines through shRNA-mediated obscurin downregulation
(Chapters 2 and 3).
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Figure 1.14: Kaplan-Meier survival analysis of patients with Luminal B tumors that do or do not have
a greater than 2-fold reduction in levels of obscurin transcripts. The red line represents patients who do
have a greater than 2-fold downregulation in obscurin, while the blue line patients did not have a
greater than 2-fold change to obscurin transcripts.
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Chapter 2
Loss of giant obscurins promotes breast epithelial cell survival through apoptotic
resistance

This chapter was published as a Research Communication in the FASEB Journal
in March 2012. I served as first author and helped to design the study, performed most of
the experiments, analyzed most of the data, and drafted and edited the manuscript. I am
indebted to my co-authors; Marey Shriver, who performed the quantitative PCR and
helped with the colony formation assays; Dr. Marie Mameza, who first developed some
of the stable cell lines and did preliminary western blots and semi-quantitative RT-PCR;
Dr. Bryan Grabias, who showed me how to perform the cDNA arrays an analyze the
data; and Dr. Eric Balzer, who provided helpful suggestions for the confocal microscopy
and critically read the manuscript. Aside from the cDNA microarrays, which were
analyzed in Dr. Konstantinos Konstantopoulos’ laboratory at The Johns Hopkins
University, all work was performed in Dr. Katia Kontrogianni’s laboratory in the
Department of Biochemistry and Molecular Biology, University of Maryland School of
Medicine, Baltimore, MD.

2.1

Introduction
Accumulation of genetic alterations in oncogenes and tumor suppressor genes

underlies the development and progression of cancer (7, 141, 142).

Recently, a

systematic analysis of 13,023 genes in breast and colorectal cancers identified 189
“candidate cancer genes” displaying somatic mutations at high frequency (132). OBSCN,
which was originally believed to code for the muscle-specific obscurin proteins (75, 76),
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was identified as one of the 189 “candidate cancer genes”. Of those, only TP53 and
OBSCN were common to both breast and colorectal cancers. While the presence of
multiple mutations in the TP53 gene in both tumor types was unsurprising (143), the
identification of somatic mutations in the OBSCN gene was unexpected and intriguing.
Following these initial studies, Balakrishnan and colleagues evaluated the mutational
profiles of 19 candidate genes in three highly aggressive and lethal cancers: glioblastoma,
melanoma and pancreatic ductal adenocarcinoma (133). Their analysis of the OBSCN
gene identified an additional somatic missense mutation in melanoma as well as a
germline variant in glioblastoma, previously reported as a somatic missense mutation
(132). Consistent with these findings, using whole human genome arrays combined with
bioinformatics analysis, Price and colleagues reported a single set of genes, consisting of
OBSCN and C9orf65, a homolog of the Drosophila PRUNE2 gene, as a reliable two-gene
expression classifier that distinguishes between gastrointestinal stromal tumors (GIST)
and leiomyosarcoma (LMS) tumors (135).

Taken together, these studies provided

evidence of a potential role of the OBSCN gene in cancer predisposition and formation
that was previously unsuspected.
The prototypical obscurin, obscurin-A, was identified in 2001 (74) as the third
giant protein, along with titin and nebulin, contributing to the structural organization and
contractile activity of vertebrate striated muscles (99). The OBSCN gene spans 150 kb on
human chromosome 1q42 and undergoes complex alternative splicing giving rise to at
least four isoforms (75, 76). Obscurin-A has a molecular mass of ~720 kDa and a
modular architecture composed of tandem adhesion and signaling motifs (79, 99). The
NH2-terminal half of the molecule contains repetitive immunoglobulin (Ig) and
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fibronectin-III (FNIII) domains, while its COOH-terminal portion mainly consists of
signaling domains, including an IQ motif, a src-homology-3 (SH3) domain, and tandem
Rho-guanine nucleotide exchange factor (RhoGEF) and pleckstrin homology (PH)
motifs, interspersed by unique, non-modular sequences.

In addition to obscurin-A,

OBSCN gives rise to another giant form of the protein, obscurin-B (75, 76). Obscurin-B
has a molecular mass of ~870 kDa, and also contains two putative serine/threonine kinase
domains, referred to as SKI and SKII, which replace the non-modular COOH-terminus of
obscurin-A. Notably, the two serine/threonine kinases may be expressed independently,
too, as smaller forms, containing one (~70 kDa) or both (~160 kDa) kinase domains (78).
Obscurins interact with diverse protein partners located in distinct subcellular
compartments within muscle cells, including cytoskeletal components (74, 106, 107, 117,
144), internal membrane proteins (103, 118), and signaling molecules (88, 111, 112).
More importantly, gain- or loss-of-function approaches using cell culture systems and
animal models have clearly demonstrated that obscurins play pivotal roles in the
assembly, maintenance and contractile activity of striated muscle cells, through their
dynamic interactions with other muscle proteins (77, 93, 125, 145-148).
In the current study, we sought to investigate the expression profile of obscurins
in normal and cancer epithelial cells and their involvement in the regulation of cell
survival. Obscurins are virtually absent from breast, skin and colon cancer cells, but
abundantly expressed in their normal counterparts, where they exhibit cytosolic,
membrane and nuclear distributions.

Using multiple means, we demonstrate that

downregulation of the giant obscurins in MCF10A breast epithelial cells results in
significantly enhanced viability and reduced apoptosis upon exposure to the DNA-
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damaging agent etoposide. Our studies are the first to document important and novel
functions of the OBSCN gene that extend beyond the organization and activity of muscle
cells, and to suggest that obscurin(s) may contribute to tumor suppression, a property that
is lost in cancer cells due to their reduced or altered expression.

2.2

Results

2.2.1

Obscurins Exhibit Reduced Expression in Epithelial Cancers
Sequencing analysis identified OBSCN as one of the most prevalently mutated

genes in several types of epithelial cancers (132). Given that OBSCN was originally
considered muscle-specific, this finding raised a number of questions about its expression
profile and role(s) in normal and cancer epithelial cells. To this end, we examined the
expression levels of the obscurin proteins and transcripts using immunoblotting and
reverse transcription-polymerase chain reaction (RT-PCR), respectively.
Using an antibody against the COOH-terminus (103) of giant obscurins A and B
(Figure 2.1a), we detected five major immunoreactive bands in normal breast (MCF10A),
skin (primary keratinocytes) and colon (FHC) epithelial cells of ~720 and ~870 kDa,
corresponding to obscurins A and B, respectively, and of ~80, ~110 and ~160 kDa
(Figure 2.1b), which may represent smaller obscurin isoforms of yet unknown identity
(75, 76, 79). Interestingly, obscurin proteins were markedly reduced (>70%) in breast
(MCF7 and MDA-MB-231), skin (SCC13) and colon (LS174T) cancer cell lines, with
giant obscurins being virtually absent in all cancer cell lines tested, with the exception of
MDA-MB-231 (Figure 2.1b).
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To examine whether the decrease in the amounts of obscurins at the protein level
corresponded to a similar reduction at the transcript level, we performed a series of semiquantitative RT-PCR assays, using primer sets (aa’-ff’) that spanned the entire length of
the obscurin mRNA (Figure 2.1a). Obscurin amplicons of the expected sizes were
detected in all normal epithelial cell lines examined (Figure 2.1c). However, a significant
reduction in their amounts was observed in all cancer cell lines, compared to their normal
counterparts, with the exception of MCF7 cells, in which a marked increase was apparent
(Figure 2.1c).
The simultaneous reduction of obscurins at the protein level and increase at the
mRNA level in MCF7 cells suggested that obscurin transcripts may carry mutations that
lead to the generation of altered or truncated forms of the protein which are unstable and
thus susceptible to degradation. To test this possibility, we sequenced select segments of
the 21-24 kb obscurin transcripts expressed in MCF7 and MCF10A cells, focusing on
signaling domains and flanking Ig motifs present in the COOH-terminus (Figure 2.1a,
fragments obtained with primer sets cc’, dd’, ee’, ee” and ff’ were analyzed by
sequencing). Our findings are shown in Table 2.1, and include verification of seven
nucleotide changes that were previously identified (149), as well as documentation of
twelve novel mutations present in MCF7, but not MCF10A, cells. Of those twelve
mutations, three are synonymous, seven are missense, one is nonsense, and another one is
an insertion of thirty-eight base pairs that causes frameshift and premature termination.
Consistent with the presence of mutations in the obscurin transcripts that may alter the
expression profile and/or stability of the resulting proteins, treatment of MCF7 cells with
chloroquine, an inhibitor of lysosomal acidification and degradation, restored the
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amounts of giant obscurins A and B to detectable levels (Figure 2.1d), while treatment
with the proteasomal inhibitor MG132 did not have any effect (data not shown).
Taken together, these results demonstrate the presence of different obscurin
isoforms in normal epithelial cells, and their marked reduction or loss in their malignant
counterparts. The decreased levels of obscurin proteins in cancer epithelium may result
from reduced amounts of (e.g., MDA-MB-231, SCC13 and LS174T) or mutant (e.g.,
MCF7) obscurin transcripts.

Figure 2.1: Obscurins are abundantly expressed in normal epithelium but nearly absent from cancer
epithelium. (a) Domain architecture of the giant obscurin isoforms A and B; the locations of epitopes
used for generation of different obscurin antibodies and of primer sets used for amplification of select
obscurin fragments are also depicted. (b) Immunoblots for obscurins in normal (MCF10A, primary
keratinocytes and FHC) and tumor breast (MCF7 and MDA-MB-231), skin (SCC13) and colon
(LS174T) cell lines. Equal loading of homogenates was ensured by measuring protein concentration
and probing for β-actin. Reduced expression to virtual absence of the giant obscurins A and B (arrows)
was observed in all cancer cell lines tested, relative to their normal counterparts; moreover, decreased
expression of the smaller forms of obscurin was detected, albeit at variable extents. (c) Semiquantitative RT-PCR was employed to compare the expression levels of obscurin transcripts between
normal and cancer cell lines, using primer sets aa’, bb’, cc’, dd’, ee’, ee” and ff’, spanning the entire
length of the longest obscurin mRNA, as shown in (a). Use of equivalent amounts of cDNA was
achieved by measuring absorbance and tested by amplifying a portion of b-actin. Obscurin transcripts
were readily detected in all normal cell lines. However, a notable decrease in their amounts was
observed in all cancer cell lines examined, with the exception of MCF7 cells, which exhibited a modest
upregulation of the obscurin transcripts. (d) Treatment of MCF7 cells with 100 µM of chloroquine
diphosphate, an inhibitor of lysosomal acidification and degradation, restored the levels of giant
obscurins A and B at detectable levels. GAPDH was used as loading control.
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Figure 2.1

!41

Table 2.1: Sequences of obscurin fragments obtained from non-transformed (MCF10A) and cancer
(MCF7) breast epithelial cell lines were aligned to the mRNA entries coding for human obscurin-A
(accession number NM_052843.2) and obscurin-B (accession number NM_001098623). In addition to
the seven previously identified and twelve novel mutations detected in obscurin transcripts derived
from MCF7 cells, we also found a novel polymorphism (T→G) in position 23,091 of the obscurin-B
transcript that results in a missense mutation (Phe→Val) within the SKI kinase domain in both
MCF10A and MCF7 cells. NR = Not Reported in dbSNP database.

Nucleotide

Base
Change

Domain

Mutation

Codon
position

Amino acid

13969

C→G

Ig47

Missense

2

Ser→Cys

dbSNP
accession
number
rs1188729

14000

T→C

Ig47

Synonymous

3

Gly→Gly

rs1188728

14929

A→G

Ig48

Missense

2

Asp→Gly

rs373610

15371

T→C

Synonymous

3

Pro→Pro

NR

15728

T→C

Synonymous

3

Asp→Asp

NR

15849

C→G

Linker
Ig48-Ig49
Linker
Ig49-Ig50
Ig50

Missense

1

Leu→Val

rs369909

16721

C→A

Synonymous

3

Pro!Pro

rs3795808

17240

T→C

Linker
Ig51-SH3
RhoGEF

Synonymous

3

Ala→Ala

rs505629

17513

A→G

RhoGEF

Synonymous

3

Pro→Pro

NR

17671

A→G

Missense

2

Asn→Ser

NR

17715

C→G

Linker
RhoGEFPH
PH

Missense

1

Gln→Glu

rs1188710

17835

A→G

PH

Missense

1

Ile→Val

NR

17960

G→A

PH

Nonsense

3

Trp→STOP

NR

19879

A→G

SKII

Missense

2

Gln→Arg

NR

20008

SKII

20245

*Insertion
of 38 nts
A→G

Insertion/
Nonsense
Missense

2

Asn→Ser

NR

20403

G→A

Missense

1

Gly→Ser

NR

22377

A!G

Missense

1

Lys→Glu

NR

22452

T!C

Linker
SKII-Ig55
Linker
SKII-Ig55
Ig55

Missense

1

Ser→Pro

NR

SKII

NR

*: The following nucleotides are inserted after position 20,008: 5’
CAGGGCCTCATCTGAGGGCTGG
ACCCTCCCTCTGTCTT 3’, leading to a frameshift mutation and premature termination of
Obscurin-B.

!42

2.2.2

Obscurins are Present in Diverse Locations in Normal Breast Epithelium
To examine the subcellular distribution of obscurins in non-tumorigenic

epithelium and gain insights about their activities, we focused our subsequent studies in
the MCF10A breast epithelial cell line. Using a panel of antibodies targeted to different
domains along the length of the obscurin proteins (Figure 2.1a), we found that they are
present in diverse subcellular compartments (Figure 2.2a-d).

Interestingly, all four

antibodies, directed to the extreme NH2-terminus (Figure 2.2a), the RhoGEF domain
(Figure 2.2b), the COOH-terminus (Figure 2.2c) or the Ig domain preceding SKI (Figure
2.2d; we refer to this antibody as kinase antibody, as it specifically recognizes obscurins
isoforms that contain SKI or SKI and SKII) exhibited similar staining patterns, including
perinuclear and cytosolic puncta (arrows), membrane accumulation (arrowheads),
especially at sites of cell-cell contact, and nuclear localization (asterisks). To learn
whether the perinuclear puncta co-distribute with markers present in internal membrane
systems, we performed a series of co-localization studies using the COOH-antibody in
combination with markers to endosomes, endoplasmic reticulum, mitochondria and
Golgi.

Only a coincident distribution with the Golgi marker, giantin, was readily

detected (Figure 2.2e-e”). Conversely, examination of the distribution of obscurins in
MCF7 and MDA-MB-231 cells confirmed our immunoblot analysis, indicating that their
expression levels are considerably reduced, and revealed a weak and diffuse cytosolic
staining pattern, but no discernible structures (data not shown).

!43

Figure 2.2: Obscurins localize to several subcellular compartments in normal breast epithelial cells.
We used four different antibodies: (a) obscurin NH2-terminal, (b) obscurin RhoGEF, (c) obscurin
COOH-terminal, and (d) obscurin-kinase to examine the distribution of obscurins in normal MCF10A
breast epithelial cells. Antibodies in (a-c) recognize both giant obscurins A and B, while the kinase
antibody in (d) recognizes obscurin-B as well as the smaller kinase-containing isoforms (please refer to
Figure 1a for location of respective epitopes). Importantly, all four antibodies exhibited similar staining
patterns, indicating that obscurins are present at the cell membrane, and specifically at cell-cell
junctions (arrowheads), the nucleus (asterisks) and in perinuclear/cytoplasmic puncta (arrows). (e-e”)
The perinuclear puncta of obscurins (e) co-localize with giantin (e’), a Golgi marker protein, as seen in
the overlay image (e”). The scale bar in the upper left panel represents 10 µm and applies to all images.
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Our immunofluorescent data clearly demonstrated that some obscurins are present
in the nucleus of MCF10A cells. To confirm this finding and identify the isoforms that
may reside in the nucleus, we performed subcellular fractionation to isolate nuclear and
cytosolic fractions from MCF10A cells, which we subsequently used in immunoblot
analysis (Figure 2.3). Using three different obscurin antibodies (Figure 1a) directed
against the RhoGEF domain, the COOH-terminus, and the Ig domain preceding SKI
(Figure 2.3 a-c, respectively), we identified at least two distinct obscurin isoforms that
were selectively enriched in the nuclear fraction of MCF10A cells. These novel isoforms
exhibited molecular masses of ~110 and ~120 kDa. The ~110 kDa isoform was detected
by both the RhoGEF (Figure 2.3a, asterisk) and COOH-terminus (Figure 2.3b, asterisk)
antibodies, whereas the ~120 kDa isoform was only detected by the kinase antibody
(Figure 2.3c, arrowhead).

Although the precise molecular identity of these novel

isoforms is unknown, the ~110 kDa isoform appears to contain COOH-terminal epitopes

Figure 2.3: Novel isoforms of obscurin are present in the nucleus of breast epithelial cells. MCF10A
cells were fractionated into nuclear and cytosolic extracts and immunoblotted with antibodies to the
RhoGEF domain (a), COOH-terminal region (b) and the kinase domains (c). Giant obscurins A (~720
kDa) and B (~870 kDa) were entirely absent from the nuclear fraction, while two novel isoforms of
~110 kDa (asterisk, containing the RhoGEF and COOH-terminal epitopes) and ~120 kDa (arrowhead,
containing the kinase epitopes) were selectively enriched in the nuclear fraction. (d) The purity of the
obtained fractions was assessed by blotting for nuclear (top panel, lamin-B), mitochondrial (middle
panel, CoxII) and cytosolic (bottom panel, GAPDH) markers. Neither CoxII nor GAPDH was detected
in the nuclear fraction, while only trace amounts of lamin B were found in the cytosolic extract.
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present in both obscurin-A and -B, while the ~120 kDa isoform carries COOH-terminal
epitopes present only in obscurin-B (Figure 2.1a).
2.2.3

Downregulation of Giant Obscurins A and B Enhances Survival and Reduces

Apoptosis in MCF10A Cells Treated with the DNA-damaging Agent Etoposide
The apparent reduction or absence of obscurins A and B in epithelial cancer cell
lines prompted us to examine their roles in cell survival and apoptosis. To this end, we
generated stable MCF10A cell lines expressing short hairpin RNA (shRNA) plasmids
targeting obscurins A and B. All shRNAs directed against obscurins (i.e. shRNA-2
targeting Ig24, shRNA-3 targeting Ig51, shRNA-4 targeting Ig9 and shRNA-5 targeting
Ig45) efficiently reduced the amounts of giant obscurins, while control (scramble)
shRNA-1 had no effect (Figure 2.4a and Figure 2.5a).
To examine whether downregulation or absence of the giant obscurins provides
the cells with a survival advantage under stress conditions, we subjected MCF10A cells
transduced with control shRNA-1 or obscurin shRNA-2 to DMSO vehicle or etoposide
(50-150 µM) treatment for 48 hours, and used the XTT assay to determine cell viability
(Figure 2.4b).

Stable MCF10A clones expressing obscurin shRNA-2 showed

significantly higher viability compared to clones expressing control shRNA-1, which
depended on the etoposide dose and ranged between ~15% at 50 µM, ~20% at 100 µM
and ~30% at 150 µM. Consistent with these findings, phase contrast images of shRNA-1
and shRNA-2 treated cells indicated that the former exhibited dramatic morphological
disruptions, ultimately leading to increased cell death upon etoposide treatment (Figure
2.4c). To further demonstrate the validity of our findings, we performed XTT viability
assays using MCF10A cells stably transfected with obscurin shRNAs 3-5. In all cases,
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downregulation of giant obscurins provided cells with a similar survival advantage upon
etoposide exposure (Figure 2.5b and c), compared to control cells.

Figure 2.4: Knockdown of the giant obscurin isoforms increases survival of MCF10A cells following
exposure to the DNA damaging agent, etoposide. (a) MCF10A cells were stably transfected with
shRNA-2, targeting Ig24, or control (scramble) shRNA-1. shRNA-2 is able to effectively downregulate the expression of giant obscurins A and B; GAPDH serves as loading control. (b) MCF10A
cells expressing control shRNA-1 or obscurin shRNA-2 were seeded at a density of 5000 cells per well
of 96-well plates, and treated with 50, 100 and 150 µM etoposide or DMSO vehicle control for 48
hours. Viability was assessed using the XTT assay, which detects metabolic activity. Blanked
absorbance values of vehicle control cells were normalized to 1, and viability of etoposide treated cells
was expressed as a percentage of that of vehicle control cells. Etoposide treatments of 100 and 150 µM
resulted in statistically significant differences in viability between obscurin-deficient and control cells
(t-test, P < 0.005, error bars: + S.D.). (c) Phase contrast images of shRNA-1 and shRNA-2 stable
clones were obtained under a 10x objective in the absence or presence of etoposide. Major
morphological disruptions and cell death are apparent in control shRNA-1 cells upon etoposide
treatment, while obscurin shRNA-2 expressing cells are not affected as dramatically.
!
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Figure 2.5: Downregulation of the giant isoforms of obscurin using different shRNAs increased
survival of MCF10A cells following exposure to the DNA damaging agent, etoposide. (a) The
amounts of the giant obscurin isoforms were efficiently reduced using shRNA-3 (targeting Ig51),
shRNA-4 (targeting Ig9) and shRNA-5 (targeting Ig45). Measurement of protein concentration and
ponceau staining served as loading control. (b) Knockdown of the giant isoforms of obscurin with
shRNA-3, -4 or -5 resulted in increased viability of MCF10A cells following etoposide exposure,
compared to control shRNA-1. Values were normalized to DMSO vehicle control. (c) Representative
images of MCF10A cells expressing control shRNA-1 or obscurin shRNAs -3, -4 or -5 following
etoposide treatment.!
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The ability of cells to proliferate in anchorage independent conditions, in the
absence of extracellular matrix and cell-cell contact derived cues, is a classic marker of
tumorigenicity.

Given the enhanced viability that obscurin-deficient MCF10A cells

demonstrated when adhered to a hard substratum, we next examined their ability to
survive and grow in anchorage-independent conditions (Figure 2.6a-b). While MCF10A
cells do not generally form colonies in soft agar, downregulation of giant obscurins was
sufficient to allow the growth of small, yet discernible colonies in the absence or
presence of 150 µM etoposide (Figure 2.6a, bottom panels); to the contrary, the foci
observed in control cells were invariably single cells (Figure 2.6a, top panels).
Consistent with this, obscurin shRNA-2 treated cells formed twice as many colonies in
soft agar compared to control shRNA-1 transduced cells (Figure 2.6b).

Figure 2.6: Downregulation of giant obscurins A and B allows MCF10A cells to survive and grow in
anchorage-independent conditions. (a) Equal numbers of MCF10A cells expressing control shRNA-1
or obscurin shRNA-2 were plated in 0.5% agarose in the presence of DMSO vehicle control or 150 µM
etoposide, allowed to grow for 21 days and stained with crystal violet. Representative images (4x
magnification) of cells expressing control shRNA-1 (top panels) or obscurin shRNA-2 (bottom panels)
without and with etoposide are shown. (b) After crystal violet staining, the numbers of foci per 10
fields of view were blindly counted for each experimental condition (t-test, P < 0.005, error bars: +
S.D.).
!
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Etoposide is a known carcinogen that induces DNA damage resulting in cell cycle
arrest at the G1 checkpoint in cells expressing wild-type p53 (150, 151), such as the
MCF10A.

We therefore next examined whether downregulation of giant obscurins

altered the cell cycle of MCF10A cells upon treatment with etoposide. To this end, we
exposed shRNA-1 and shRNA-2 expressing cells to 150 µM etoposide for 48 hours
(Figure 2.7a), stained them with propidium iodide and processed them for FACS
analysis. Evaluation of their DNA content revealed no significant differences in the cell
cycle distribution between control and obscurin knockdown cells (Figure 2.7b),
indicating that loss of obscurins did not allow MCF10A cells to bypass the G1 DNAdamage checkpoint. Similarly, when tested for the accumulation of mitotic cells in the
presence of nocodazole, both control and obscurin-null cells were effectively arrested in
the presence of etoposide, with no cells entering mitosis (Figure 2.7c and d).
Consequently, the increased survival we observed in obscurin knockdown cells in the
XTT assays was not mediated by their increased proliferative capacity. However, we did
note a modest, yet reproducible, decrease in the sub-G1 population in cells transduced
with obscurin shRNA-2 (Figure 2.7b), suggesting that a lower percentage of obscurindeficient cells died in the presence of etoposide, compared to control shRNA-1
expressing cells. We therefore hypothesized that the increased viability of MCF10A cells
that lack the giant isoforms of obscurin was due to enhanced apoptotic resistance.
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Figure 2.7: Knockdown of giant obscurins does not allow MCF10A cells to escape DNA damageinduced cell cycle arrest. (a) MCF10A cells expressing control shRNA-1 (grey) or obscurin shRNA-2
(black) were treated with 150 µM etoposide and DNA content was analyzed 48 hours later. DNA
content of n indicates cells in G1, while 2n indicates cells in G2/M. (b) Percentage of cells from (a) in
each cell cycle phase. No statistically significant difference (t-test, P > 0.005) was observed.
Etoposide-treated control shRNA-1 (c) and obscurin shRNA-2 (d) expressing cells were also treated
with nocodazole and the number of mitotic cells was counted; no mitotic cells were detected in either
cell population.!

To test this hypothesis, shRNA-1 and shRNA-2 transduced clones were treated
with 150 µM etoposide for 48 hours, and their apoptotic levels were evaluated by
measuring externalization of phosphatidylserine by FACS analysis.

A set of

representative images is included in Figure 2.8a, while bar graphs generated from
averaging three independent experiments are shown in Figure 2.8b. MCF10A cells

!51

expressing obscurin shRNA-2 exhibited significantly diminished levels of apoptosis
compared to cells expressing control shRNA-1 (Figure 2.8b; ~10% and 30%,
respectively). Importantly, obscurin-deficient MCF10A cells showed no difference in

Figure 2.8: MCF10A obscurin-null cells resist apoptotic death following exposure to etoposide. (a)
Representative images from FACS analysis of MCF10A cells expressing control shRNA-1 or obscurin
shRNA-2 cells following DMSO treatment or treatment with 150 µM etoposide for 48 hours. Early
apoptotic cells, present in the bottom right quadrant, were defined as those that stained positive for
Annexin V (indicating localization of phosphatidylserine to the outer leaflet of the cell membrane), but
negative for 7-AAD (a DNA dye that indicates catastrophic damage to the plasma membrane that
occurs during late apoptosis and necrosis). (b) Comparison of the percentages of early apoptotic
shRNA-1 and shRNA-2 expressing cells after treatment with DMSO or etoposide. MCF10A cells
transduced with shRNA-2 exhibit lower apoptotic levels (~10%) compared to cells transduced with
control shRNA-2 (~30%), after exposure to etoposide. Moreover, shRNA-1 expressing cells show a
statistically significant increase in apoptosis following exposure to etoposide (~26%), whereas shRNA2 expressing cells do not (~2%), (t-test, P < 0.005, error bars: + S.D.). (c) Genomic DNA was isolated
from MCF10A parental, control shRNA-1 and obscurin shRNA-2 expressing cells following DMSO or
etoposide exposure. A DNA laddering assay further confirmed the reduced susceptibility to apoptosis
exhibited by the obscurin-deficient MCF10A cells, compared to controls.!
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their apoptotic levels in the absence or presence of etoposide (Figure 2.8b; ~8% and
~10%, respectively), whereas shRNA-1 expressing cells exhibited increased apoptotic
levels in response to etoposide (Figure 2.8b; ~4% to ~30%). DNA laddering further
confirmed these results (Figure 2.8c), demonstrating that shRNA-1 transduced cells
exhibited significant genomic DNA cleavage following etoposide treatment, while
shRNA-2 expressing cells showed a DNA pattern similar to untreated parental MCF10A
cells.
2.2.4

Select Anti-apoptotic and Pro-apoptotic Genes Are Differentially Regulated in

Obscurin-Deficient MCF10A Cells.
The increased apoptotic resistance that MCF10A cells exhibited following
downregulation of obscurins prompted us to identify signaling pathways that may
mediate this effect. To this end, we analyzed the transcriptome of obscurin-deficient
MCF10A cells following exposure to 150 µM etoposide for 48 hours compared to control
cells using cDNA microarrays coupled with Gene Ontogeny profiling. The complete set
of results has been deposited at the NCBI GEO Repository. Importantly, a number of
genes involved in apoptosis were differentially regulated upon obscurin knockdown,
including the anti-apoptotic genes BCL2, BAG-4, HAX-1, and BAG-3, as well as the
executioner CASP-3. We focused our analysis on these genes, and used quantitative realtime PCR (qPCR) to validate the observed expression changes. Determination of the
cycle threshold (Ct) values of the above genes (Figure 2.9a) revealed significant
upregulation of BAG-4 (~1.5 fold) and HAX-1 variant-1 (~1.4 fold) transcripts (Figure
2.9b), but not of BCL2 and BAG-3 (data not shown). Conversely, the transcript level of
caspase-3 was significantly diminished, exhibiting a ~0.6 fold reduction. We also tested
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for changes in the expression of caspase-9, which activates caspase-3 in the intrinsic
apoptotic cascade, and found a modest yet significant reduction of ~0.8 fold upon
abrogation of giant obscurins.

Figure 2.9 Downregulation of obscurins A and B results in altered expression of pro- and antiapoptotic genes. We used quantitative RT-PCR to determine the relative expression levels of BAG-4,
HAX-1, and caspases 9 and 3. (a) Number of PCR cycles required to reach threshold fluorescence
intensity for each tested gene in both control shRNA-1 and obscurin shRNA-2 expressing cells. The
reported Ct value for each gene was normalized to that of GAPDH, which served as reference gene (ttest, P < 0.005, error bars: + S.D.). (b) Fold change of the expression levels of each transcript between
shRNA-1 and shRNA-2 transduced cells, subjected to etoposide treatment, was calculated with the 2ΔΔC
T method.
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To further confirm these findings, we used immunoblot analysis to examine the
expression levels of the respective proteins (Figure 2.10). Consistent with our qPCR
data, the amounts of BAG-4 protein were significantly elevated in shRNA-2 compared to
shRNA-1 transduced cells; however, we were unable to detect an increase in the levels of
the HAX-1 variant-1 protein (please see Discussion). Moreover, the levels of cleaved
caspases 9 and 3 (i.e. active forms, arrowheads) were lower in shRNA-2 compared to
shRNA-1 transduced cells. Consistent with this, Poly-ADP-Ribose-Polymerase (PARP,
arrow), a substrate of caspase-3, was cleaved to a lesser extent in shRNA-2 compared to
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shRNA-1 stable clones (double arrow), further validating that obscurin deficiency
reduces susceptibility to apoptosis.

Figure 2.10: Knockdown of giant obscurins A and B resulted in increased expression of anti-apoptotic
proteins, and decreased expression of pro-apoptotic proteins. Following treatment with 150 µM
etoposide or vehicle control, protein lysates prepared from MCF10A cells expressing control shRNA-1
or obscurin shRNA-2 were probed for (a) BAG-4, (b) HAX-1, (c) cleaved caspase-9, (d) cleaved
caspase-3 and (e) PARP. GAPDH and/or β-actin served as loading controls.
!

2.3

Discussion
In the present study, we examined the expression profile and properties of giant

obscurins A and B in normal and cancer mammary epithelium. To date, the giant forms
of obscurin have been studied extensively in striated muscles, where they have been
implicated in myofibril assembly and stabilization as well as in anchoring the contractile
cytoskeleton to the surrounding sarcoplasmic reticulum membranes [for review, see
(79)]. Consistent with this, a single missense mutation in Ig48 has been causally linked
to the development of hypertrophic cardiomyopathy in humans (128). Despite obscurins’
critical roles in normal muscle function, little is known regarding their presence and roles
in other tissues. Herein, we report the expression of multiple obscurin isoforms in normal
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epithelial cells, contrary to the widely held notion that they are selectively present in
striated muscles.

More importantly, obscurins are virtually lost upon malignant

transformation of epithelial cells. Consistent with this, downregulation of giant obscurins
A and B provides a survival advantage to normal breast epithelial cells subjected to
stress, by reducing their susceptibility to apoptosis. Based on the above evidence, we
propose that obscurins may act as tumor suppressors in normal breast epithelium.
Our studies demonstrated the presence of minute amounts of obscurins in all
cancer cell lines tested, compared to their non-malignant counterparts, which may be
attributed to the concomitantly reduced levels of their respective transcripts. Interestingly
though, MCF7 breast cancer cells contained increased amounts of obscurin transcripts
compared to non-tumorigenic MCF10A cells, despite the virtual absence of the encoded
proteins. To explain this paradoxical observation, we hypothesized that the obscurin
transcripts present in MCF7 cells may carry mutations that render the resulting proteins
unstable and prone to rapid degradation. We therefore sequenced select portions of the
obscurin transcripts present in MCF7 cells, and compared them to those obtained from
MCF10A cells. We confirmed the presence of several nucleotide changes that were
previously reported in the NCBI dbSNP database (152), and further identified nine novel
mutations that were exclusively present in cDNA prepared from MCF7 cells, which
resulted in truncated or mutant forms of the giant obscurins (Table 2.1).

These

observations, along with our experimental findings indicating that loss of giant obscurins
promotes cell survival, suggest that some of these polymorphisms may be driver, rather
than passenger, mutations causally associated with cancer development (153).
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Previous reports have indicated that select forms of obscurins are present in the
sarcoplasm, the sarcolemma and transiently the nucleus of striated muscle cells [(81), and
our unpublished observations]. Consistent with this, our current studies revealed that
obscurins are present in cytoplasmic puncta, the cell membrane and the nucleus in normal
breast epithelial cells. Further examination of the presence of obscurins in cytoplasmic
puncta indicated their preferential accumulation at the Golgi apparatus.

Although

obscurins have been previously reported to directly associate with components of internal
membrane systems (103, 118), their presence in the Golgi membranes of breast epithelial
cells is novel.

Moreover, the prominent nuclear localization of obscurins was also

surprising. Subcellular fractionation demonstrated that the giant obscurin isoforms were
absent from the nucleus; however, a ~110 kDa protein containing the RhoGEF and
COOH-terminal epitopes and a ~120 kDa protein that includes at least one kinase domain
(SKI) were exclusively found in the nuclear fraction. Both the ~110 and ~120 kDa
isoforms are markedly reduced in cancer cell lines compared to their normal counterparts
(Figure 1b, and our unpublished observations), suggesting that small obscurin isoforms
containing the RhoGEF or kinase domains may participate in the regulation of
transcription or the progression of the cell cycle via novel signaling pathways.
Consequently, their absence may contribute to the dysregulation of these processes in
cancer cells. Notably, no obscurin isoform has been predicted to contain a nuclear
localization signal, and thus a binding partner remains to be found that shuttles the small
obscurins into the nucleus.

One possible candidate is Ran binding protein-9, a

ubiquitously expressed protein, which is a known binding partner of the RhoGEF domain
of obscurin, and is localized to the nucleus of newly formed myotubes (117). This
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scenario, which could account for nuclear import of the ~110 kDa isoform, is currently
under investigation in our laboratory.
Downregulation of the giant obscurin isoforms in normal breast epithelial cells
provided them with a survival advantage, following exposure to the DNA-damaging
agent, etoposide, even in anchorage independent conditions. Given that loss of giant
obscurins neither accelerated the cell cycle nor enhanced the proliferative capacity of
MCF10A cells following exposure to stress, we surmised that the observed increase in
viability was attributed to their ability to resist apoptosis. Resistance to apoptosis is
distinguishing trait that a cell acquires in the course of becoming tumorigenic (2). Given
that apoptosis fails to be activated in the absence of obscurins, we propose that they may
be acting as tumor suppressors. Indeed, many tumor suppressors, for instance p53, exert
their effects at least in part by activation of apoptosis in damaged cells (154). However,
tumors often bear mutations in multiple genes (155, 156), therefore in the absence of
additional activating mutations to oncogenes that cause increased proliferation, loss of
tumor suppressor genes may not result in uncontrolled growth. Similarly, upregulation of
anti-apoptotic proteins may not enhance proliferation induced by a potent oncogene
(157). This situation is consistent with the loss of giant obscurins in MCF10A cells,
which are not co-transformed by a strong oncogene; upon transfection with an shRNA
directed to giant obscurins, cells do not proliferate uncontrollably or bypass cell-cycle
checkpoints, but instead persist in a premalignant state due to their enhanced ability to
resist apoptosis. Consistent with this, cDNA array experiments coupled with qPCR
analysis demonstrated that select pro- and anti-apoptotic genes were differentially
regulated in response to downregulation of giant obscurins A and B. Particularly, the
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transcript levels of caspase-9 and -3, whose abrogation or loss has been intimately
associated with cancer development (158, 159), were significantly reduced upon obscurin
knockdown. Moreover, the amounts of cleaved (active) caspase-9 and -3 peptides were
diminished in obscurin-deficient MCF10A cells. Conversely, the transcript and protein
levels of the anti-apoptotic BAG-4 were notably upregulated.

Interestingly,

overexpression of BAG-4 has been shown to induce malignant transformation of
MCF10A cells (160), while increased amounts of BAG-4 protein have been detected in
pancreatic cancer (161). Although the transcript levels of the anti-apoptotic HAX-1
variant-1 were also increased, we failed to detect a concomitant increase at the protein
level. This may be due to the lack of specific antibodies to variant-1, and to the fact that
the HAX-1 gene undergoes extensive splicing giving rise to multiple isoforms with
similar molecular masses (162), but opposing roles in regulating apoptosis (our
unpublished observations). Notably, increased levels of select HAX-1 transcripts and
proteins have been correlated with advanced stages of breast cancer (163). Thus, our
findings strongly suggest that in normal breast epithelium, obscurins may belong to the
vast network of proteins that control programmed cell death and survival.
In summary, the present study has unraveled novel roles for the giant obscurin
proteins in the development and progression of cancer. Our findings are consistent with
obscurins acting as tumor suppressors in normal breast epithelial cells; when obscurins
are lost, cells exhibit enhanced survival and decreased apoptosis in response to DNA
damage. Further investigations will focus on elucidation of the molecular mechanisms
through which obscurins exert their tumor suppressing activities.

!59

2.4

Materials and Methods
Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St.

Louis, MO, USA).
2.4.1

Human Cell Lines and Culturing Conditions
The following human cell lines were purchased from ATCC (Manassas, VA,

USA), and maintained at 37ºC, 5% CO2: MCF10A (non-tumorigenic breast epithelium),
MCF7 (breast adenocarcinoma), MDA-MB-231 (breast adenocarcinoma), FHC (normal
fetal colon epithelium) and LS174T (colorectal adenocarcinoma).

SCC-13 (skin

squamous carcinoma) and primary cultures of normal skin keratinocytes were kindly
provided by Drs. Adhikary and Eckert (University of Maryland School of Medicine,
Dept. of Biochemistry and Molecular Biology). Cell lines were cultured according to
established protocols from ATCC.

SCC-13 cells were cultured in DMEM medium

containing 10% FBS, and primary keratinocytes were isolated and maintained as
previously described (164).
2.4.2

Generation of Protein Lysates and Western Blotting
Cell lysates were prepared in radio immuno-precipitation assay (RIPA) buffer

supplemented with protease inhibitors (Roche, Mannheim, Germany). Lysates were
electrophoresed on SDS-NuPAGE gel (Invitrogen, Carlsbad, CA, USA) and transferred
to nitrocellulose membranes. Primary antibodies used in this study include home-made
obscurin-COOH (300 ng/ml) (103), obscurin-RhoGEF (300 ng/ml) (117) and obscurinkinase (150 ng/ml) (165), as well as commercial antibodies to β−actin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), lamin-B (Thermo-Fisher, Waltham, MA, USA),
GAPDH (Applied Biosystems, Carlsbad, CA, USA), CoxII (Molecular Probes, Carlsbad,
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CA, USA), BAG-4 (Epitomics, Burlingame, CA, USA), HAX-1 (Becton Dickinson,
Franklin Lakes, NJ, USA), PARP 1/2 (Santa Cruz), and caspases 3 and 9 (Cell Signaling,
Danvers, MA, USA). Alkaline phosphatase-conjugated anti-mouse or anti-rabbit IgG
(1:4,000; Jackson ImmunoResearch, West Grove, PA, USA) were used and
immunoreactive bands visualized with a chemiluminescence detection kit (Applied
Biosystems).
2.4.3

RNA Isolation, cDNA Synthesis and PCR Amplification
Total RNA was isolated from cultured cells with the TRIzol reagent (Invitrogen)

and reverse transcribed using the SuperScript III First-Strand Synthesis Kit (Invitrogen).
PCR amplification reactions were performed with the High Fidelity Platinum PCR
SuperMix (Invitrogen), using the following primer sets: sense primer a: 5’ATGGATCAGCCACAGTTC-3’

and

antisense

primer

a’:

5’-

AGCGCACTTGCCTCGCCGAT-3’ amplified the region between bp45-bp550; sense
primer b: 5’-GGCTACCACGTGCTGACCCT-3’ and antisense primer b’: 5’ACCCTCTGTGAACTTGGC-3’ amplified the region between bp9219-bp10,409; sense
primer c: 5’-CCGCTTCCGTGTGGCAGCTGT-3’ and antisense primer c’: 5’TGACCCACTGACCACCA-3’ amplified the region between bp13,821-bp15,017; sense
primer

d:

5’-GGCCTGCCTAAGGTGGAG-3’

and

antisense

primer

d’:

5’-

GTGCCCGTCACGCGGCAGGCCAG-3’ amplified the region between bp16,446bp18,164; sense primer e: 5’-GCTGGTGAACCGGCTGGGCTCCGCGC-3’ and
antisense primer e’: 5’-TCAGGGCTGTGCCGCCTCATCCCCATC-3’ amplified the
region between bp18,593-bp19,907; sense primer e and antisense primer e”: 5’GGTGGAGAACGCCATGGCTG-3’ amplified the region between bp18,593-bp19,800,
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and sense primer f: 5’-CCCTACAGCAGCCCC-3’ in combination with antisense primer
f’: 5’-GCGCACCTGGGCCAG-3’ amplified the region between bp22,950-bp23,950. All
amplicons were subcloned into the StrataClone PCR cloning vector pSC-A (Stratagene,
Santa Clara, CA, USA), and sequenced.
2.4.4

Inhibition of Lysosomal Degradation
MCF7 cells were seeded in 6-well plates and grown to ~70% confluency. Cells

were treated with 100 µM chloroquine diphosphate or vehicle control and collected at
various time points, harvested in RIPA buffer and immunoblotted, as above.
2.4.5

Nuclear Isolation
Cells grown on 150 mm culture dishes were washed in PBS and harvested in ice-

cold homogenization buffer containing 10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM DTT, supplemented with protease and phosphatase inhibitors.
Homogenates were incubated on ice for 5 min in the presence of 0.3% NP-40. Sucrose
was added to a final concentration of 0.5 M, and lysates were loaded on top of a 1.6 M
sucrose cushion and fractionated at 30,000 x g. Proteins in the cytosolic (supernatant)
fraction were extracted by adding 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS
on ice for 3 hours. Isolated nuclei (pellet) were resuspended in RIPA buffer and proteins
were extracted on ice for 3 hours with occasional vortexing. Nuclear and cytosolic
fractions were subsequently centrifuged at 16,100 x g for 30 min at 4ºC and the
supernatants used for immunoblotting, as described above.
2.4.6

Immunofluorescence Combined with Confocal Microscopy
Cells were fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton X-

100 in PBS containing 1 mg/ml BSA (PBS/BSA) and blocked with 5% normal goat
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serum. Cells were subsequently incubated with primary antibodies overnight, including
rabbit polyclonal obscurin-COOH (3 µg/ml) (103) and obscurin-kinase (3 μg/ml) (165),
guinea pig obscurin-RhoGEF (3 μg/ml) (117), and mouse monoclonal obscurin-NH2 (3

µg/ml) (79), as well as anti-giantin (Abcam). Alexa Fluor-568 goat anti-rabbit IgG,
Alexa Fluor-488 goat anti-mouse IgG or Cy5 goat anti-guinea pig IgG (Molecular
Probes) served as secondary antibodies. Cells were analyzed using a LSM510 confocal
microscope (Carl Zeiss AG, Jena, Germany) under 63x magnification.
2.4.7

Cell Transfection and Generation of Stable Cell Clones
A set of four short hairpin RNA (shRNA) constructs that specifically target the

human OBSCN gene along with a set of two control (scrambled) shRNAs were
commercially obtained (Origene Technologies Inc., Rockville, MD, USA). Transfections
of MCF10A cells were conducted using Lipofectamine 2000 (Invitrogen), and 2 µg/ml
puromycin were added to the media to select for stably transfected cells three days posttransfection. Stable clones expressing control shRNA-1, obscurin shRNA-2, obscurin
shRNA-3, obscurin shRNA-4 or obscurin shRNA-5 plasmids were isolated and
propagated in complete medium in the presence of 1.5 µg/ml puromycin.

All

experiments were performed with multiple clonal isolates from each stable cell line
expressing control or obscurin shRNA. Similar results were obtained with all obscurin
shRNAs tested.
2.4.8

Cell Viability Assay
MCF10A cells stably expressing control or obscurin shRNAs were seeded in

quadruplicate in 96-well plates at a density of 5000 cells/well, treated with 50, 100 and
150 µM etoposide or DMSO (vehicle) for 48 hours and immediately assayed or allowed
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to recover in etoposide-free media for 72 hours. Activated XTT was added for 3 hours
and absorbance was obtained at 450 nm. Viability of etoposide-treated samples was
determined relative to DMSO vehicle control.
2.4.9

Anchorage Independent Growth Using Soft Agar Assay
SeaPlaque agarose (Cambrex, East Rutherford, NJ, USA) was diluted to 0.8% in

the appropriate culture media containing 150 µM etoposide or DMSO vehicle, and 2 ml
were added to each well of a 6-well plate.

After cooling, 2 ml of 0.5% agarose

containing 7,500 cells/ml were added to each well and allowed to cool before plates were
placed in a 37°, 5% CO2 incubator. Culture media containing vehicle or etoposide was
added gently on top of the agarose layers 24 hours later, and changed daily. Colony
growth continued for 21 days, at which point colonies were stained with crystal violet
and blindly counted per 10 fields. MCF7 cells were used as positive control for colony
growth.
2.4.10 Cell Cycle Analysis
MCF10A cells expressing control or obscurin shRNAs were treated with 150 µM
etoposide for 48 hours. Adherent and floating cells were collected and fixed in 75%
ethanol at -20°C overnight, treated with 1 mg/mL RNAse and resuspended in 20 µg/mL
propidium iodide.

Analysis was performed on a FACScan flow cytometer (BD

Biosciences, San Jose, CA, USA), and data analyzed with FlowJo software (TreeStar
Inc., Ashland, OR, USA) using the Watson algorithm.
2.4.11 Mitotic Index Determination
Stably transfected MCF10A cells with control or obscurin shRNAs were grown to
approximately 50% confluency and treated with 150 µM etoposide or DMSO for 48
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hours. 500 ng/mL of nocodazole was added during the last 10 hours to trap cells in
mitosis. Floating and adherent cells were collected and fixed at -20°C with 75% ethanol
overnight. Fixed cells were washed with PBS followed by Stain Buffer (Dulbecco’s PBS
with 2% FBS and 0.09% NaN3; Becton Dickinson), and incubated for 20 minutes with
phospho-serine-28-Histone-H3 (pS28-H3) antibody conjugated with Alexa-647 (Becton
Dickinson). Following washing with Stain Buffer, cells were treated with RNase (1
mg/mL) and propidium iodide (10 µg/mL). G0/G1, S and G2 stages of cell cycle were
determined based on DNA content measured with propidium iodide, and mitotic cells
were identified as G2 DNA content cells with high levels of pS28-H3 staining. Cells
were collected on a FACSCanto 2-laser, digital cytometer (BD Biosciences) and data
were analyzed using the FlowJo software (TreeStar).
2.4.12 DNA Laddering Assay
DNA laddering was assessed by 1% agarose gel electrophoresis. Genomic DNA
was extracted with the DNAeasy Tissue kit (Qiagen, Hilden, Germany) from parental
MCF10A cells and stable cell clones expressing control or obscurin shRNAs, exposed to
150 µM etoposide for 48 hours.
2.4.13 Flow Cytometry and Apoptosis
MCF10A cells stably expressing control or obscurin shRNAs were plated in 6well plates and grown to 70% confluence. Cells were treated with 150 μM of etoposide
or DMSO vehicle control in complete media for 48 hours. Adherent cells were detached,
washed twice with PBS and stained for apoptotic markers as described in the PE Annexin
V Apoptosis Detection Kit I (BD Biosciences). Fluorescence-activated flow cytometry
(FACS) analysis of ~10,000 cells per trial was completed using a Becton Dickinson
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FACScan instrument, and early apoptotic cells were defined as those positive for
Annexin V staining and negative for 7-AAD dye incorporation.
2.4.14 cDNA Microarrays and GO Analysis
cDNA microarray experiments were performed in triplicate as previously
described (166-168).

Using the Trizol reagent (Invitrogen) coupled with RNeasy

columns (Qiagen), total RNA was isolated from MCF10A cells stably expressing control
or obscurin shRNA, following treatment with 150 µM etoposide for 48 hours. 10 µg of
RNA was then reverse transcribed using random hexamers and aminoallyl-dUTP using
the Superscript III kit (Invitrogen). cDNA from control and obscurin shRNA expressing
cells was coupled to NHS Cy3 and Cy5, respectively, mixed, and hybridized to
microarray slides printed with a set of 19,596 unique human RNAs (Agilent, Santa Clara,
CA, USA). Expression levels from individual genes were determined from the scanned
microarray slides using Genepix Pro (Molecular Devices, Sunnyvale, CA, USA), and the
Ratio of Median Channel Intensities of the data was normalized to 1. Comparisons
between the expression levels of genes in control and obscurin knockdown cells were
performed using the unpaired Student's t-test, and considered to be statistically significant
if p<0.05. Further microarray data analysis involved only statistically significant genes.
The Institute for Genome Research Multiexperiment Viewer software (169, 170) and the
annotations publicly available from the Gene Ontology Database (171) were used for
classification of differentially regulated genes in specific biological processes. The
complete results of the cDNA microarray analysis are available at the NCBI Gene
Expression

Omnibus,

accession

number

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE35494).
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GSE35494

2.4.15 Quantitative RT-PCR
Total RNA was isolated from MCF10A cells stably transfected with control and
obscurin shRNAs using Trizol reagent following treatment with 150 μM etoposide, and
reversed transcribed into cDNA using the iScript cDNA Synthesis kit (Biorad, Hercules,
CA, USA). cDNA was used in quantitative RT-PCR studies with the iQ SYBR Green kit
(Biorad) and MyiQ Real Time PCR Detection System (Biorad).

Primer sets that

specifically amplified portions of GAPDH (reference gene), caspase-3, caspase-9, BAG4, and HAX-1 variant-1 were generated according to the recommendations of the Real
Time PCR Application Guide (Biorad), and included: for GAPDH, sense primer: 5’TGATGACATCAAGAAGGTGGTGAAG-3’
TCCTTGGAGGCCATGTGGGCCAT-3’;

and

for

GAGGCGGTTGTAGAAGAGTTTCGTG-3’
CGCTAACTCCTCACGGCCT-3’,
CGCCATGGACGAAGCGGAT-3’
CCGCTGGATGTCCTCGATCA-3’,
AGACCACCTGGCTGGGAGAA-3’

for

antisense

caspase-3,
and

caspase-9,
and

for
and

sense

primer:

5’5’-

antisense

primer:

5’-

sense

primer:

5’-

antisense
BAG-4,

primer:

sense

antisense

primer:
primer:
primer

5’5’5’-

ATGGTGGCTGCTCCTGGTG-3’, and for HAX-1 variant-1: sense primer: 5’CGGAGCCACAGAGATCCCTT-3’

and

antisense

primer

5’-

GGCTGAAGCTGAAGCCGAAG-3’. PCR products were verified by 1% agarose gel
electrophoresis and sequencing. Experimental efficiencies were calculated according to
methods described by the manufacturer (Biorad), and ranged between 90-100% for BAG4, HAX-1 and GAPDH and 98-107% for Caspase-3 and Caspase-9. Data are reported as
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an average cycle threshold (Ct) value and as fold difference between control and obscurin
shRNA expressing cells, calculated using the 2-ΔΔCT method.
2.4.16 Reproducibility and Statistics
All experiments were performed in triplicates, a minimum of three times. Data
are presented as mean values of independent measurements, and statistical significance
was assessed using Student’s t-test (p<0.005).
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Chapter 3
Loss of the obscurin-RhoGEF downregulates RhoA signaling and increases
microtentacle formation and attachment of breast epithelial cells

The data and figures in this chapter comprise much of a manuscript has been
accepted for publication in Oncotarget in late 2014. I designed the study, performed most
of the experiments, and wrote the paper. Dr. Michele Vitolo performed some of the
western blots and all of the impedance assays in Dr. Stuart Martin’s laboratory in the
University of Maryland School of Medicine, Department of Physiology. Drs. Vitolo and
Martin also aided in study design and critically read the manuscript. My portion of the
work was completed in Dr. Katia Kontrogianni’s laboratory in the University of
Maryland School of Medicine, Department of Biochemistry and Molecular Biology. She
also helped me with the study design and editing of the manuscript.
!
3.1

Introduction
Neoplastic transformation of epithelial cells is both caused by and results in

inappropriate changes to a variety of cell signaling pathways (7, 172, 173). In particular,
deregulation of actin and microtubule cytoskeletons results in increased invasive potential
of many tumor types, allowing transformed cells to migrate away from the primary
tumor, survive within the vasculature, and reattach to and extravasate through the
endothelium to colonize distant sites (174-176). The actin cytoskeleton is regulated
largely through the dynamic activation and inactivation of Rho-family GTPases, which,
through modification of their effector proteins, control such processes as actomyosin
contractility, cellular polarity, and cell spreading (177). While the consequences of
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altered RhoGTPase signaling have been shown extensively in transformed cells cultured
on a rigid substrate (178-181), effects on suspended cells, such as those found within the
vasculature as circulating tumor cells (CTCs), are only now being elucidated. Recent
studies have revealed that modifications which result in increased actin filament turnover,
such as activation of the actin-severing protein cofilin, cause a weakening of the actin
cortex of suspended cells (182, 183); this imbalance in cytoskeletal forces permits the
development of tubulin-based projections termed “microtentacles” (McTNs) (184, 185).
McTN formation by breast epithelial cells is associated with increased metastatic
potential and endothelial attachment (184, 186, 187), particularly following treatment
with the microtubule stabilizing drug, paclitaxel (Taxol) (188, 189).
In light of the discovery that the human OBSCN gene is highly mutated in a
number of solid tumors (132, 133), we demonstrated that giant obscurins, once thought to
be expressed exclusively in striated muscles, are abundantly expressed in normal breast,
skin, and colon cell lines, and breast tissue, but nearly absent from cancer cells and
tumors (80). Abrogation of giant obscurins from non-tumorigenic MCF10A breast
epithelial cells using shRNA technology (shObsc) resulted in increased apoptotic
resistance following etoposide treatment (80), as well as increased migration, invasion,
and both primary and metastatic tumor formation in mice (190). While these
investigations highlighted a number of signaling changes, including increased actin
dynamics and the induction of an epithelial-to-mesenchymal transition (EMT), no direct
link between the loss of obscurins and cytoskeletal alterations was demonstrated. The aim
of the present study is to characterize changes to RhoGTPase signaling induced upon the
loss of obscurins, as occurs during the progression of breast cancer. We found that
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decreased activation of RhoA and its effectors in obscurin-deficient MCF10A cells
causes decreased susceptibility to detachment-dependent apoptosis and increased
microtentacle (McTN) formation. These functional differences persisted following
paclitaxel treatment, after which the obscurin shRNA-treated cells attached better than
scramble control (shCtrl) cells. This data suggests that the decrease in RhoA signaling in
obscurin-deficient cells is responsible, at least in part, for their ability to survive more
robustly at multiple steps of the metastatic cascade (190), culminating in their enhanced
ability to colonize distant sites, even in the presence of Taxol.

3.2

Results and Discussion
The obscurins were originally characterized in skeletal and cardiac muscles,

where they play roles in the development of the sarcomere and its contractile function
(74, 75, 78, 79, 94, 102, 125, 146, 147). The largest isoforms, obscurin-A (720 kDa) and
obscurin-B (870 kDa), are comprised of immunoglobulin and fibronectin-III repeats
followed by several signaling and scaffolding domains, including an isoleucine-glutamine
calmodulin binding domain, a src-homology-3 (SH3) domain, and tandem Rho guanine
exchange factor (RhoGEF) – pleckstrin homology (PH) motifs. The giant isoforms differ
only in their extreme C-termini; while obscurin-A has a non-modular C-terminus that
includes binding sites for ankyrins as well as predicted phosphorylation sites for ERK
kinases (74, 76), obscurin-B is generated through alternative splicing of the OBSCN gene,
located at human chromosome 1q42, and includes two active serine-threonine kinases in
its C-terminus (75, 76, 104) (Figure 3.1A). Recent evidence suggests that multiple
alternatively spliced smaller isoforms exist as well (104, 191).
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The observation of an increased mobile actin fraction in obscurin shRNA-treated
MCF10A cells (190) led us to suspect that obscurins may play a role in the regulation of
the epithelial actin cytoskeleton. It has been shown previously that exogenous expression
of the obscurin RhoGEF motif in COS-7 cells or mouse tibialis anterior muscle results in
increased GTP-bound RhoA (111). Therefore, we hypothesized that in MCF10A breast
epithelial cells, knockdown of giant obscurins would result in decreased RhoA activity
and a concomitant reduction in RhoA-driven processes downstream of the Rho Activated
Kinase (ROCK). Indeed, in MCF10A cells that stably express shRNA to obscurins
(Figure 3.1B), RhoA activity is reduced to levels approximately half of control when
grown in a monolayer (Figure 3.1C; densitometry in Figure 3.2A). As a consequence, we
observe a dramatic (>50%) decrease in the phosphorylation of ROCK targets, including
myosin light chain phosphatase (MYPT), myosin light chain (MLC), and lim kinase
(LimK), as well as the LimK target cofilin (Figure 3.1D; densitometry in Figure 3.2B).
Importantly, transient transfection of MCF10A cells with a cDNA encoding the obscurin
RhoGEF domain rescues the shObsc-induced decrease in RhoA activity (Figure 3.1E),
demonstrating that the changes to RhoA signaling observed in breast epithelial cells upon
obscurin downregulation are specifically due to the loss of the RhoGEF activity.
Figure 3.1: Obscurin loss reduces RhoA activity in attached MCF10A cells. A) Schematic of the giant
isoforms of obscurin A and B. Domain types: Ig: Immunoglobulin; FNIII: Fibronectin type-III; IQ:
Isoleucine-Glutamine calmodulin-binding motif; SH3: Src-Homology-3; RhoGEF: Rho Guanine
Exchange Factor; PH: Pleckstrin Homology; Ank: Ankyrin binding motif; Kinase: Serine/Threonine
Kinase. B) Expression of giant isoforms A and B, is significantly downregulated by obscurin shRNA
(shObsc), but not scramble control (shCtrl), in MCF10A cells. Tubulin serves as loading control. C)
Activation of RhoA is decreased in attached MCF10A cells expressing shObsc. HSP90 and total RhoA
serve as loading controls. D) Phosphorylation of RhoA effectors in attached cells is decreased when
shObsc is expressed. HSP90 serves as loading control. E) Transient expression of the obscurin RhoGEF
domain, but not vector control, is sufficient to re-activate RhoA in obscurin knockdown cells. F)
MCF10A cells expressing shObsc form fewer stress fibers. The scale bar (upper right in shCtrl panel)
indicates 10 µM.
!
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Figure 3.1
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Figure 3.2: Densitometry of RhoA activity and effector phosphorylation in attached cells. A) Active
RhoA pulldowns of attached cells were performed three times and densitometry measured with ImageJ
software. Bands were normalized to total RhoA and the load control, HSP90. Asterisks: p<0.05. B)
Western blots of attached cells were performed three times and densitometry of phospho-MYPT, MLC, -LimK, and -cofilin measured with Image J software. Bands were normalized to the load control,
HSP90. Error bars: +/- standard deviation. Asterisks: p<0.05.!

The shObsc-mediated effect of reduced activating phosphorylation of MYPT, a
phosphatase for MLC, along with decreased direct ROCK-mediated activation of MLC,
is clearly demonstrated by morphological changes to the actin cytoskeleton. Whereas
shCtrl-expressing cells readily assemble stress fibers due to persistent RhoA-driven
phosphorylation of MLC, shObsc cells have fewer stress fibers and instead exhibit short,
disorganized actin filaments (Figure 3.1F). The altered actin morphology indicates that
depletion of obscurin causes attenuation of MLC-induced actomyosin contractility; this
loss of contractility and the associated loss of adhesion are likely at least partially
responsible for the enhanced migratory characteristics observed in shObsc MCF10A cells
(181, 190, 192).
The observation of reduced phosphorylation (ie, increased activity) of cofilin
suggests that in addition to the reduced actomyosin contractility, obscurin knockdown
enhances actin-severing activity and turnover of actin filaments, consistent with increased
!74

mobile actin detected in shObsc-expressing MCF10A cells (190). Previous measurements
in PTEN-/- MCF10A cells have demonstrated that higher cofilin activity results in
decreased cortical actin tension (182). This decrease in tension is no longer sufficient to
counteract the extension of microtubules, which in suspended epithelial cells (such as
those that are found within the vasculature as CTCs) allows the formation of McTNs
(184, 185) and subsequent McTN-mediated reattachment to the endothelium. We
therefore focused the remainder of our studies on suspended cells and how the depletion
of obscurin may govern processes related to metastasis.
Since MCF10A cells expressing shObsc are capable of resisting apoptosis
induced by DNA damage (80), we wanted first to see if the apoptotic resistance extended
to substrate detachment as well. Epithelial cells rely on survival signals from engaged
integrins; in the signals’ absence, epithelial cells undergo anoikis (193-195). Following
plating in conditions that prohibit attachment, shCtrl-expressing cells readily undergo
programmed cell death, as indicated by cleavage of the caspase-3 substrate, poly-ADPribose-polymerase (PARP) (Figure 3.3A). In contrast, though, shObsc MCF10A cleave
less PARP after 24 hours. This suggests that upon loss of obscurin expression, epithelial
cells lose the ability to self-destruct when detached from the ECM; this represents an
important positive selection step for survival as a CTC and eventual metastatic
colonization. The RhoA pathway has previously been implicated in the regulation of
apoptosis through actomyosin contractility. MDA-MB-231 breast cancer cells can be
resensitized to anoikis by overexpression of tropomyosin-1, which activates ROCKmediated processes such as stress fiber formation (196). Furthermore, activation of RhoA
by the RhoGEF Abr plays a role in initiating actomyosin contractility and dissociation-
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Figure 3.3: Obscurin loss reduces RhoA activity in suspended cells. A) Decreased PARP cleavage in
shObsc cells indicates less apoptosis after 24 hours in suspension. B) Activation of RhoA is decreased
in suspended MCF10A cells expressing shObsc. HSP90 and total RhoA serve as loading controls. C)
Phosphorylation of RhoA effectors in suspended cells is decreased when shObsc is expressed. HSP90
serves as loading control.!

induced apoptosis in human embryonic stem cells (197). Therefore, loss of obscurin
RhoGEF-driven RhoA activation is likely responsible for the resistance to detachmentinduced apoptosis in shObsc MCF10A cells. Indeed, reduction of RhoA activity (Figure
3.3B; densitometry in Figure 3.4A) and effector phosphorylation (Figure 3.3C;
densitometry in Figure 3.4B) persist even in suspended conditions in obscurin shRNAexpressing MCF10A cells relative to shCtrl.
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Figure 3.4: Densitometry of RhoA activity and effector phosphorylation in suspended cells. A) Active
RhoA pulldowns of suspended cells were performed three times and densitometry measured with
ImageJ software. Bands were normalized to total RhoA and HSP90. B) Western blots of suspended
cells were performed three times and densitometry of phospho-MYPT, -MLC, -LimK, and -cofilin
measured. Bands were normalized to HSP90. Error bars: +/- standard deviation. Asterisks: p<0.05.!

Having ascertained that obscurin knockdown cells have acquired the capacity to
survive in detached conditions, we then examined their ability to form McTNs. McTNs
are tubulin-based projections that form in suspended cells and initiate their attachment to
the endothelium (184, 185). Their formation is enhanced when actin is rapidly turning
over (182), as is the case in shObsc cells in suspension, as indicated by the decreased
cofilin phosphorylation relative to shCtrl (Figure 3.3C). Furthermore, modest
concomitant upregulation of detyrosinated α-tubulin (glu-tubulin) and of the intermediate
filament vimentin (Figure 3.5A), both of which serve to stabilize microtubules, provides
shObsc-1 and -2-expressing cells an additional mechanism to enhance the establishment
of McTNs (184, 185). As a result, while only 10% of shCtrl cells extend robust McTNs
in suspension, approximately 40% of shObsc-expressing cells form McTNs (Figure
3.5B). This phenomenon is clearly seen in Figure 3.5C, which depicts representative cells
in suspension following staining with a plasma membrane marker. While shCtrl cells are
compact and do not readily form projections, shObsc-expressing cells extend multiple
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McTNs per cell (arrows). Importantly, McTN formation is disrupted by transient
transfection of the obscurin RhoGEF but not vector control, demonstrating that loss of
obscurin and the associated downregulation of RhoA-driven processes is sufficient for
the extension of microtentacles in MCF10A cells (Figure 3.5D).
In a panel of breast cancer cell lines, the percentage of cells exhibiting McTNs
correlates with their in vitro metastatic potential (184). Furthermore, the ability of
injected breast tumor cells to reattach in the lungs of mice is associated with the
percentage of cells that form McTNs (186, 187). We thus evaluated the functionality of
the McTNs produced by the shObsc-expressing MCF10A cells using an impedance assay
of cell reattachment. As shown in Figure 3.5E, McTN-producing shObsc cells attach
approximately 1.25-1.5 fold better than shCtrl cells between one and two hours.
However, in the presence of colchicine (a microtubule polymerization inhibitor),
attachment was entirely abolished, consistent with a microtubule-driven attachment
process (data not shown). Therefore, we conclude that in the absence of giant obscurins,
altered actin dynamics allowed the formation of microtentacles, which substantially
enhances the ability of obscurin knockdown cells to attach. It is likely that these
phenomena are responsible, at least in part, for the dramatic increase in metastatic
colonization by obscurin knockdown MCF10A cells in both tail vein injection and
subcutaneous murine models of tumor formation (190).
Figure 3.5: Obscurin loss increases microtentacle formation and attachment. A) MCF10A obscurin
knockdown cells express more detyrosinated tubulin (glu-tubulin) and vimentin than shCtrl cells.
GAPDH serves as loading control. B) MCF10A cells expressing shObsc form microtentacles more
readily than shCtrl cells. Asterisks: p<0.05. C) Representative images of suspended cells expressing
shCtrl, shObsc-1 or -2. Arrows in the shObsc panels indicate McTNs. D) The obscurin RhoGEF
domain, but not mCherry vector control, is sufficient to abrogate McTN formation in obscurin
knockdown cells. Asterisks: p<0.05. E) An impedance assay indicates that MCF10A cells expressing
shObsc attach more readily than shCtrl. Data shown is representative of three independent replicates.!
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Figure 3.5
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Given the effect of obscurin knockdown on the formation of microtubule-based
projections, we hypothesized that treatment with paclitaxel, which binds to β-tubulin and
inhibits disassembly of microtubules, would differentially affect shCtrl- and shObscexpressing cells. We first treated adherent, proliferating cells with physiologically
relevant concentrations of paclitaxel, ranging from 100-1000 nM, and noted a small, but
reproducible, difference in viability following a 48-hour exposure (Figure 3.6A).
Importantly, during treatment with 0.5 μg/mL (439 nM) paclitaxel, shObsc cells still
exhibited increased capacity to attach to a substrate, albeit at levels lower than untreated
cells (Figure 3.6B). It is known that paclitaxel can cause more than a 1,000-fold increase
in the number of CTCs shed from the primary tumor (198). Given that cells that do not
express giant obscurins are relatively resistant to detachment-induced apoptosis, they will
survive in the anchorage independent environment of the vasculature. Therefore, not only
do low obscurin-expressing or obscurin-depleted tumor cells have a survival advantage,
they also have an enhanced ability to form McTNs and attach to distant sites even in the
presence of paclitaxel. Thus, tumor cells with low or depleted obscurin expression
possess advantages at multiple steps in the metastatic cascade, which could each
contribute to their increased metastatic capacity (190).
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Figure 3.6: Obscurin loss allows cells to attach better than control even in the presence of paclitaxel.
A) shObsc cells have a survival advantage over shCtrl cells following 24 hour treatment with 0.1-1.0
µM paclitaxel and XTT assay. Asterisks: p<0.05. B) An impedance assay indicates that MCF10A cells
expressing shObsc attach more readily than shCtrl even in the presence of 0.5 µg/mL paclitaxel. Data
shown is representative of three independent replicates. C) Signaling events that occur upon loss of
obscurins expression in breast epithelial cells to allow them to gain a selective advantage at various
stages of metastasis. Following loss of the obscurin RhoGEF, activity of RhoA and ROCK are reduced
(red arrows). This causes decreased phosphorylation and activity of MLC, and LimK (red arrows).
Reduced phosphorylation of MYPT increases its phosphatase activity, and reduced phosphorylation of
cofilin increases its actin-severing activity (green arrows).
!
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3.3

Conclusions
The process of metastasis involves many discrete steps at which selective pressure

is applied to those cells that escape the primary tumor. A metastatic tumor contains cells
that have proliferated at the primary site, invaded away from the primary tumor and
intravasated, survived their journey through the vasculature, reattached to distant
endothelial cells and extravasated, then commenced proliferating again (23). Gene
expression differences that result in a small positive selection bias at each step will
ultimately cause the enrichment of highly resistant cells. In this study along with our
previous work, we have shown that loss of expression of obscurins, as is observed in
breast cancers, is sufficient to establish that selection bias: Cells deficient in obscurins 1)
display enhanced stem-like characteristics and proliferate to form tumorspheres (190), 2)
migrate and invade through the extracellular matrix (190), 3) survive in anchorageindependent conditions (80), 4) reattach to a substrate (this study), and 5) grow into
metastatic tumors (190). In part, these differences are due to the reduced phosphorylation
of the RhoA effectors LimK, cofilin, MYPT, and MLC, causing the increased migration,
invasion, and reattachment of obscurin-deficient cells (Figure 3.6C). Importantly,
treatment with paclitaxel gives shObsc cells a further survival advantage; these surviving
paclitaxel-treated shObsc cells can then reattach more readily than paclitaxel-treated
control cells. Therefore, paclitaxel treatment of breast cancer patients may select for the
obscurin-deficient, attachment-competent circulating tumor cells while having an overall
cytotoxic effect. Although detailed studies of the effect of paclitaxel on breast cancer
cells which have lost expression of obscurins are necessary to truly evaluate risk, it is
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clear that loss of obscurins constitutes a substantial risk factor for metastatic tumor
formation.

3.4

Materials and Methods

3.4.1

Tissue Culture
MCF10A cells stably expressing shCtrl or shObsc-1 or -2 were prepared and

maintained as previously described (80, 190). Cells were kept at low passage, never
allowed to become confluent, and regularly checked by western blot for knockdown of
obscurin.
3.4.2

Western Blotting
For attached cell blotting, MCF10A cells expressing shCtrl or shObsc were grown

to 50% confluence, fresh complete media added for 24 hours, and lysates collected in
Radio-Immuno-Precipitation Assay (RIPA) buffer or Laemmlli buffer. Equal amounts of
lysates were electrophoresed and blotted as previously described (80, 182). For
suspended cell blotting, shCtrl or shObsc MCF10A cells were trypsinized and suspended
in low-attach conditions in complete media for one hour, then collected for lysates.
Antibodies used included obscurin-COOH (103), α-tubulin (Sigma) MYPT and phosphoMYPT (Abcam), MLC and phospho-MLC (Cell Signaling Technology, CST), LimK
(Abcam), phospho-LimK (CST), cofilin and phospho-cofilin (CST), detyrosinated
tubulin (glu-tubulin; Abcam), vimentin (Santa Cruz) HSP90 (CST), and GAPDH
(Ambion). Densitometry was performed using ImageJ software.
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3.4.3

RhoGTPase Pulldown
MCF10 cells expressing shCtrl or shObsc-1 or -2 were grown as for attached or

suspended western blots, then collected and used for RhoGTPase Pulldowns as per the
manufacturer’s protocols (Cytoskeleton, Inc). Densitometry was performed using ImageJ
software.
3.4.4

Transfections
MCF10A cells expressing shCtrl or shObsc were seeded at 40% confluence and

24 hours later transfected with empty vector (pmCherry-C1, Clontech) or vector with the
human obscurin RhoGEF domain inserted. The TransIT-2020 reagent (Mirus) was used
to achieve approximately 80% efficiency, and cells used for blotting or RhoGTPase
Pulldowns 24 hours post-transfection.
3.4.5

Confocal Microscopy
Cells were grown on glass coverslips and fixed with paraformaldehyde as

previously described (80). They were then stained with phalloidin (Molecular Probes)
and representative regions were imaged on a Zeiss LSM510 confocal microscope.
3.4.6

PARP Cleavage
shCtrl- and shObsc-expressing MCF10A cells were plated in low-attach

conditions in serum- and growth factor-free media and collected in RIPA buffer after 24
hours. Equal amounts of lysates were blotted as previously described (182) and probed
for total PARP (CST), which detects both intact and cleaved forms.
3.4.7

Microtentacle Formation
MCF10A cells expressing shCtrl or shObsc were transfected with Cell Mask

Orange (Life Technologies) as a contrast agent, detached, and added to low-attach plates
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in DMEM/F12 with 1% charcoal dextran-stripped fetal bovine serum (HyClone). After
30 minutes in suspension, cells were blindly scored on a fluorescent microscope for the
presence of microtentacles.
3.4.8

Impedance Assay
The xCelligence system (Roche) was used to measure electrical impedance during

attachment. MCF10A cells were grown to 50% confluence and detached, and 10,000
cells/well were allowed to attach to the xCelligence plate for two hours in complete
media. Impedance (ΔC) is expressed in arbitrary units. For experiments in the presence of
paclitaxel, cells were pre-treated with 0.5 µg/mL paclitaxel or vehicle control for one
hour, then trypsinized and allowed to attach for an additional two hours in the presence of
0.5 µg/mL paclitaxel or vehicle. Experiments were repeated at least three times, and error
bars represent the standard deviations of three replicate wells per experiment.
3.4.9

XTT Assay
shCtrl and shObsc cells were plated in 96-well dishes and grown to 50%

confluence, then treated with 0.1 – 1.0 µM paclitaxel or vehicle for 48 hours in complete
media. An XTT assay was performed as previously described (80) to measure viability
relative to vehicle control. Values were normalized to control shRNA.
3.4.10 Statistics
All experiments were performed at least three times and statistical significance
achieved at p<0.05 by t-test.
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Chapter 4
Ongoing Projects and Future Directions

In the course of my dissertation research, particularly on the roles of the RhoGEF
and adjacent domains, many additional experiments yielded small pieces of data that will
serve as excellent starting points for whomever continues the projects. This chapter
serves to highlight some of the most fruitful directions.

4.1

The Obscurin SH3 Domain
Src homology-3 (SH3) domains are eukaryotic globular domains, 50 - 70 residues

in length, which frequently serve as sites of protein-protein interaction to facilitate signal
transduction, particularly cytoskeletal signaling (199). They generally bind to the loose
consensus sequence “P-X-X-P, where “P” is proline and “X” is any amino acid (200).
They are a common motif, with approximately 300 encoded by the human genome (201).
One of these is found in the OBSCN gene, immediately upstream of the tandem RhoGEFPH cassette in both obscurin-A and obscurin-B.
Due to its proximity to the RhoGEF domain, I hypothesized that the obscurin SH3
domain may play a functional role in the RhoGEF’s activity. A few pieces of evidence
support this: 1) The SH3-RhoGEF-PH domains are always found together in obscurins
with distant phylogenetic relationships. For example, the C. elegans homolog of
obscurin, UNC-89, contains the tripartite SH3-RhoGEF-PH at the extreme N-terminus of
the molecule, rather than following the tandem Ig repeats found at the N-terminus of
mammalian obscurins (Figure 1.12) (83). This suggests that the tripartite SH3-RhoGEF-
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PH domain serves some functional purpose and is likely under evolutionary pressure to
remain intact. 2) After cloning, expressing, and purifying several glutathione-Stransferase (GST) and maltose binding protein (MBP) fusions to the SH3-RhoGEF-PH
domains, I concluded that the ability of the RhoGEF domain to be expressed as a soluble
(and therefore folded) protein was dependent upon the presence of the SH3 domain. This
suggests that the SH3 and RhoGEF domains are interacting and the SH3 domain
stabilizes the folded structure of the RhoGEF. This is further supported by the presence
of one canonical SH3 binding site within the SH3-RhoGEF linker region and two within
the RhoGEF domain itself (Figure 4.1)

Figure 4.1: Amino acid sequence of the SH3-RhoGEF-PH domains of human obscurin. Residues
shown include 5596-6006 of human obscurin, NCBI refseq accession number NP_443075. Green
highlighting denotes the SH3 domain, cyan highlights the RhoGEF, and the PH domain is in purple.
Putative binding sites for SH3 domains are bolded and underlined.

4.1.1 SH3-RhoGEF Yeast Two-Hybrid
In order to test the hypothesis that the SH3 and RhoGEF domain interacted, I
performed a yeast two-hybrid analysis, which detects interaction between two proteins
within yeast, as illustrated in Figure 4.2. These experiments employ a strain of yeast
(Y2H Gold) that has been engineered to have the GAL4 transcription factor binding site
upstream of reporters encoding genes for essential amino acids or Aureobasidin-A
survival; in the absence of activation by GAL4, the reporter genes cannot be transcribed
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and so the yeast cannot survive on media lacking those amino acids or infused with
Aureobasidin-A. The GAL4 transcription factor is added to the yeast in the form of two
fusion proteins: The DNA-binding domain is fused to the bait construct in plasmid
pGBKT, while prey constructs are fused with the GAL4 activation domain in plasmid
pGADT. Therefore, in yeast transformed with both constructs, if the bait and prey
proteins interact directly, they will bring the GAL4 DNA-binding and activation domains
into close enough proximity to activate transcription of the reporters, thus allowing yeast
survival and proliferation on selective media.

Figure 4.2: The yeast two-hybrid principle. When the bait and prey proteins interact, they bring the
GAL4 DNA binding and activation domains in close enough proximity to activate transcription of
GAL4-responsive promoters. From Clontech’s Matchmaker Gold Manual.

I followed the Clontech Matchmaker and Yeastmaker protocols; in brief, I started
out by cloning the human obscurin SH3 cDNA into the bait vector pGBKT, and the
RhoGEF, RhoGEF-PH, or PH cDNAs into the prey vector, pGADT. After performing the
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appropriate control experiments to ensure that none of the individual plasmids were
capable of autoactivating transcription of the GAL4-responsive promoters, I transformed
strain Y2H gold with both the SH3 bait plasmid and one of the three prey plasmids. The
growth of colonies was dependent on the ability of the SH3 bait to interact with prey, and
after several days incubation, I had colony growth from preys RhoGEF and RhoGEF-PH,
but not PH alone. This suggested that the SH3 domain interacts with the RhoGEF domain
but not the PH domain, and was further confirmed by streaking these colonies on highly
restrictive media, in which more reporters must be activated in order for the yeast to
survive (a measure to further reduce false positives). These findings are shown in Figure
4.3.

Figure 4.3: The obscurin SH3 domain interacts with the RhoGEF domain, but not the PH domain, in a
yeast two-hybrid assay.
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Although these preliminary experiments yielded clear results, I did not pursue the
next step – characterization of the ability of recombinant SH3 and RhoGEF domains to
bind each other through GST pulldowns or immunoprecipitation – due to difficulties in
the expression and production of the RhoGEF domain, which tends to be highly insoluble
and unstable in my hands. Once the technical issues are resolved, those experiments,
followed by isothermal titration calorimetry or surface plasmon resonance to quantify the
binding interaction, will illuminate a mechanism by which the SH3 domain may act as an
allosteric regulator of the RhoGEF domain.
Furthermore, the fact that there was a positive interaction between the SH3 and the
RhoGEF domain suggest that of the three canonical SH3 binding sites underlined in
Figure 4.1, the obscurin SH3 is binding at least one of the two contained within the
RhoGEF domain itself; if the SH3 were binding only the SH3-RhoGEF linker region
putative site, there would not be any binding detected between the bait and prey
constructs used for this experiment as they do not contain that linker. This inference can
be tested directly by another yeast two-hybrid experiment, this time employing mutant
RhoGEF prey constructs, each with an alanine residue in place of one of the prolines
within each putative SH3 binding site. This information could prove crucial to
understanding how the RhoGEF domain is regulated in both striated muscle and
epithelium.
4.1.2 SH3 Yeast Two-Hybrid Library Screen
In addition to experiments specifically probing the obscurin SH3’s interaction with
its adjacent domains, I also hypothesized that, being a scaffolding module, the SH3
domain likely had other binding partners. Instead of a directed yeast two-hybrid, I instead
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used the screening method, which allows the interaction of the bait to be tested against a
library of proteins. Once again, I used the Clontech Matchmaker Gold method. However,
in this protocol, instead of transforming the yeast with both the bait and prey plasmids
directly, a culture of Y2H Gold transformed with the SH3-bait construct is mated with
another yeast strain, Y187, that has been transformed with a library containing human
cDNA from all tissues. The resultant diploids are plated and once again, surviving
colonies are streaked onto the highly restrictive media. DNA is then isolated and
sequenced from the surviving few colonies and sequenced to identify the gene whose
product interacted with the bait.
In this manner, I identified 19 proteins that interacted with the obscurin SH3
domain (Table 4.1), including the Na+/K+ ATPase previously identified as a binding
partner of the most C-terminal obscurin kinase (104); the significance of the SH3-ATPase
interaction has not been explored. The LNX1 gene was identified not once but twice, and
a literature search revealed the protein encoded by LNX1 to be an E3 ubiquitin ligase
(202) whose targets include the RhoGTPase RhoC (203), a member of the same family of
small GTPases as RhoA. RhoC upregulation is associated with increased invasiveness of
breast cancer (204, 205), and is implicated in the development of inflammatory breast
cancer (206, 207), a particularly aggressive and rare form of the disease. While the
importance of this interaction has not been investigated, it is possible that the obscurin
SH3 domain plays a role in the proteasomal degradation of RhoC. This could be tested
initially by treating shCtrl and shObsc MCF10A cells with the proteasome inhibitor
MG132 or vehicle, then immunoprecipitating RhoC and western blotting for poly-K48
ubiquitin. If the SH3 domain is necessary for the addition of ubiquitin to RhoC, a greater
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accumulation of ubiquitinylated RhoC would be expected in shCtrl cells, which still
contain the SH3 domain, than in the shObsc cells, which lack the SH3.
Table 4.1: High stringency interacting partners identified in a yeast two-hybrid screen of the obscurin
SH3 domain.

With the exception of the Na+/K+ ATPase and the gene LNX1, the potential
significance of the interaction between SH3 and each yeast two-hybrid hit has not been
explored. Each may be an important member of the obscurin interactome of muscle or
epithelium, and have important implications for the physiology and function of several
tissues.

4.2

The Obscurin RhoGEF Domain
As highlighted in Chapter 3, the obscurin RhoGEF domain likely plays a critical

role in the maintenance of the epithelial cytoskeleton. My initial interest in the RhoGEF
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domain was at the biochemical level, and although previous research had shown that
exogenous expression of the RhoGEF causes activation of RhoA (111) and RhoQ (112),
this had not been demonstrated directly. Particularly because I had hoped to focus on the
nature of the SH3-RhoGEF interaction, and whether or not the SH3 domain affected the
guanine exchange factor kinetics, I tried using a kit sold by Cytoskeleton, Inc, that
directly measured the amount of GTP bound to a RhoGTPase. The RhoGEF Exchange
Assay kit relies on the principle that the fluorescence of a GTP analog, mant-GTP,
increases dramatically when ensconced in the binding pocket of a GTPase. Therefore, in
a microplate well containing only buffer, mant-GTP, GTPase, and GEF or negative
control protein, one can assay the increase in mant-GTP fluorescence at 460 nm – a
measure of GTPase activation - over 30 minutes and determine the contribution of a GEF
over the baseline exchange rate achieved in the negative control.
Although simple in principle, I had substantial trouble getting the assay to work
properly with the obscurin RhoGEF, in spite of the fact that control experiments worked
very well. The exchange curves shown in Figure 4.4, in which the RhoGEF-GST fusion
protein induces essentially the same rate of mant-GTP:RhoA binding as the negative
control, GST, were typical of my results. Although we cannot rule out the possibility that
the obscurin RhoGEF does not, in fact, cause GDP:GTP exchange in RhoA, the more
probable explanation was that the purified RhoGEF-GST was unfolded or misfolded and
therefore nonfunctional. This is consistent with technical difficulties our collaborators
had when trying to purify the RhoGEF domain for nuclear magnetic resonance structure
determination: Upon collection of initial spectra, they determined that the protein was
entirely unfolded.
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Figure 4.4: Representative RhoGEF Exchange Assay. Purified obscurin RhoGEF-GST (red) did not
induce significantly more GTP exchange by RhoA than did the negative control, GST (blue).

In spite of the technical difficulties studying the biochemistry of the obscurin
RhoGEF with the exchange assay, I was still able to perform some important functional
characterizations of the role of the RhoGEF domain. Some of these findings are
highlighted in Chapter 3 and demonstrate unequivocally that at least a portion of the
phenotypic changes exhibited by shObsc MCF10A cells, including the increased motility
and invasiveness, can be attributed to the loss of the RhoGEF. Most importantly,
overexpression of the RhoGEF domain in the shObsc cells rescues the microtentacle
formation induced upon loss of obscurins (Figure 3.5D). In addition, I’ve also performed
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experiments that show that RhoGEF overexpression rescues both the increased
monolayer migration and transwell invasion seen in shObsc cells (Figure 4.5).
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Figure 4.5: The obscurin RhoGEF rescues shObsc-induced migration and invasion. A) After 12 hours,
shObsc-1 and -2 MCF10A cells expressing the obscurin RhoGEF domain have closed a monolayer
wound approximately 20% less than those expressing vector control. Asterisks: p<0.05. B) After 16
hours, 30% fewer shObsc-1 cells expressing the obscurin RhoGEF domain have invaded through
matrigel towards a chemoattractant than those expressing vector control. Asterisk: p<0.05.

The ability of the obscurin RhoGEF to decrease invasiveness of breast epithelial
cells could have substantial clinical importance for understanding and treating advanced,
invasive breast cancer. One of my remaining active projects in the Kontrogianni lab is the
creation of a lentivirus encoding a myristoylated RhoGEF. The myristoylation sequence
will direct the RhoGEF to the plasma membrane through a 14-carbon lipid anchor (208),
while expression in a lentivirus allows stable transformation of both non-dividing cells
and cell lines (209, 210). Importantly, a myristoylated RhoGEF lentivirus will allow us to
dissect the signaling changes that occur not just in breast cancer cell lines, but also in
primary cells isolated from breast cancer patients.
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4.3

The Obscurin PH Domain
The pleckstrin homology domain from the obscurin C. elegans homolog, UNC-89,

is one of the few obscurin domains that have been studied at a structural level. The
structure of the PH domain was solved (86, 211) in part to show the fold of an unusual
PH domain, that is, one whose strongly negative surface electrostatic potential (212) was
expected to preclude it from binding phosphoinositides (Figure 4.6).

Figure 4.6: The electrostatic surface potential of UNC-89. Negative charge is shown in red and positive
charge in blue. From (86).

Interestingly, although a sequence alignment performed in ClustalW2 (213-215)
show substantial similarity (Figure 4.7), the human obscurin PH domain binds
phosphoinositides in a lipid dot blot (PIP Strips, Echeleon Biosciences), including
phosphatidylinositol-3,4-bisphosphate

(PI(3,4)P2)

and

phosphatidylinositol-4,5-

bisphosphate (PI(4,5)P2) (Figure 4.8). To a lesser extent, the obscurin PH also binds to
phosphatidylinositol-3,4,5-bisphosphate (PI(3,4,5)P3), an important signaling lipid
produced by the phosphorylation of PI(4,5)P by phosphatidylinositol-3-kinase (PI3K)
upon stimulation.
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Figure 4.7: Alignment of the PH domains of C. elegans UNC-89 and human obscurin. Periods denote
chemical similarity between the pair of residues, colons denote strong similarity, while asterisks
indicate identity. Image generated using ClustalW2 software (213-215).

A

B

Figure 4.8: The obscurin PH domain binds to phosphatidylinositols. A) 100 pmol of various lipids
spotted on the Echelon PIP strip. B) PH-GST binds to several lipids, while the GST control does not.
PIP strips were incubated first with 4 µM purified recombinant PH-GST or GST protein, then with a
primary antibody to GST and a horseradish peroxidase-fused secondary antibody, and developed with
the ECL reagent.

While I was most interested in the PH domain within the context of the SH3RhoGEF-PH cassette and as a regulator of the RhoGEF domain’s activity, my labmate,
Dr. Maegen Ackermann, simultaneously discovered two novel PH-containing isoforms of
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obscurin present at the intercalated disc of cardiac muscle. Generated through alternative
exon usage and splicing, obsc-80 starts with the PH domain and includes two Ig domains
and the non-modular C-terminus of obscurin-A. Obsc-40 also starts with the PH domain
and includes two Ig domains, but alternative exon use induces a frameshift and premature
termination prior to the non-modular C-terminus. Maegen did a lot of work to
characterize the location and function of these two isoforms in heart muscle, and
recruited me to help define the role of the PH domain in obsc-40 and obsc-80.
I first employed GFP-tagged constructs of the mouse PH domain, obsc-40, and
obsc-80 to try to determine their localization in rat cardiac H9C2 cells. Given the binding
of the human PH domain to several lipids present in the plasma membrane (Figure 4.8), I
hypothesized that the presence of the PH domain would target the GFP-fusion constructs
to the membrane. Following transfection, serum starvation, and 20 minutes incubation
with

insulin,

which

activates

PI3K

and

therefore

production

of

several

phosphatidylinositols, I fixed the H9C2 cells with 4% paraformaldehyde and prepared
them for confocal microscopy. We found that, in contrast to the GFP vector control,
which exhibits a punctate appearance throughout the cytosol, the PH-GFP was localized
to the plasma membrane (Figure 5.9B). A portion of obsc-40 and obsc-80 also localized
to the plasma membrane, however, a large proportion also remained in the cytosol
(Figure 4.9 C-D).
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Figure 4.9: The obscurin PH domain localizes to the plasma membrane. H9C2 cells were transfected
with A) GFP, B) GFP-PH, C) GFP-obsc-40, or D) GFP-obsc-80 and fixed for microscopy following 20
minutes of insulin stimulation. Image from M. Ackermann.

The next set of experiments I did with Maegen were influenced by another graduate
student in our laboratory, Marey Shriver. Marey’s work had revealed that loss of obscurin
from MCF10A cells was associated with activation of the protooncogene Akt. Although
her work was in epithelial cells, the basic signaling networks, like the Akt pathway, are
very similar in both muscle and epithelium. Since the activation of Akt in either cell type
depends on the presence of PI(3,4,5)P3 at the plasma membrane, and the obscurin PH
domain bound to both PI(3,4,5)P3 and its precursor, PI(3,4)P2 (Figure 4.8), I hypothesized
that Akt activation would be affected by overexpression of the PH domain. To this end, I
transfected H9C2 cells with the GFP fusion constructs and stimulated them with insulin,
then collected lysates and ran Western blots for Akt phosphorylation (Figure 4.10) at
threonine 308 and serine 473, both of which must be phosphorylated for Akt to be
activated.
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Figure 4.10: The obscurin PH domain blocks activation of Akt. H9C2 cells were transfected with GFP
vector control, GFP-PH, GFP-obsc-40, or GFP obsc-80 then treated with vehicle control or insulin for
20 minutes and levels of Akt phosphorylated at T308 or S473 probed. Levels of total Akt were
unchanged. Image from M. Ackermann.

In the presence of the obscurin PH domain, less phosphorylation of Akt was
observed, consistent with Marey’s results showing the same trend: Akt activation is
correlated with the amount of obscurin present. Given that activation of the Akt pathway
leads to increased proliferation, motility, and survival (216), these results are also
consistent with increased survival and motility following the loss of obscurin and
concomitant upregulation of Akt activation. I am currently working on blots to show that
in H9C2 cells, the downregulation in Akt activation upon obscurin PH expression carries
through the entire signaling pathway.
Because the obscurin PH domain binds strongly to PI(4,5)P2 in vitro, our working
hypothesis is that the PH domain binds and sequesters it at the plasma membrane of both
epithelial cells and cardiomyocytes, blocking access for PI3K to phosphorylate it to
produce PI(3,4,5)P3; reduced availability of PI(3,4,5)P3 leads to decreased recruitment
and activation of Akt at the membrane. Currently, we have very little evidence to directly
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support this notion, and sophisticated biochemical and biophysical techniques will need
to be employed to confirm our hypothesis. These experiments will include fluorescence
correlation spectroscopy to examine binding of the GFP-tagged PH domain to each lipid
within the context of a model plasma membrane, and assaying the amount of PI(3,4,5)P3
produced in the presence or absence of the PH domain. This may be accomplished either
through detection of 32P in PI(3,4,5)P3 via thin layer chromatography (217) or through
lipid extraction followed by competitive ELISA (PIP3 Mass ELISA, Echelon
Biosciences). These studies will illuminate the important role PH domain-containing
obscurin isoforms play in both epithelial cells, where their presence could temper
overactive PI3K signaling to counteract cancer formation (218, 219), and
cardiomyocytes, where Akt signaling must be tightly regulated to ensure that survival,
response to nutrients, and growth do not become pathologic (220, 221).

4.4

The SH3-RhoGEF-PH Cassette
Following the completion of the FASEB Journal paper that initially established

obscurins as a potential tumor suppressor, Marey showed that the loss of obscurins
caused a dramatic increase in migration and invasion of MCF10A cells, along with
heightened actin dynamics (190). However, no mechanism for these changes had been
demonstrated, and so it was unclear if there was a particular portion of the obscurin
molecule that was largely responsible for modulating cell motility. Because of the
importance of RhoA to actin reorganization and signaling in epithelial cells (116, 177,
178, 222, 223), and the fact that the obscurin RhoGEF was known to activate RhoA
signaling in striated muscle (111), I hypothesized that the loss of the RhoGEF domain
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caused alterations to the organization and dynamics of the actin cytoskeleton, which led
to the increased motility upon obscurin knockdown. Given that the SH3 domain and PH
domain are always found adjacent to the RhoGEF in obscurin homologs (see Section
4.1), I suspected that they, too, played a role in cell motility, likely through regulation of
the RhoGEF domain activity and localization, respectively. Similar domain architecture
has been shown to regulate the activity of several other mammalian RhoGEFs (224).
Therefore, I proposed using the tripartite SH3-RhoGEF-PH module of human obscurin to
counteract the invasiveness of a number of obscurin-deficient human breast cancer cell
lines, including MDA-MB-231 and Bt549. Characterization of the SH3-RhoGEF-PH
cassette was originally to form a large portion of my graduate research.
I started by creating a lentivirus that expressed FLAG-tagged SH3-RhoGEF-PH
that I had cloned out of MCF10A cDNA. I inserted that sequence into the pCDH-CMVMCS-EF1-RFP+Puro vector from Systems Bioscience, then cotransfected it and the
packaging vectors into the packaging cell line, HEK293T, which had been plated at a
density of 2 million cells per 10 cm dish. Transfection media was changed after overnight
incubation. After 48 hours, viral particles were isolated from the media using
polyethylene glycol concentration and titered with the p24 Lenti-X system (Clontech).
MDA-MB-231 cells were then plated at 100,000 cells per 10 cm dish and infected at a
multiplicity of infection of 5. Immunofluorescence for the reporter, red fluorescent
protein (RFP), revealed that the infection efficiency neared 100% after 24 hours, at which
point MDA-MB-231 media (DMEM with 10% FBS and 1% penicillin/streptomycin)
with 2 µg/mL puromycin was added for approximately two weeks. Surviving colonies
were isolated and expanded in MDA-MB-231 media containing 1.5 µg/mL puromycin,
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and lysates prepared in RIPA from those clonal isolates exhibiting the brightest RFP
fluorescence. Lysates of vector control and SH3-RhoGEF-PH clonal isolates were then
probed for FLAG to ensure stable expression of the transgene (Figure 4.11), indicating
lentiviral incorporation into the genome. Because SH3-RhoGEF-PH clones 2 and 4
showed the highest level of expression, they were used for subsequent experiments.

Figure 4.11: FLAG-tagged SH3-RhoGEF-PH overexpression in MDA-MB-231 cells.

Having ensured that the MDA-MB-231 clonal isolates did indeed express FLAGtagged SH3-RhoGEF-PH, I examined if their migration was altered relative to control.
My hypothesis was that the presence of the obscurin SH3-RhoGEF-PH domain would
mitigate the invasive phenotype. Indeed, SH3-RhoGEF-PH cassette-expressing MDAMB-231 cells closed a monolayer wound more slowly than did control (Figure 4.12), and
also migrated more slowly through microchannels of varying widths (Figure 4.13) in an
assay developed by our collaborators (225). Furthermore, preliminary data suggests that
invasion through matrigel was also abrogated (data not shown), though further replicates
are necessary to confirm this finding.
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A

B

Figure 4.12: The obscurin SH3-RhoGEF-PH cassette slows monolayer migration. A) Representative
images of Control-1 and SH3-RhoGEF-PH-2 cells at 0 and 24 hours. Cells had been seeded in triplicate
in 12 well plates at 1.5 million cells per well and wounded with a p1000 pipet tip. Images were acquired
at 4x magnification at 0 and 24 hours. B) Percentage of wound remaining after 24 hours relative to 0
hours.
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Figure 4.13: The obscurin SH3-RhoGEF-PH cassette slows migration through microchannels. Cells
were seeded and allowed to migrate through channels of varying widths towards 10% FBS overnight.
Data analysis was performed as in (225).

In spite of these encouraging results that supported my hypothesis, I had trouble
delineating a mechanism for the motility changes. I performed GTPase Pulldowns
(Section 3.4.3) on cells in complete media and got puzzling results. Instead of seeing an
upregulation of RhoA activity, as would be expected upon expression of a RhoGEF, I
saw that the differences in RhoA activity between different control cell isolates were
substantial. Furthermore, although SH3-RhoGEF-PH-2 showed increased RhoA activity,
clones 3 and 4 did not, and were even lower than control clones (Figure 4.14).
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Figure 4.14: The obscurin SH3-RhoGEF-PH does not increase RhoA activity in all cell lines. Blots
were performed under identical conditions on the dates stated.

Helpful discussions with my dissertation committee members yielded many
suggestions for troubleshooting. Because these pulldowns had been performed on cells
grown in complete media, which contains growth factors that activate myriad signaling
pathways that converge on RhoA, it was possible that the activation of RhoA due to SH3RhoGEF-PH expression was being masked. In order to “quiet” the system to detect only
the RhoA activation due to factors intrinsic to the cells themselves, I tried performing
GTPase pulldowns and western blots of RhoA effectors under several different
conditions. These included serum starvation, suspension for one hour, suspension for one
hour followed by 15 minutes of attachment to laminin-coated plates (to observe RhoA
activity in the initial stages of attachment), and low (0 and 1 mM) glucose. While all
conditions did indeed lower the background RhoA activity, I was still unable to see
consistent RhoA and effector activation in all SH3-RhoGEF-PH clonal isolates.
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Given the consistently strong effect of the SH3-RhoGEF-PH cassette on MDAMB-231 motility, the cassette is clearly affecting cytoskeletal signaling in some capacity.
RhoA is perhaps not the primary target, and so it remains to be seen if other GTPases,
tubulin, focal adhesions, or another structure or signaling pathway is involved. Should
this project continue following my departure from the lab, elucidating the target(s) of the
SH3-RhoGEF-PH cassette must be the first task.

4.5

FNIII R4558H Mutant
In addition to my investigations of the SH3, RhoGEF, and PH domains of obscurin,

I also took steps towards uncovering the functions of the third FNIII domain. In the 2006
whole exome analysis that initially demonstrated the mutation of obscurin in cancer, a
somatic R4558H missense mutation in the third FNIII domain of obscurin was found in a
breast cancer sample (132). Another study found the same missense mutation in a
germline variant in glioblastoma (133). The appearance of these two mutations
independently, in two types of cancer, strongly suggests that the mutation somehow
allows cancer development. As a first step, we are currently performing yeast-two-hybrid
analysis to determine protein binding partners of the wild type FNIII domain, which
would then be screened for differences in binding to wild type and the R4558H mutant.
Furthermore, it remains to be determined if this domain is present in the small isoforms
that remain in cancerous cells when the large isoforms are lost. Lastly, as some FNIII
domains are known to bind DNA (226, 227), SELEX or a similar method should be
employed to determine a consensus binding sequence. Because the mutant residue is an
arginine, an amino acid that frequently interacts with DNA, including in some mutations
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to the tumor suppressor p53 (228), it is tempting to speculate about the possibility of the
third obscurin FNIII domain binding DNA. This project in particular has the potential to
yield extremely important information about novel functions of obscurins.

1! 09

1! 10

Chapter 5
!
Expression of Obscurins in Murine Non-Muscle Tissues

During the course of my dissertation research on the roles of obscurins in breast
cancer, I was involved in a secondary research project to illuminate the complexity of
large and small obscurins expressed in rodent non-muscle tissues. The material in this
chapter has been previously published in PLoS One, in February of 2014. Select sections
will appear in Marey Shriver’s dissertation in Fall of 2014. Portions were also included in
Rebecca Hu’s dissertation, Spring 2013. This project was collaborative between
laboratory members, with Maegen Ackermann, Marey Shriver, and myself serving as cofirst authors. The three of us performed most replicates of western blots including
substantial troubleshooting, and each analyzed two of the eight tissues for
immunohistochemistry. Rebecca Hu helped particularly with the kinase blots, and also
analyzed two of the immunohistochemistry samples. Maegen made the figures and wrote
much of the paper, with all of us contributing portions about the tissues we analyzed. All
work was performed in the Kontrogianni Laboratory at the University of Maryland,
Baltimore

5.1

Introduction
Obscurin was originally discovered about a decade ago during a yeast two-hybrid

screen as a binding partner of the giant protein titin (74). It was "baptized" obscurin by
Young and colleagues because it was at first difficult to characterize due to its large size,
low abundance, structural complexity, and insolubility in extracts of adult cardiac muscle.
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Today it is understood that obscurins are a family of proteins derived from the single
OBSCN gene, which in humans spans >150kb on chromosome 1q42.13.
Giant obscurins, namely obscurin-A and obscurin-B, share common domain
architectures. In rodents, they are composed of 68 immunoglobulin (Ig) and 3 fibronectin
type-III (FNIII) adhesion domains, along with several signaling motifs, including an
isoleucine-glutamine (IQ) calmodulin-binding motif, a src-homology 3 (SH3) domain,
and tandem Rho-guanine nucleotide exchange factor (RhoGEF) and pleckstrin homology
(PH) motifs. Obscurin-A (~720 kDa; Figure 5.1A) possesses a non-modular COOHterminus of ~400 amino acids that contains ankyrin binding domains (ABDs) as well as
consensus phosphorylation motifs for ERK kinases (74). Obscurin-B (~870 kDa; Figure
5.1B) lacks the non-modular COOH-terminal region found in obscurin-A, but includes
two serine/threonine kinase (SK) domains that belong to the myosin light chain kinase
(MLCK) subfamily, and are referred to as serine/threonine kinase 2 (SK2) and SK1 (75).
An Ig domain precedes SK2, while an Ig and an FNIII domain precede SK1. Alternative
splicing of the obscurin precursor mRNA (pre-mRNA) also results in the expression of
smaller kinase-containing obscurin isoforms, including tandem MLCK (~120 kDa) that
consists of at least part of SK2 and the full SK1 domain, and single MLCK that only
contains SK1 (~55 kDa) (75, 76, 79); complete transcripts encoding the tandem and
single obscurin kinase isoforms have yet to be identified.
Throughout the last decade, obscurins have been primarily and systematically
studied in striated muscles (79, 99). Detailed immunofluorescence studies using cardiac
and skeletal muscles and antibodies directed against different epitopes along the length of
giant obscurins have demonstrated the presence of obscurins in diverse myofibrillar
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structures. Obscurins localize at the periphery of myofibrillar M-bands and Z-discs, the
sarcolemma, the neuromuscular junction specific to skeletal muscle, and the intercalated
disc unique to cardiac muscle (74, 81, 101, 103, 104). The presence of multiple adhesion
motifs in giant obscurins along with their distribution in multiple subcellular
compartments in muscle cells allows them to provide binding sites for diverse proteins,
and thus contribute to the functional integration of the sarcomeric cytoskeleton with
internal membrane systems and the sarcolemma. For a comprehensive review on the
ligands and functions of obscurins, we refer the reader to recent reviews (99, 229).
Recent studies from our laboratory have documented the presence of obscurins in
normal breast epithelial cells, too, where they exhibit nuclear, cytosolic, and membrane
distributions, and contribute to the regulation of cell survival (80).
To date, little work has been done to examine the expression profile and
functional properties of obscurins in non-muscle tissues. However, earlier studies have
suggested the presence of obscurin transcripts at low levels in non-muscle tissues,
including brain, liver, kidney, and pancreas (75). Herein, we systematically examined the
expression profile and subcellular localization of obscurins in muscle and non-muscle
tissues and organs of small rodents, including heart, tibialis anterior (TA), quadriceps,
soleus, and diaphragm muscles as well as brain, skin, kidney, liver, spleen, and lung.
Using western blot analysis and a panel of antibodies recognizing epitopes along the
length of giant obscurins, we show for the first time the presence of numerous obscurin
isoforms that range in size from ~50-970 kDa in muscle and non-muscle tissues. While
some obscurin isoforms are ubiquitously expressed, others are tissue specific. Moreover,
using immunohistochemistry, we show that obscurins localize to distinct structures and
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populations of cells within different tissues and organs, where they exhibit nuclear,
cytosolic, or membrane distributions. Our studies are the first to provide a comprehensive
characterization of the expression profile and subcellular distribution of obscurins in
muscle and non-muscle tissues and organs, implicating them in the regulation and
maintenance of diverse cellular processes in mammals.

5.2

Results and Discussion

5.2.1 Obscurins are a multifaceted family of proteins
Since the original identification of the human OBSCN gene in 2001 (74), the most
well studied obscurin isoforms have been the canonical obscurins, A and B. In addition,
two smaller isoforms containing either the tandem or single kinase domains present in the
extreme COOH-terminus of obscurin-B are understood to exist (75, 76, 79); however,
their complete domain architectures have yet to be elucidated.
Importantly, the extensive technological advancements of the last decade have shed
light on the complexity of many mammalian and non-mammalian transcriptomes,
revealing the presence of additional transcripts originating from the single OBSCN gene
(see Tables 5.1 and 5.2 for a list of isoforms encoded by these transcripts). We have only
included mammalian obscurin transcripts possessing both a start and stop codon, and
either partial or complete 5’ and 3’ untranslated regions (UTRs). We have denoted each
additional transcript according to the calculated molecular weight of the protein it
encodes, and categorized the isoforms into three subpopulations: i. isoforms similar to
obscurin-A (“obscurin-A-like”), containing the non-modular COOH-terminus (Figure
5.1A), ii. isoforms similar to obscurin-B (“obscurin-B-like”), possessing at least one
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kinase domain (Figure 5.1B), and iii. additional isoforms originating from the OBSCN
gene but not resembling the COOH-terminus of either obscurin-A or -B (Figure 5.1C).

Figure 5.1: Mammalian obscurin variants. Domain architecture of up-to-date mammalian obscurin
variants as listed in NCBI and Ensembl, illustrating their structural and signaling motifs (please see key
for notations). Alternative splicing of the obscurin transcript results in several variants. (A) ObscurinA-like isoforms, similar to prototypical obscurin-A, containing the non-modular COOH-terminus
including the ankyrin-binding domain (ABD). (B) Obscurin-B-like isoforms containing one or both
kinase domains, found in the COOH-terminus of obscurin-B. (C) Other splice variants containing
sequences specific to neither obscurin-A-like nor obscurin-B-like proteins. The antigenic regions used
for the generation of the four obscurin antibodies are highlighted by the colored boxed regions (α-NH2
in red, α-COOH in blue, α-ABD in green, and α-kinase in yellow; the accession numbers that
correspond to the amino acid coordinates of the antigenic sequences are stated in the Materials and
Methods section).
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Table 5.1: List of human and rodent obscurin isoforms.

Table 5.2: List of other mammal obscurin isoforms.

!

!
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To date, canonical obscurin-A transcripts have been identified in three species:
human (coding for a protein of ~720 kDa), mouse (~815 kDa) and opossum (~730 kDa).
Variations in the molecular weights of obscurin-A across species correspond to
differences in the number of Ig domains within the NH2-terminus and the middle of each
protein. Alternative splicing of the obscurin transcript leads to additional obscurin-A-like
isoforms. For instance, mouse obscurin-830 (~830 kDa) differs from mouse obscurin-A
by 15 kDa due to the addition of two Ig domains at the NH2-terminus of the protein.
Similarly, alternative splicing of the human obscurin transcript results in an obscurin-Alike isoform, obscurin-410 (~410 kDa) that lacks twenty-eight Ig and two FNIII domains.
Furthermore, canonical obscurin-B has been identified in six mammalian species,
including human (~870 kDa), mouse (~875 kDa), horse (~840 kDa), dolphin (~840 kDa),
megabat (~840 kDa), and orangutan (~835 kDa). Similar to obscurin-A, the variations in
the calculated molecular weights among obscurin-B homologues correspond to
differences in the number of Ig domains at the NH2-terminus of the respective proteins.
The human OBSCN gene gives rise to three additional obscurin-B-like isoforms:
obscurin-970, obscurin-950, and obscurin-610. Obscurin-970 and obscurin-950 are
composed of all the adhesion and signaling domains found in obscurin-B but also possess
novel Ig domains present in the NH2-terminus of the protein; obscurin-970 has eleven
additional Ig domains, while obscurin-950 retains eight of those novel domains.
Obscurin-610 is a smaller version of obscurin-B, as it lacks the first twenty-two Ig
domains and two FNIII domains of the giant isoform, but retains the remaining adhesion
and signaling domains present in the COOH-terminus of obscurin-B. An additional,
smaller isoform, obscurin-20, has been identified in the human transcriptome; this
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transcript encodes 166 amino acid residues including Ig17 and the first ~50 residues of
the succeeding FNIII domain.
Additional isoforms have been identified in other mammalian systems (Table 5.2).
A small obscurin-A-like isoform, with a predicted molecular weight of ~90 kDa, has
been identified in the cow genome. Obscurin-90 starts in the middle of the RhoGEF
domain and includes the PH and ABD motifs present in the COOH-terminus of obscurinA. Two additional obscurin-B-like isoforms have been identified in the pig and cow
transcriptomes, obscurin-220 and obscurin-50, respectively. Obscurin-220 is a truncated
version of obscurin-B, beginning at the PH domain and retaining both Ser/Thr kinase
domains. On the other hand, obscurin-50 contains only the second kinase domain, SKI,
along with the FNIII domain preceding it. Interestingly, obscurin-50 may correspond to
the single MLCK isoform that has been described in the human transcriptome, although
the precise molecular identity of the latter has yet to be characterized. Additional smaller
obscurin isoforms have been identified in the macaque (obscurin-170 and obscurin-80),
baboon (obscurin-70), and platypus (obscurin-60) transcriptomes. Each of these contains
Ig and FNIII domains found within the NH2-terminus of the larger obscurins; however,
they lack the signaling domains present in the COOH-terminus of either obscurin-A- or B-like isoforms.
The expression pattern of the different obscurin isoforms has yet to be elucidated.
We have therefore commenced characterization of the expression of obscurins in mouse
and rat tissues by performing western blot analysis using lysates from various striated
muscles (heart, TA, quadriceps, soleus, and diaphragm), as well as non-muscle tissues
(brain, skin, kidney, liver, spleen, and lung) (Figures 5.3-5.8). To this end, we used 70µg
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of total protein from each tissue and probed for obscurins using a panel of four different
antibodies recognizing epitopes along the length of the canonical giant isoforms.
Specifically, the α-NH2, α-COOH, α-ABD, and α-Kinase antibodies are directed against
the first Ig domain (Ig1) (79), the two Ig domains following the RhoGEF/PH module
(Ig65/Ig66) (81), the ABD specific to obscurin-A-like isoforms (230), and the FNIII
domain preceding SK1 found only in obscurin-B-like isoforms (104), respectively
(Figure 5.1). We identified several obscurins ranging in size from ~50-970 kDa. Some of
the observed immunoreactive bands may correspond to proteins encoded by the
transcripts that have been deposited in sequence repositories (as discussed in the three
preceding paragraphs), while others may represent novel isoforms whose transcripts have
yet to be identified. In addition, we probed all tissue lysates (70µg) for glyceraldehyde 3phosphate dehydrogenase (GAPDH) to show equal loading (Figure 5.2). Minor
differences in the levels of GAPDH most likely reflect the differential expression of the
enzyme across tissues (231, 232).

Figure 5.2: Expression of GAPDH in rodent tissues and organs. Western blot analysis of 70 µg of
protein homogenates prepared from various adult mouse (A) and rat (B) tissues were probed with
antibodies specific to GAPDH. Each lane is a representative image from multiple replicates.
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Figure 5.3: Expression of giant obscurins in rodent tissues and organs. Western blot analysis of 70 µg
of protein homogenates prepared from adult mouse (A) and rat (B) tissues were probed with four
antibodies to obscurins: α-NH2, α-COOH, α-ABD, and α-Kinase (the epitope for each antibody is
noted in Figure 1). The blots have been cut at ~600 kDa to focus on the giant forms of obscurin, and
representative lanes from multiple experiments are shown. In agreement with previously published
data, giant obscurin-A and -B are consistently identified in both cardiac and skeletal muscles of mouse
and rat origin using any of the four obscurin antibodies. Notably, they are also present in select nonmuscle tissues including brain, skin, and lung. Similar protein content per lane was ensured with a
GAPDH load control.

In accordance with previous studies, mouse and rat striated muscles express
obscurin-A- and B-like isoforms (Figures 5.3 and 5.4) (74, 75, 77, 104). Due to the
complexity of the obscurin family and the inability to precisely determine the molecular
weights of the immunoreactive bands detected at the top of the polyacrylamide gel, it is
unclear if these correspond to the canonical obscurins A (~720 kDa) and B (~870 kDa) or
to the recently reported larger isoforms (i.e. the obscurin-A-like isoform, obscurin-830, or
the obscurin-B-like isoforms, obscurin-970 and obscurin-950). The differential
expression of giant obscurins among striated muscles is not clearly understood. For
instance, we observe variations in the mobility of the largest obscurin-A-like and
obscurin-B-like isoforms among tested muscles (Figure 5.3 A-B, lanes 1-5); this suggests
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that either select giant obscurins are preferentially expressed in particular striated
muscles, or that the same isoforms undergo post-translational modifications specific to
each muscle. Interestingly, non-muscle organs also express giant obscurins. In particular,
mouse and rat skin express both obscurin-A-like and obscurin-B-like giant isoforms,
while mouse brain and lung, and rat lung, contain an obscurin-B-like giant isoform. The
presence of an obscurin-B-like isoform in mouse brain but not rat brain is surprising, and
may be explained either by the inaccessibility or absence of the respective obscurin
antigen in rat brain lysates or by the differential expression of obscurin-B-like isoforms
between mouse and rat tissues.

Figure 5.4: Epitopes present in giant obscurins. The ability of each of the four obscurin antibodies (αNH2 in red, α-COOH in blue, α-ABD in green, and α-Kinase in yellow) to recognize giant obscurins
(>60kDa) is depicted for each murine tissue and organ.
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In the various muscle and non-muscle tissues and organs examined, we observed at
least four additional obscurin isoforms with intermediate molecular weights, ranging
between ~290-550 kDa (Figures 5.5 and 5.6). Immunoreactive bands of ~550, ~470,
~330, and ~290 kDa were observed in mouse and rat striated muscles. Non-muscle
tissues also contain different combinations of these immunoreactive bands. Mouse and rat
brain, skin, liver and lung express a ~290 kDa isoform, while mouse and rat kidney, liver,
and lung contain a ~330 kDa isoform. Mouse spleen, but not rat spleen, also expresses
isoforms of ~290 kDa, ~330 kDa and ~470 kDa. In addition, mouse lung contains a ~470
kDa isoform, however, this was not found in rat lung.

Figure 5.5: Expression of intermediate obscurins in rodent tissues and organs. Western blot analysis of
70 µg of protein homogenates prepared from various adult mouse (A) and rat (B) tissues were probed
with antibodies specific to obscurins. As before, probing for GAPDH ensured equal loading. The blots
have been cut to include intermediate obscurins, ranging in size between ~260-600 kDa. Each lane is a
representative image from multiple replicates.
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Figure 5.6: Epitopes present in intermediate obscurins. The ability of each of the four obscurin
antibodies (α-NH2 in red, α-COOH in blue, α-ABD in green, and α-Kinase in yellow) to recognize
intermediate obscurins (~260-600 kDa) is noted for each murine tissue and organ.

Interestingly, in addition to the giant and intermediate obscurins, we detected
several smaller immunoreactive bands ranging in size between ~50-250 kDa. In
particular, using our panel of antibodies, we observed at least sixteen immunoreactive
bands within both muscle and non-muscle tissues and organs; the particular isoforms
expressed and their relative abundance are unique to each tissue (Figures 5.7 and 5.8).
For simplicity, we will focus our description on the immunoreactive bands that possibly
correspond to the mammalian isoforms identified in the different transcript databases;
however, a complete list of immunoreactive bands within this molecular weight range is
1! 23

provided in Figure 5.8. A ~200 kDa immunoreactive band that was predominantly
detected in mouse and rat striated muscles as well as skin, kidney, lung, and liver may
correspond to obscurin-220, a smaller form of obscurin-B (Figure 5.1B). Similarly, the
~120 kDa protein that is expressed in all samples may represent the tandem-MLCK
obscurin isoform (Figure 5.1B) (104). Moreover, recent work from our group has shown
that the single-MLCK obscurin isoform undergoes glycosylation, which alters its
apparent molecular weight from ~50 to ~70 kDa (104). Therefore, it is likely that the
immunoreactive bands in the ~50-70 kDa range represent differentially glycosylated
forms of the single MLCK obscurin protein (Figure 5.1B). It is also possible that the ~90
kDa isoform, preferentially expressed in select striated muscles (e.g. heart and TA) and
non-muscle tissues (e.g. brain and kidney), corresponds to obscurin-90, which is
composed of the COOH-terminus of obscurin-A (Figure 5.1A). Lastly, the ~60 kDa
immunoreactive band in rat muscle and non-muscle tissues may correspond to obscurin60, which carries the extreme NH2-terminus of giant obscurins (Figure 5.1C).
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Figure 5.7: Expression of small obscurins in rodent tissues and organs. Western blot analysis of 70 μg
of protein homogenates prepared from various adult mouse (A) and rat (B) tissues were probed with
antibodies specific to obscurins and a GAPDH loading control. The blots have been cut to show small
obscurins with molecular weights of ~40-260 kDa. A representative blot for each tissue is shown in
every lane.

1! 25

Figure 5.8: Epitopes present in small obscurins. The ability of each of the four obscurin antibodies (αNH2 in red, α-COOH in blue, α-ABD in green, and α-Kinase in yellow) to recognize small obscurins
(~40-260 kDa) is depicted for each murine tissue and organ.

Taken together, these results provide for the first time biochemical evidence that
the Obscn genes of both mouse and rat can give rise to multiple isoforms with diverse
molecular weights, ranging between ~50 and ~970 kDa. Consistent with this, the majority
of the tandem adhesion and signaling domains present in the murine Obscn genes are
encoded by individual exons, have complementary splice sites, and preserve the open
reading frame (75, 76). The expression of multiple obscurin isoforms by a single tissue is
not without precedent. Specifically, immunoblot analysis of protein lysates prepared from
murine striated muscles using antibodies to the common COOH-terminus of giant
obscurins indicated the presence of immunoreactive bands of ~100 and ~150 kDa (79);
notably, we also detect a ~100 kDa isoform in select murine striated muscles (e.g. TA,
quadriceps, and soleus) and non-muscle organs (e.g. skin, liver, spleen, and lung).
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Moreover, a recent study demonstrated the presence of ~110 and ~120 kDa obscurin
isoforms in nuclear lysates prepared from human breast epithelial cells; these isoforms
contained the RhoGEF and kinase domains, respectively (80). Accordingly, we have also
observed immunoreactive bands of ~110 kDa in mouse brain and of ~120 kDa in all
murine striated muscles and non-muscle organs sampled. Although the presence of
multiple obscurin isoforms with distinct structural compositions is the most plausible
explanation of the different immunoreactive bands detected in the tissues and organs that
we examined, we cannot preclude the possibility that at least some of the observed bands
may represent degradation products of larger obscurins. Detailed molecular
characterization of the different obscurin transcripts is therefore needed before we are
able to assign novel obscurin isoforms with certainty. Nevertheless, the extensive
alternative splicing that obscurin transcripts undergo represents an effective mechanism
for generating distinct obscurin proteins with different structural and regulatory
properties that may modulate select cellular processes.
5.2.2 Subcellular distribution of obscurins in striated muscles
The localization of obscurins in striated muscles has been extensively studied under
the confocal (74, 106, 144, 230) and electron (79, 106, 117) microscopes. Using
immunohistochemical methods and antibodies to epitopes spanning the length of giant
obscurins (Figure 5.1), we herein show that in the murine heart, obscurins localize in the
outer layer of the heart, called the epicardium (Figure 5.9 A-A1 and E-E1, black arrows),
and to the myocardium (Figure 5.9 B-H). In the myocardium, obscurins are present at the
sarcolemma (Figure 5.9 B-B1 and G-G1, green arrows) and the intercalated disk (Figure
5.9 D-D1 and H-H1, pink arrows) as well as in striations (Figure 5.9 C-C1 and F-F1, light
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blue arrows). Similar to cardiomyocytes, obscurins localize in sarcomeric striations
(Figure 5.9 I-I1 and L-L1, light blue arrows) and the sarcolemma (Figure 5.9, J-J1 and
M-M1, green arrows) in murine skeletal myofibers. These results are consistent with
previous studies reporting that obscurins localize at the periphery of myofibrillar Mbands and Z-disks of skeletal myofibers and cardiomyocytes (74, 79, 93, 103, 146), as
well as the intercalated disk of cardiomyocytes (104). Importantly, the presence of
obscurins in different cellular structures was observed with more than one antibody, and
in some instances (e.g. the epicardium and the sarcomeric striations) with all four
antibodies, including those specific to obscurin-A-like (α-ABD) and obscurin-B-like (αkinase) epitopes. These observations suggest that both obscurin-A-like and obscurin-Blike isoforms may co-exist within the same subcellular compartment.

Figure 5.9: Localization of obscurins in rodent striated muscles. Adult mouse and rat heart (A-H2) and
tibialis anterior (I-N1) muscle sections were analyzed by immunohistochemistry using antibodies
specific for obscurins. In accordance with previous studies, obscurins exhibited a striated pattern in
both cardiac and skeletal muscles of mouse and rat origin. Cardiac Tissue: Obscurins reside in the
mouse and rat epicardium (A-A1 and E-E1, respectively; black arrows). In the myocardial layer,
obscurins are found at the sarcolemma (B-B1 and G-G1, mouse and rat tissues, respectively; green
arrows) and in sarcomeric striations (C-C1 and F-F1, mouse and rat tissues, respectively; light blue
arrows). Interestingly, intercalated disks (pink arrows) and the nuclei of cardiomyocytes (black asterisk)
are also labeled in both mouse (D-D1) and rat (H-H2) tissues. In addition, obscurins are found within
the cells lining the vasculature throughout the heart (B and B2, and F and F2, mouse and rat tissues,
respectively; dark blue arrows). Skeletal Muscle Tissue: Similar to earlier observations, obscurins
localize to myofibrillar striations (light blue arrows) of both mouse (I-I1) and rat (L-L1) tissues.
Obscurins are also present at the sarcolemma (J-J1 and M-M1, mouse and rat tissues, respectively;
green arrows) and the nuclei of mouse, but not rat, skeletal muscle using the α-ABD antibody (K and
K2, black asterisk). Moreover, obscurins are found within the cells lining the walls of the vasculature
(dark blue arrow) in both mouse (K-K1) and rat (N-N1) tissue. Images are shown at multiple
magnifications to highlight the various immunopositive structures. Scale bars are included in each panel
for reference.
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Figure 5.9

We also observed nuclear localization (Figure 5.9 D and D2, H and H2, and K and
K2, black asterisk) of obscurins in both mouse and rat cardiac and skeletal muscles with
select antibodies. Although this was an unexpected finding, the functional relevance of
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which needs to be further examined, it is not without a precedent. Our group has recently
shown that two small obscurin isoforms of ~110 and ~120 kDa that contain the RhoGEF
and kinase domains, respectively, are selectively enriched in the nuclei of breast
epithelial cells and cardiomyocytes (80, 104). Moreover, while the presence of obscurins
in sarcomeric striations has been well documented (74, 79, 146, 230), their localization at
the sarcolemma and the intercalated disk has only recently been postulated (81, 101,
104). Consistent with this, Carlsson and colleagues reported that obscurins are enriched at
the neuromuscular junction (101), while Hu and Kontrogianni-Konstantopoulos
documented that a small obscurin kinase isoform (~50-70 kDa) localizes extracellularly
in striated muscles (80, 104). In addition, recent studies from our laboratory have
indicated the presence of a small obscurin isoform that contains the tandem RhoGEF and
PH motifs, and preferentially concentrates at the intercalated disk (unpublished
observations). In accordance with these observations, Perry and colleagues demonstrated
the presence of obscurins at the cell membrane and the Golgi apparatus of breast
epithelial cells (80).
In addition to the various distributions of obscurins in murine striated muscles, they
are also abundantly expressed in the vasculature (Figure 5.9 B and B2, F and F2, K-K1,
and N-N1, dark blue arrows). All four antibodies stained the vasculature in striated
muscle, which is consistent with a previous report indicating the presence of obscurins in
endothelial cells that make up the lining of capillaries in skeletal muscles (101), although
neither the molecular identity of these obscurin isoforms nor their role was investigated.
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5.2.3 Subcellular distribution of obscurins in the brain
Prior to the identification of the OBSCN gene, two partial obscurin transcripts
encoding repetitive immunoglobulin domains were identified in a human brain cDNA
library (127, 233-235); one includes obscurin Ig domains 34-44 (NCBI accession
number: AB046776) and the other spans from Ig domain 65 through the COOH-terminal
end of obscurin-B (AB046859) (75). Following these initial studies, however, the
expression of obscurins in brain was not further investigated. Using immunoblot analysis
(Figures 5.3-5.8), we showed large and small obscurin isoforms in the murine brain. We
used immunohistochemistry to examine their subcellular distribution (Figure 5.10).

Figure 5.10: Distribution of obscurins in the rodent brain. Obscurins localize to the arachnoid (dark
blue arrows) and pia mater (dark green arrows) in both mouse (A-A2) and rat (G-G2) tissue. In
addition, obscurins are present in the cell bodies of neurons (black arrow) and the neuropil (orange
arrows) of the mouse (B-B1) and rat (H-H1) brain. In the hippocampus, obscurins concentrate in the
cytoplasm (yellow arrows) of pyramidal cells of the Cornu Ammonis (CA) both in mouse (C) and rat
(I). Additionally, obscurins reside in the cytoplasm (light green arrow) of granule cells of the Dentate
Gyrus (DG) of both mouse (D-D1) and rat (J-J1) tissue. Also, in the cerebellum, obscurins are present
in the Purkinje cells (light blue arrows) in both mouse (E-E1) and rat (K-K1). Interestingly, fissures
within the mouse (F-F1) and rat (L-L1) brain are only labeled with α-NH2 antibody (pink arrows).
Images are shown at multiple magnifications to highlight the various immunopositive structures. Scale
bars are included in each panel for reference.
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Three membrane layers surround and protect the brain: the dura mater, the
arachnoid mater and the pia mater. The dura mater is not retained in our paraffin sections.
However, obscurins are detected in both the arachnoid mater and pia mater with all four
antibodies (Figure 5.10 A-A2 and G-G2, dark blue and dark green arrows, respectively).
Obscurins are also present in “fissures”, grooves within the brain that are aligned with the
pia mater (Figure 5.10 F-F1 and L-L1, pink arrows).
In the brain, obscurins localize in the cytoplasm of neurons and in the neuropil
(Figure 5.10 B-B1 and H-H1, black and orange arrows, respectively); an area composed
of non-myelinated axons, dendrites, and glial cells. Moreover, in the hippocampus
obscurins reside in the cytoplasm of granule cells present in the Dentate Gyrus (DG), as
well as in the cytoplasm of pyramidal cells present in the Cornu Ammonis (CA), as
observed with the α-NH2, α-COOH, and α-Kinase antibodies, but not with the α-ABD
antibody (Figure 5.10 C-D1 and I-J1, light green and yellow arrows, respectively).
Interestingly though, obscurins carrying the α-ABD epitope are detected in the nuclei of
both granule and pyramidal cells (data not shown). Lastly, in the cerebellum, obscurins
are observed in Purkinje cells (Figure 5.10 E-E1 and K-K1, light blue arrows), consistent
with previous observations indicating the presence of obscurin transcripts there (127,
233-235).
5.2.4 Subcellular distribution of obscurins in the skin
Recent studies from our lab have demonstrated the presence of obscurins in
epithelial cells derived from several human organs, including skin; within these cells,
obscurins may play a key role in regulating cell survival and apoptosis (80). Consistent
with this, we observed that obscurins are present within distinct layers of mouse and rat
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skin, where they preferentially localize to epithelial cells (Figure 5.11). Specifically, all
four antibodies detected the presence of obscurins in the epidermis, the outermost layer of
the skin, comprised of keratinized stratified squamous epithelial cells (Figure 5.11 A-A1
and C-C1, black arrows). In addition, obscurins exhibit nuclear and cytoplasmic
distributions in the cuboidal epithelial cells of the root sheath and in the glandular
epithelial cells of the sebaceous glands, both surrounding the hair follicle (Figure 5.11 BB2 and D-D2, pink and green arrows, respectively; nuclei are denoted by an asterisk).

Figure 5.11: Distribution of obscurins in mouse and rat skin. Obscurins localize to the epidermis (black
arrows) of mouse (A-A1) and rat (C-C1) skin. They are also found in the cytoplasm (pink arrows) and
nuclei (white asterisks) of epithelial cells composing the root sheath of the hair follicle as well as the
cytoplasm (green arrows) and nuclei (white asterisks) of the cells within the sebaceous glands in both
mouse (B-B2) and rat (D-D2) tissue. In addition, obscurins are present in the connective tissue (purple
arrows) and cells within the connective tissue (yellow arrows) in mouse (B and B3) and rat (D and D3)
skin. Similar to the vasculature of striated muscles, obscurins reside within the vasculature of mouse
and rat skin (B and B4, and D and D4, respectively; dark blue arrows). Images are shown at multiple
magnifications to highlight the various immunopositive structures. Scale bars are included in each panel
for reference.
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Obscurins were also detected in the fibrous component of the connective tissue
(Figure 5.11 B and B3, and D and D3, purple arrows), and within the cells residing in the
connective tissue (Figure 5.11 B and B3, and D and D3, yellow arrows). Although the
precise identity of these cells is unknown, it is likely that they are fibroblasts, mast cells,
or macrophages (236, 237). Lastly, obscurins were detected in the vascular endothelial
cells (VECs) present throughout the skin (Figure 5.11 B and B4, and D and D4, dark blue
arrows).
5.2.5 Subcellular distribution of obscurins in the kidney
Obscurins are expressed within various subsections of the kidney (Figure 5.12),
including the outer capsule composed primarily of connective tissue (Figure 5.12 A-A1
and G-G1, black arrow). They are also found within the specialized types of endothelial
and epithelial cells throughout the kidney. Specifically, obscurins are present in the
nucleus and the cytoplasm of the endothelial cells that make up the glomerulus (Figure
5.12 B, B2, D, H and H2, white asterisks and dark green arrows, respectively) and the
epithelial cells within Bowman’s capsule, surrounding the glomerulus (Figure 5.12 B-B1
and H-H1, white arrows). Obscurins also reside within the nuclei and cytoplasm of the
cells that comprise the proximal tubule (Figure 5.12 C and C2, and I and I2, white
asterisks and pink arrows, respectively). Notably, obscurins possessing the α-NH2
epitope are enriched at the basolateral surface of epithelial cells within the proximal
tubule (Figure 5.12 E and E2, and K and K2, light blue arrows). As the Na+/K+ ATPase is
also located at the basolateral surface of epithelial cells within the proximal tubules, it is
possible that obscurins may be involved in the active transport of sodium out of the cell.
This is consistent with recent findings from our group indicating that in striated muscles,
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obscurins associate with the extracellular region of the β1 subunit of the Na+/K+ ATPase
(104). Lastly, obscurins are found at the apical brush border surface of proximal tubule
endothelial cells (Figure 5.12 D-D1 and J-J1, light green arrows).

Figure 5.12: Distribution of obscurins in murine kidney. In agreement with the other tissues and organs
examined, obscurins localize to the outer capsule surrounding the kidney (black arrows) in both mouse
(A-A1) and rat (G-G1). Moreover, in the mouse (B and B2) and rat (H and H2) glomerulus, obscurins
localize to the cytoplasm (dark green arrows) and nuclei (white asterisks) of endothelial cells. They are
also found within the epithelial cells of Bowman’s capsule (B-B1 and H-H1, mouse and rat tissues,
respectively; white arrows). Obscurins are also found in the cytoplasm and nuclei (white asterisks) of
epithelial cells making up the proximal (pink arrows) and distal (orange arrows) tubules in both mouse
(C-C2) and rat (I-I2). Notably, they are present in both the apical (light green arrows) and basolateral
(yellow arrow) surfaces of the epithelial cells within distal tubules of mouse (D-E1) and rat (J-K1)
tissues. Similarly, they are expressed at the basolateral surface of mouse and rat proximal tubule
epithelial cells (E and E2, and K and K2, respectively; light blue arrow), with some accumulation at the
apical surface in rat tissues only (J and J2, purple arrows). Obscurins also localize to the vasculature of
mouse (F-F1) and rat (L-L1) kidney within both VECs (dark blue arrows) and VSMCs (red arrows).
Images are shown at multiple magnifications to highlight the various immunopositive structures. Scale
bars are included in each panel for reference.

Similar to their localization in proximal tubules, obscurins were detected within the
nuclei and cytoplasm of the epithelial cells that compose the distal tubules (Figure 5.12
C-C1 and I-I1, white asterisks and orange arrows, respectively). Interestingly, obscurins
possessing the α-NH2 epitope preferentially localize to the basolateral surface of distal
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tubule epithelial cells (Figure 5.12 E-E1 and K-K1, yellow arrows), while obscurins
expressing the α-ABD and α-COOH epitopes selectively accumulate at the apical surface
of rat cells (Figure 5.12 J and J2, purple arrows). Moreover, similarly to their localization
to the vasculature of other tissues, obscurins are also present within the vasculature found
throughout the kidney, in the cytoplasm of vascular smooth muscle cells (VSMCs) and
VECs (Figure 5.12 F-F1 and L-L1, red and dark blue arrows, respectively).
5.2.6 Subcellular distribution of obscurins in the liver
Obscurins are abundantly expressed in the liver (Figure 5.13). In particular, they
localize to Gilsson’s capsule, the outer surface of the liver, consisting of connective tissue
and smooth muscle (Figure 5.13 A-A1 and F-F1, black arrows) as well as the cytoplasm
of hepatocytes (Figure 5.13 C, D, D2, E, E2, H, I, I1, J, and J2, light blue arrows), as
observed with all four antibodies. Interestingly, each cell type in the liver seems to
express a discrete complement of obscurin isoforms, further suggesting that specific
obscurins may have functionally adapted to play specialized roles in particular cells.
Obscurins carrying the α-NH2 epitopes reside in the connective tissue separating the
quadrants of the liver (Figure 5.13 B and G, yellow arrows), obscurins possessing the αABD and α-Kinase epitopes accumulate in the nuclei of hepatocytes (Figure 5.13 E, E2,
and I-I1, white asterisks), while obscurins carrying the α-NH2 and α-COOH epitopes
localize to cell-cell contacts between hepatocytes (Figure 5.13 D-D1, H, and H2, green
arrows). Moreover, obscurins possessing epitopes for the α-NH2, α-COOH, and αKinase antibodies were detected at the lining of sinusoids, which are primarily composed
of endothelial cells (Figure 5.13 C, C1, D, H, and H1, pink arrows). Obscurins are also
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expressed in the cytoplasm of Kupffer cells, which are specialized macrophages, as
observed with all four antibodies (Figure 5.13 C, C2, E, H, I, and I2, purple arrows).

Figure 5.13: Localization of obscurins in the rodent liver. Obscurins localize to the outer surface of the
liver, namely Gilsson’s capsule (black arrows) in both mouse (A-A1) and rat (F-F1) tissues.
Interestingly, only epitopes at the NH2-terminus of obscurins are found within the connective tissue
(yellow arrows) in both mouse (B) and rat (G). Obscurins are also found lining the sinusoids (C-C1, D,
and H-H1, mouse and rat tissues, respectively; pink arrows) as well as within the cytoplasm of Kuppfer
cells (C, C2, D and E, and H, I, and I2, mouse and rat, respectively; purple arrows) and hepatocytes (C,
D, D2, E, and E2 and H, I-I1, J, and J2, mouse and rat, respectively; light blue arrows). Moreover, they
are localized to the cell-cell contacts of hepatocytes (green arrows) within both mouse (D-D1) and rat
(H and H2) tissue and hepatocyte nuclei (E and E2, and I-I1, mouse and rat respectively; white
asterisks). Similar to other tissues and organs, obscurins reside within the VECs (dark blue arrows) of
the liver vasculature in both mouse (E-E1) and rat (J-J1). Images are shown at multiple magnifications
to highlight the various immunopositive structures. Scale bars are included in each panel for reference.
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5.2.7 Subcellular distribution of obscurins in the spleen
Within the murine spleen, obscurins are ubiquitously expressed (Figure 5.14).
Similar to the rodent kidney and liver, obscurins, detected with all four antibodies used,
reside in the outer capsule of the spleen, which is composed of connective tissue and
smooth muscle (Figure 5.14 A-A1 and F-F1, black arrows). The spleen is mainly
comprised of two regions: the red pulp and the white pulp. Obscurins exhibit nuclear and
cytoplasmic staining in the cells that make up the red pulp (Figure 5.14 D-D1 and H-H1,
white asterisks and green arrows, respectively). Moreover, obscurins localize to the Bcell follicle within the white pulp (Figure 5.14 B and G, yellow arrows). On the contrary,
obscurins are absent from the T-cell region (Figure 5.14 B and G, purple arrows),
suggesting that they may play important roles in B-cell specific functions, such as
antibody production.
Select obscurins localize to the cells of the perivascular region in both mouse and
rat, and of the marginal zone surrounding the white pulp in rat (Figure 5.14 C and I, pink
arrows, and H, light blue arrow, respectively). While the identity of these cells, which
appear to express high levels of obscurins, is unknown, based on their localization it is
likely that they are macrophages or other phagocytes (238). This interpretation is
consistent with the presence of obscurins in the Kupffer macrophages of the liver.
Obscurins were also detected within the vasculature of the spleen. In particular,
they reside within the trabeculae, primarily composed of vascular smooth muscle (Figure
5.14 D and J, orange arrows), as well as the large and small vessels composed of VSMCs
and VECs (Figure 5.14 E-E1 and K-K1, red and dark blue arrows, respectively).
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Figure 5.14: Distribution of obscurins in the rodent spleen. Obscurins are present in the outer capsule
(black arrows) of the mouse (A-A1) and rat (F-F1) spleen. In addition, they are expressed in the
lymphocytes of B-cell follicles of the white pulp (yellow arrows) in both mouse (B) and rat (G).
However, obscurins are absent from the T-cell area (purple arrows) surrounding the central arteriole of
either mouse (B) or rat (G) spleen. Only those obscurins carrying NH2-terminal epitopes are found
within the perivascular region (pink arrows) of both mouse (C) and rat (I) spleen. Unique to rat spleen
(H), the cells within the marginal zone surrounding the white pulp are immunopositive for obscurins
carrying the α-NH2 and α-kinase epitopes (light blue arrows). Moreover, obscurins are detected in both
the cytoplasm (green arrows) and nuclei (white asterisks) of cells residing in the red pulp of both mouse
(D-D1) and rat (J-J1) spleen. Obscurins are also present within the trabeculae (orange arrows) of both
mouse (D and D2) and rat (J and J2). Furthermore, we observe staining of VSMCs (red arrows) and
VECs (dark blue arrows) in both mouse (E-E1) and rat (K-K1) spleen. Images are shown at multiple
magnifications to highlight the various immunopositive structures. Scale bars are included in each panel
for reference.

5.2.8 Subcellular distribution of obscurins in the lung
We observed expression of obscurins in a number of the diverse cell types that
make up the lungs (Figure 5.15). Obscurins reside within the pleura, which consists of
mesothelial cells and connective tissue (Figure 5.15 A-A1 and E-E1, black arrows). The
cytoplasm of Clara cells are stained by most antibodies (Figure 5.15 B-B1 and F-F1,
green arrows), however, immunoreactivity to the α-NH2 epitope is completely absent in
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mouse cells (Figure 5.15 C-C1, yellow arrows). Notably, select obscurins containing the
α-ABD epitope are also detected in the nuclei of Clara cells in rat, but not mouse, lung
(Figure 5.15 F-F1, white asterisks).

Figure 5.15: Distribution of obscurins in rodent lung. Obscurins localize to the mesothelial cells
making up the pleura, which surrounds the lung (A-A1 and E-E1, mouse and rat, respectively; black
arrows). Within the bronchioles, particular obscurins are found in the cytoplasm of Clara cells (green
arrows) of both mouse (B-B1) and rat (F-F1) lung. Interestingly, obscurins carrying the NH2-terminal
epitopes are absent from the cytoplasm of Clara cells in mouse tissue (C-C1, yellow arrows). Obscurins
are also found in the fibrous component of the connective tissue (B, B2, D-D1, G, and G2, light blue
arrows) as well as in cells within the connective tissue (purple arrow) in both mouse (D-D1) and rat (GG1) lung. Similar to observations in other tissues, obscurins localize to VECs (dark blue arrows) in the
mouse (D and D2) and rat (H-H1) lung. Smooth muscle within surrounding the bronchioles contains
obscurins only in rat tissue (F and F2, orange arrows). Images are shown at multiple magnifications to
highlight the various immunopositive structures. Scale bars are included in each panel for reference.
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Consistent with their expression in the connective tissue of other organs, obscurins
are also present in the fibrous component of the connective tissue of the lungs, as shown
with all four antibodies (Figure 5.15 B, B2, D-D1, G, and G2, light blue arrows), in
addition to the cells found throughout the connective tissue, likely macrophages or type II
pneumocytes (Figure 5.15 D-D1 and G-G1, purple arrows) (236, 237). Similarly,
obscurins are abundantly expressed in the cytoplasm of VECs lining the vasculature
found throughout the lung, (Figure 5.15 D-D2 and H-H1, dark blue arrows). However, in
lung tissue, expression of obscurins in smooth muscle seems limited to rat tissue α-ABD
and α-NH2 epitopes, and includes the smooth muscle surrounding the bronchioles (Figure
5.15 F and F2, orange arrows).

5.3

Conclusions
To date, most studies on obscurins have focused on the role of the giant isoforms in

striated muscles (74-79, 81, 82, 93-95, 97, 101-104, 106, 107, 109-111, 114, 117-125,
128, 130, 146, 147, 239, 240). Herein, we have begun to examine the expression profile
and subcellular distribution of small (~50-260 kDa), intermediate (~260-600 kDa), and
giant (>600 kDa) obscurins in diverse mouse and rat tissues and organs. Our studies
demonstrate for the first time that obscurins comprise a large family of proteins
consisting of over twenty isoforms that range in size between ~50-900 kDa and are
expressed in muscle and non-muscle tissues. Based on our western blot analysis, some
obscurin isoforms are ubiquitously expressed, likely serving similar functions, while
others are expressed in a tissue-specific manner, possibly having unique roles. Our
immunohistochemical analysis further revealed that obscurins share similar subcellular
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distributions across different tissues and organs, residing in the nucleus, the cytosol,
and/or the cell membrane (Table 5.3). However, the limited resolution of our
immunohistochemical analysis does not allow us to specify the subcellular organelle or
membrane compartment in which they accumulate in each cell type. In addition,
obscurins are expressed in structures shared by many organs - the outer capsule,
vasculature, and connective tissue - suggesting functional commonality.
Table 5.3: Localization of obscurins in rodent tissues. This table compiles all data from Figures 5.95.15.
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Myocardium

Cardiac Muscle
Mesothelial cells within the epicardium
Sarcolemma
Intercalated Disc (ICD)
Sarcomeric striations
Nucleus
Vasculature

Myofiber

Skeletal Muscle
Sarcolemma
Sarcomeric Striations
Nucleus
Vasculature

Hippocampus

Brain
Fissure
Pia mater
Arachnoid mater
Neuron
Neuropil
Cytoplasm of cells within the dentate gyrus
Nucleus of cells within the dentate gyrus
Cytoplasm of cells within the cornu annois
Nucleus of cells within the cornu annois
Purkinje cells within the cerebellum

Sebaceous
Gland

Skin
Epidermis
Root sheath of the hair follicle
Cytoplasm
Nuclei
Connective tissue
Cells within the connective tissue
Vasculature

1! 42

Table 5.3 (continued)
Localization within the tissue
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Liver
Glisson’s capsule
Cytoplasm
Nuclei
Cell-cell junctions
Kuppfer cells
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Connective tissue
Smooth muscle cells
Endothelial cells

Vasculature
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Pulp Pulp
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Our studies are the tip of the iceberg in comprehending the obscurin subfamily. A
detailed molecular characterization of the Obscn transcripts is required to understand
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their diverse expression profile. Moreover, dissecting the precise role that each obscurin
isoform plays is an ambitious task that will require a combination of molecular, cellular,
and biochemical approaches alongside the generation of the appropriate animal models.
Future work is therefore warranted to decipher the exact role of individual obscurins in
diverse tissues and organs during development and adulthood, in normalcy and disease.
Given the immense complexity of the multifaceted obscurin subfamily, it is imperative
that we tailor our questions, hypotheses, and methodologies in such ways that will allow
the methodical and comprehensive characterization of each obscurin’s molecular identity,
properties, and regulation with respect to its tissue and organ expression. Although the
studies presented herein are limiting in their description of individual obscurins, they
provide a platform for the initiation of systematic work focusing on the molecular and
functional characterization of the many obscurin isoforms expressed in various tissues
and organs.
Taken together, our studies show for the first time that obscurins are abundantly
expressed in several tissues and organs throughout the body. Their functions remain to be
determined; however, given their structural, scaffolding, and signaling roles in striated
muscles and mammary epithelial cells, we can speculate that they are essential to
maintaining cellular organization and contributing to signal transduction. While extensive
work is still needed to molecularly and functionally characterize the small, intermediate,
and giant obscurins in muscle and non-muscle tissues, obscurins are no longer “obscure,”
and comprise an exciting and diverse new family for cell biologists to explore.
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5.4

Materials and Methods

5.4.1 Database Search
Following

a

thorough

(http://www.ncbi.nlm.nih.gov/),

search

of

Ensembl

three

prominent

databases

(http://www.ensembl.org),

-

NCBI

and

Vega

(http://vega.sanger.ac.uk/index.html) - we identified several mammalian obscurin
isoforms. To classify the product of a transcript as a complete isoform the following
guidelines were set: 1. the transcript contained both a start and stop codon, 2. the
transcript contained at least partial 5’ and/or 3’ UTRs, and 3. the transcript encoded a
known region of obscurin. Human and mouse isoforms are included in Table 4.1, while
other mammalian obscurins are listed in Table 4.2. Human and mouse obscurins A and B,
human obscurin-970, human obscurin-20, cow obscurin-90, and baboon obscurin-70
were identified in all three databases (Table 4.1 and Table 4.2; for simplicity, only the
NCBI accession number is provided). The remaining fourteen isoforms were found in the
Ensembl and Vega databases (Table 4.1 and Table 4.2; for simplicity, only the Ensembl
accession number is noted).
5.4.2 Tissue Collection
Female C57BL6 mice and Sprague-Dawley rats were perfused with either
phosphate buffered saline with protease inhibitors (Roche Applied Science, Indianapolis,
IN) or 4% paraformaldehyde for preparation of protein lysates or tissue sections analyzed
by western blotting or immunohistochemistry, respectively. Following dissection, the
indicated tissues and organs (i.e. heart, tibialis anterior, quadriceps, soleus, and
diaphragm muscles, as well as brain, skin, kidney, liver, spleen, and lung) were either
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snap-frozen for generation of protein lysates, or soaked in formalin for 14 hours followed
by storage in 100% ethanol for preparation of sections.
All animals were housed and treated in accordance with IACUC guidelines and
protocols. Specifically, they were euthanized under isofluorane during the perfusion
protocol. All efforts were made to minimize suffering and maintain comfort. This study
was carried out via the instructions from the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was reviewed and approved by
the committee on Ethics of Animal Care and Experimentation at the University of
Maryland, Baltimore (IACUC protocol number: 0111006).
5.4.3 Western Blotting
Lysates from each tissue were prepared as previously described (79). Briefly,
tissues were homogenized in 10mM NaPO4, pH 7.2, 2mM EDTA, 10mM NaN3, 120mM
NaCl, and 1% NP-40 in the presence of protease inhibitors (Roche Applied Science),
incubated on ice for 2 hours with occasional mixing, and centrifuged at 14,000 x g for 30
minutes at 4°C. The Bradford assay (BioRad, Hercules, CA) was used to measure lysate
concentration, and 70 µg of protein from each tissue or organ were separated by SDSPAGE using the precast Invitrogen system (Life Technologies, Carlsbad, CA). For the
large and intermediate isoforms (>260kDa) 3-8% tris-acetate gels were used, while for
the small isoforms (<260kDa) 4-12% bis-tris gels were used. Gels were transferred to
nitrocellulose (15V, 16 hours, 4°C) and probed with antibodies to different regions of
obscurins. Equal loading was evaluated by blotting with a GAPDH antibody (1:5000;
Sigma) and confirmed with Ponceau staining, and experiments were replicated at least 3
times. The molecular weight of each immuno-reactive band was calculated using
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standard methods as previously described (241). For ease of presentation, we have
segmented each immunoblot into three parts, shown in figures 2 (including the very top
of the gel through ~600 kDa), 4 (containing proteins between ~600 kDa – 260 kDa), and
6 (including proteins between ~260 kDa – 40 kDa).
Antibodies to obscurins included: a mouse α-NH2 antibody, directed against the
first Ig domain (Ig1, residues 1-100, accession number NM_001098623) (1.5µg/ml,
(79)), a rabbit α-COOH antibody, recognizing the two Ig domains just after the
RhoGEF/PH module (Ig65/Ig66, residues 6014-6200, accession number NM_052843)
(300ng/ml, (103)), a rabbit α-ABD antibody, produced against the Ankyrin-Binding
Domain (ABD) within the extreme COOH-terminus of obscurin-A variants (400ng/ml,
residues 6311-6431, accession number NM_052843), and a rabbit α-Kinase antibody,
recognizing the FNIII domain flanking the second kinase domain at the extreme COOHterminus of obscurin-B variants (200ng/ml, residues 7554-7648, accession number
NM_001098623 (104)). The rabbit α-ABD antibody was generated using a rabbit GSTABD fusion protein, encompassing the second ankyrin-binding domain (amino acids
6312-6432, accession number: NM_052843; (103)). Antiserum was affinity purified
sequentially using cyanogen bromide-coupled columns specific for GST and GST-ABD.
The specificity of the immunoreactive bands observed with each one of the
aforementioned obscurin antibodies was verified in immunodepletion experiments, as
described in (103).
5.4.4 Immunohistochemistry
Murine heart, tibialis anterior, brain, skin, kidney, liver, spleen, and lung were
prepared for immunohistochemical analysis. First, each tissue was paraffin-embedded
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and sectioned at 5µm thickness. The sections were then sequentially deparaffinized with
two washes in each of the following solutions: xylene, absolute ethanol, 95% ethanol, and
70% ethanol. Next, sections were prepared for staining with one of the four obscurin
antibodies α-NH2, α-COOH, α-ABD, and α-Kinase. For staining with the α-COOH and
α-kinase antibodies, tissue sections were digested with Target Retrieval Solution (Dako
Inc., Glostrup, Denmark) for 20 minutes, washed several times with PBS, and incubated
in 100% methanol with 0.3% H2O2 for 30 minutes, to exhaust the endogenous peroxidase
activity. For staining with the α-NH2 and α-ABD antibodies, tissue sections were
incubated for 30 minutes in 100% methanol with 0.3% H2O2, and then incubated with
ficin protease (1:50) at 37oC for 30 minutes. The sections were then blocked in 10%
horse serum for 20 minutes at RT, followed by primary antibody incubation (10 ng/µl)
for 1 hour at room temperature, and biotinylated secondary α-mouse or α-rabbit antibody
for 30 minutes. After extensive washing with PBS, the sections were incubated with ABC
reagent (Vector Laboratories Inc., Bulingame, CA), followed by incubation with 3,3diaminobenzidine (DAB Peroxidase Substrate Kit, Vector Laboratories Inc.) for 3
minutes, and counterstained with Mayer’s Hematoxylin for 2 minutes. The sections were
dehydrated with sequential washes of 95% ethanol, absolute ethanol, and xylene.
Dehydrated sections were mounted on glass slides and analyzed using an inverted
fluorescent microscope (Olympus IX51) with 4x (250 µm scale bar), 10x (100 µm scale
bar), 40x (25 µm scale bar), and 100x (5 µm scale bar) objectives.
5.4.5 Reagents
Unless otherwise specified, all reagents were of the highest molecular grade and
purchased from Sigma-Aldrich (St. Louis, MO).
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Chapter 6
Conclusions

During the last four years, my research has contributed to a new understanding of
obscurin, not simply as a component of striated muscle, but present in many cell types in
many organ systems. It is not found in just the cytoplasm of the cell, but also within the
nucleus and at cell-cell junctions. Its presence is of critical importance: Removing the
large isoforms from breast epithelial cells allows them to survive both chemical insults
and detachment from a substrate. In particular, detachment of cells that no longer express
obscurin allow them to form microtentacles, promoting their eventual metastasis.
When I was first delving into this project, my questions were simple: “Are
obscurins expressed in epithelial cells?” “Do they really play a role in the formation of
cancer?” I now know the answer to both of those questions to be, unequivocally, yes. I
then asked, “What parts of obscurin play a role in preventing metastasis?” The answer
turned out to be the RhoGEF domain, at least in part. However – and this is my very
favorite part of being a scientist – answering those questions has led to dozens more.
How do obscurins interact with the cytoskeleton – is it through RhoA exclusively or are
there additional factors? What is the role of the smaller isoforms? What regulates
obscurin? As our comprehension of the role of obscurins in cancer accumulates and our
efforts to translate that knowledge into clinical knowledge intensify, one thing is certain:
a protein whose very name suggests it is enigmatic, undiscovered, and unseen will yield
an endless supply of questions for researchers for years to come.
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