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ABSTRACT

Hardy, Shana D. Ph.D., Purdue University, December 2016. SYK Promotes TGF-b-Induced
P-Body Clearance In Breast Cancer Cells Through The Enhancement Of Autophagy.
Major Professor: Robert L. Geahlen.
SYK is a protein tyrosine kinase that plays an essential role in the development and
activation of immune cells. Its expression, however, is not limited to immune cells. SYK
is expressed in a variety of epithelial cell types and epithelial-derived tumors. Reports
regarding the role of SYK expression in these diverse cell types and tumors have been
opposing. In breast cancer, SYK expression has been overwhelmingly associated with
tumor suppression. The loss of Syk expression is observed in invasive breast carcinoma
tissue and cell lines and the reintroduction of Syk into metastatic breast cancer cells
suppresses tumor growth and metastasis. A progressive decrease in the expression of
SYK has also been observed in other tumors that progress from moderately to poorly
differentiated phenotypes such as bladder cancer, hepatocellular carcinoma, and
pancreatic carcinoma. SYK appears to repress epithelial to mesenchymal transition
(EMT), a dedifferentiation process that contributes to the invasive and metastatic
potential of cancer cells. The mechanism of how SYK inhibits EMT is not clear.
Comprehensive proteomic screenings conducted in our lab identified a variety of
messenger ribonucleoproteins (mRNPs) as SYK substrates. A number of these mRNPs
are associated with processing bodies (P-bodies), mRNP granules that are associated

xv
with mRNA degradation. These interactions led me to hypothesize that Syk co-localizes
with P-bodies. I found that Syk co-localizes with P-bodies in HEK293T cells. Moreover, I
show tyrosine phosphorylation occurring in P-bodies in a Syk-dependent manner,
suggesting that SYK is active when in these complexes. A previous study demonstrated
SYK co-localization and promotion of stress granule clearance in MCF7 cells through
autophagy. Because of the close relationship between stress granules and P-bodies, I
suspected that Syk would have a similar role in P-bodies. I report that SYK promotes Pbody clearance through autophagy, which could possibly influence the integrity of Pbody functions in the cell. These findings prompted me to investigate the physiological
role of P-bodies in breast cancer cells. I discovered that TGF-β, a known driver of EMT,
promotes P-body formation in breast cancer cells and that this increase correlates with
the induction of EMT. Also, when mRNA-decapping enzyme 1A, DCP1A, is overexpressed, which results in the formation of aberrant P-bodies, EMT is blocked. In my
report, I show that SYK expression and inhibition of mechanistic target of rapamycin,
mTOR, by rapamycin both promote P-body clearance. The inhibition of either SYK or
autophagy results in the accumulation of P-bodies in cells by preventing their removal.
These results are consistent with the report of SYK promoting autophagy. Moreover, the
induction of EMT is accompanied by SYK loss and autophagy deficiency. However, when
mesenchymal cells are allowed to recover in the absence of TGF-b and revert back to an
epithelial state (mesenchymal to epithelial transition, MET), SYK is re-expressed and
autophagy is restored. The inhibition of either SYK activity or autophagy prevents MET.

xvi
These findings suggest that TGF-β induces P-body formation in breast cancer cells to
promote EMT and that, for MET to occur, P-bodies must then be removed. During EMT,
the expression of SYK is downregulated and, consequently, autophagic activity is
attenuated. For cells to revert back to an epithelial morphology, SYK is re-expressed,
autophagy is induced, and P-bodies are cleared.
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CHAPTER 1.

1.1

INTRODUCTION

SYK tumor suppressor role in breast cancer
1.1.1 SYK kinase

Spleen tyrosine kinase (SYK) is a non-receptor protein tyrosine kinase that is crucial for
B-cell development and signaling through the B-cell receptor (BCR) for antigen. SYK was
initially isolated from bovine thymus as a 40 kDa protein fragment (p40) derived from
parent p72 in our lab over 30 years ago (1). Shortly after this initial discovery,
Yamamura’s group isolated a kinase of the same size from porcine spleen (2). Using
antibodies generated against the catalytic fragment, the full length 72 kDa protein was
identified and the size was confirmed when the cDNA was sequenced (3, 4). The full
length protein was henceforth referred to as SYK. The tyrosine kinase belongs to the
SYK/Zap70 family of cytoplasmic tyrosine kinases and is characterized by two SRC
homology 2 (SH2) domains linked by interdomain (linker) A at the N-terminus, and
separated by interdomain (linker) B from the catalytic domain located at the C-terminus
(Figure 1.1).
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Figure 1.1 Schematic diagram of SYK
SYK is a non-receptor tyrosine protein kinase comprising 635 amino acids. The protein
consists of a kinase or catalytic domain at the C-terminus to promote phosphorylation
of potential substrates. There are tandem SH2 domains towards the N-terminus that
mediate receptor binding and signal transduction.
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SYK has been extensively studied in hematopoietic cells, where it is primarily expressed.
In hematopoietic cells, SYK has been defined as an effector of immune
receptor signaling in multiple cell types including B cells. Upon stimulation of the BCR
by an antigen, the SRC family kinase LYN is recruited and initiates the phosphorylation of
the tyrosine residues on the immunoreceptor tyrosine-based activation motifs (ITAMs)
on the BCR components CD79a and CD79b (5–7). ITAMs, which have the consensus
sequence (D/E)X2YX2LX7-10YX2(L/l), are essential for signal transduction in immune cells
and are present on several hematopoietic receptors including BCRs, T cell receptors, and
multiple immunoglobulin or Fc receptors (7). The activated, phosphorylated ITAM will
recruit SYK by binding with high affinity to one of its SH2 domains. Then phosphorylation
of the second ITAM tyrosine occurs greatly increasing affinity (8–10). The binding of SYK
results in its activation. Following activation, multiple tyrosines throughout the catalytic
domain and within linker A and B regions become phosphorylated by a combination of
autophosphorylation and phosphorylation in trans by LYN. Examples of these
phosphorylation sites include Y130 in linker A, which is associated with SYK’s release
from the ITAMs; tyrosines 519 and 520, which are located in the activation loop of the
catalytic domain; and tyrosine 317, which is a binding site that mediates SYK’s
interaction with Casitas B-lineage lymphoma (Cbl)-family proteins and p85, a regulatory
subunit of PI3K (7).
The activation of SYK results in its binding to and phosphorylation of protein
substrates including PI3K, Vav1, BLNK, BTK, and phospholipase C-γ (PLC-γ) (11–13). The
phosphorylation of these proteins results in the activation of several signaling cascades
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that include the Ras/Raf/Erk, PLC-γ/Ca2+/NFAT, PI3K/AKT/mTOR, and PKC-β/NF-κB
pathways (7). The role of SYK is not limited to its functions in immune cells, where early
efforts have focused. SYK has more recently been observed in epithelial cells and
epithelial cell-derived tumors, where its role is less clear, but no less interesting.
1.1.2 A dual role for SYK in tumorigenesis
SYK expression and activity have been correlated with both tumor suppression
and tumor promotion depending on the stage and/or phenotype of the tumor. For
example, SYK is a well-known tumor promoter in many cancers of hematopoietic origin,
promoting cell survival (14) in adult myeloid leukemia (15), diffuse large B cell
lymphoma (16), and non-Hodgkin lymphoma (17). These observations have led to
clinical trials of SYK inhibitors as anti-tumor agents (18). In cancers of epithelial origin,
SYK also can be a pro-survival factor, but is frequently also described as a tumor
suppressor. This is because decreases in the expression of SYK as tumor cells progress
from moderately to poorly differentiated phenotypes are seen in bladder cancer (19),
colorectal cancer (20), gastric cancer (21, 22), hepatocellular carcinoma (23), melanoma
(24, 25), and pancreatic carcinoma (26).
In this study, I focus on the tumor suppressor role of SYK in breast cancer.
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1.1.3 SYK in breast cancer
Breast cancer is one of the most common cancer found among women. In the
United States, breast cancer has also been identified as the second most common cause
of cancer-related deaths in women. (27). Breast cancer is initiated like most other
cancers --- genetically (28). Breast cancer tumorigenesis occurs in a series of steps that
concludes at full malignancy. Histologically, a breast lesion progresses from normal
epithelia to hyperplasia, on to atypical hyperplasia, followed by carcinoma in situ, and
lastly, invasive and metastatic carcinoma (29).
The expression of SYK in the mammary gland was initially reported in 1995 (30).
Three years later, a correlation between the allelic loss of SYK on chromosome 9q22 and
lymph node metastasis of primary breast cancer tumors was reported (31). A direct role
for SYK in mammary carcinogenesis as a tumor suppressor, however, was first described
by Coopman et al. (32). This group reported SYK to be present in normal breast tissue
and breast cancer cells of low tumorigenicity, but with little to no expression in invasive
breast cancer tissues and cell lines (32, 33). Moreover, the re-expression of SYK in
invasive breast cancer cells was able to inhibit growth and metastasis. In their study,
they expressed SYK in the invasive breast cancer cell line, MDA-MB-435s (which lacks
endogenous SYK) and injected these cells into athymic mice. Cells expressing SYK
colonized the lung at a lower efficiency than cells that lacked SYK. (32). In situ
hybridization studies revealed low SYK mRNA levels in hyperplasia, ductal carcinoma,
and invasive tumor lesions in comparison to the higher mRNA levels observed in normal
mammary epithelial cells (34)
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Shortly after the association of SYK with breast cancer malignancy, Yuan et al. (35)
demonstrated that the loss of SYK in invasive breast cancer cell lines was due to
methylation and silencing of the SYK promoter. This group showed that SYK is
hypermethylated in 30% of breast cancer cell lines and 32% of primary breast cancer
tissues (35, 36). When SYK expression was restored in several malignant breast cancer
cells by the expression of exogenous SYK or by treatment with 5-aza-2’-deoxycytidine (5Aza-dC), a chemical analog of cytidine that results in the inhibition of DNA
methyltransferase activity, the invasiveness of cells was reduced (35). Furthermore, a
Kaplan-Meier analysis platform reveals a poorer prognosis for breast cancer patients
with low SYK expression (Figure 1.2) (37). Collected together, these reports support the
candidacy for SYK as a tumor suppressor in breast cancer.
The mechanism by which SYK represses breast cancer tumorigenesis is still
undergoing active investigation. One study showed that SYK inhibited the proliferation
of BT549 breast cancer cells by controlling mitosis and cytokinesis via the inactivation of
SRC (34). SYK’s role in controlling mitosis was also supported by another study that
showed SYK co-localizing with centrosomes where the overexpression of SYK caused
abnormal cell division (38). SYK was also shown to interfere with cellular proliferation in
MCF10A breast epithelial cells through the modulation of epidermal growth factor
receptor (EGFR) signaling (39). SYK is involved in inhibiting invasion and migration of
breast cancer cells, however, the mechanisms of this role are not completely
understood. Our lab reported that inhibiting the expression of SYK in MCF7 breast
cancer cells increased their motility and decreased cell-cell adhesions (40). The negative
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effect of SYK on cellular motility and positive effect on cellular adhesion are mediated, in
part, through the phosphorylation of MAP1B and stabilization of microtubules as
revealed by studies using atomic force microscopy (41).

Relapse free survival
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Figure 1.2 Breast cancer patients with low SYK expression exhibit poorer prognosis
Kaplan-Meier plot indicates low SYK expression in black and high SYK expression in red.
Each hash-mark represents a patient for a total of 1000 patients. Percentage of relapse
free survival over time shown in months was measured, HR, hazard ratio. Logrank P, logrank P value.
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1.1.4 Breast cancer metastasis
Breast cancer is a clinically complex disease. The development of distant
metastases is the primary cause of breast cancer mortality. Up to 40% of patients
diagnosed with a primary tumor will eventually develop metastatic breast cancer (42).
Metastasis is a multifaceted process in which tumor cells separate from the original
tumor mass, penetrate through barrier matrices, gain access to the circulatory or
lymphatic system to disseminate, and subsequently survive, colonize, and proliferate at
a new site. Metastasis is carried out by the following steps: 1) local invasion into
adjacent tissues, 2) vessel intravasation, 3) conduit transportation and survival, 4)
extravasation to an ectopic site, and 5) colonization and outgrowth at the ectopic site
(43). EMT and MET has been regarded as crucial events in cancer progression and
metastasis.

1.1.5 EMT and MET
Epithelial to mesenchymal transition (EMT) is a reversible biological process in
which epithelial cells transform to phenotypically and genetically distinct mesenchymal
cells. EMT facilitates the disassociation of polarized epithelial cells from their
neighboring epithelium and movement to a different site within the body (43). This
phenomenon was initially characterized during embryonic development (44). Since
then, EMT has been found to be important in other process that include inflammation,
wound healing, and the malignant transformation of cancer cells (45, 46).
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The epithelial cell is characterized by a cobblestone-like morphology, apical-basal
polarity, tight cell-cell junctions, cell-basement membrane adhesion, and restricted
motility. In contrast, mesenchymal cells exhibit a spindle-shaped morphology, enhanced
migratory capacity, invasiveness, and drug resistance (45–48). Biochemically, epithelial
characteristics include the expression of proteins like E-cadherin, b-catenin, occludin,
and cytokeratin. Mesenchymal cells are characterized by the expression of cytoskeletal
proteins like vimentin, fibronectin, and N-cadherin, transcription factors like ZEB1, ZEB2,
SNAIL1, SNAIL2, and TWIST; and microRNAs like miR-10b, and miR-21 (47, 49, 50).
The reverse process of EMT is mesenchymal to epithelial transition (MET).
During this reversion, mesenchymal cells reacquire epithelial markers (47, 48). MET is
believed to be necessary for establishment of secondary metastatic tumors. Invasive,
dedifferentiated mesenchymal cells are shown to be growth arrested; in order for the
cells to be in a proliferative state, they must revert back to their epithelial/differentiated
state. This is supported by studies showing that, while EMT-inducing transcription
factors promote migration and invasion, they actually inhibit growth (48). This led to
current notion that EMT is a process that occurs to allow cells to leave the primary
tumor, but one that must be reversed via MET, for the cells to establish and colonize
distant metastases.
One of the first and most important phenotypic changes that occurs during EMT
is the down-regulation of the cell-cell adhesion molecule E-cadherin. The expression of
E-cadherin is critical to epithelial morphology. Transcription factors like TWIST1 and
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SNAIL1 recognize E-box DNA sequences in the promoter region of the E-cadherin gene
and recruit co-factors and histone deacetylases, resulting in repression (51, 52). The
expression of these EMT transcription factors has been associated with disease relapse
and poor survival in patients with breast, colorectal, and ovarian carcinoma, which
indicates that EMT often results in poor clinical outcomes (46).
Transforming growth factor beta (TGF-b) is well studied as the primary inducer
of EMT in breast cancer cells (53–57). TGF-b is a multifunctional cytokine that has 3
isoforms: TGF-b1, TGF-b2, and TGF-b3. TGF-b is a potent regulator of cell proliferation
and migration (53, 57). In cancer cells, TGF-b can suppress early stages of tumorigenesis
by arresting the cell cycle resulting in the activation of retinoblastoma (Rb). In later
stages of tumor progression, TGF-b activates the proteins SMAD2/3, which form a
complex with SMAD4, facilitating the translocation of the complex into the nucleus
where it induces the expression of transcription factors and coactivators like SNAIL,
SLUG, ZEB1/2 and TWIST1 to regulated target gene transcription. TGF-b also
collaborates with other signaling pathways (e.g., Notch, Wnt, NF-κB) to promote
invasion and metastasis (58).

1.2

SYK associates with ribonuceloproteins (mRNPs)

In an attempt to better understand the dual roles of SYK in cancer, we completed
an extensive series of large-scale proteomic and phosphoproteomic screens, where we
identified several ribonucleoproteins (RNPs) associated with or phosphorylated by SYK
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(59–62). Among these were multiple proteins found in mRNA processing bodies (Pbodies), suggesting that SYK might associate with these structures. These RNA granules
are described as dynamic cytoplasmic foci that contain mRNAs, microRNAs, and mRNAbinding proteins involved in mRNA degradation, microRNA-mediated silencing, and
translation repression (63–68).

1.2.1 Processing bodies and their components
Processing bodies, also known as GW-bodies, are dynamic cytoplasmic RNA
granules that contain translationally-repressed mRNAs, miRNAs, and RNPs involved in
mRNA turnover. P-bodies are evolutionarily conserved and are found in yeast, plants,
and animals. The study of P-bodies in mammalian cells began when XRN1, a 5’ to 3’
exoribonuclease, was found to reside in puncta in a mouse fibroblast cell line (69). Later,
GW182, an essential protein for miRNA-mediated silencing, also was found in these
granules, which were given the name “GW bodies/mRNA decapping bodies” (70). GW
bodies contained the DCP1/DCP2 decapping complex, LSM1-7 helicases, and are now
typically referred to as “mRNA processing bodies” or “P-bodies” (64) . P-bodies have
been shown to be reservoirs of mRNA and, because of the components found in them,
are believed to be sites of mRNA degradation.
The core components of P-bodies are the decapping enzymes DCP1 and DCP2
(71–73), GW182 and Argonaute proteins (RISC component) (65, 74, 75), LSMS (Sm-like
proteins, enhancers of decapping) (76, 77), and p54/RCK/DDX6 (RNA helicase).
Additional components include the decapping enhancers, EDC3, HEDLS, and Ro52;
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deadenylating enzymes CCR4-CAF1 and the PAN1 and 2 complex; the AU-rich element
(ARE)-binding protein TTP; ARE containing mRNAs, nonsense mRNA decay (NMD)
factors UPF1, UPF2, UPF3, SMG5, SMG6, SMG7; and premature translation/termination
code (PTC)-containing transcripts (78, 79). Basically, all enzymes involved in the
deadenylation, decapping and 5’ to 3’ mRNA decay pathway assemble in P-bodies. Thus,
it appears that these structures are properly equipped to facilitate progressive and
highly efficient degradation of mRNAs and mediate mRNA translational repression.
P-bodies and stress granules are related but distinct structures. They both serve
as reservoirs for translationally-repressed mRNAs and even share some enzymes in
common. However, stress granule function has been more closely associated with the
protection of mRNAs during stress, while P-bodies have been more associated with the
degradation of mRNAs. P-bodies and stress granules appear in the cell under some
similar conditions that include exposure to sodium arsenite, proteasome inhibitors,
heat, and glucose starvation. Strong evidence supports that these two components can
be functionally linked. Reports have shown that P-bodies and stress granules often
appear docked to one another prospectively to transfer targeted mRNAs between the
two structures (Figure 1.3).

1.2.2 P-body formation
P-body formation, in regards to number and size, is believed to be a result of the
accumulation of translationally repressed mRNAs (63, 80, 81). This notion is supported
by several observations. For example, the treatment of cells with drugs like
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cycloheximide or emetine, which trap mRNAs in polysomes, depletes the cellular pool of
ribosome-free mRNAs and results in the loss of visual P-bodies (80, 82). Conversely,
increasing the pool of non-translating mRNAs induces the formation of P-bodies, as
shown by treatment with drugs like puromycin that promote ribosome-mRNA
dissociation (83, 84) or exposures to stresses that inhibit translation initiation (66, 77).
The presence of mRNAs is essential to P-body integrity, as treatment with RNase causes
their disassembly. These observations highlight the correlation between the
concentration of translationally-repressed mRNAs in the cell and the extent of P-body
formation. Therefore, specific stress conditions that shape the non-translating mRNA
pool are likely to define the assembly of P-bodies. These conditions that induce the
formation of P-bodies include glucose-deprivation, osmatic pressure, UV irradiation,
proteasome inhibitor MG132, puromycin, and sodium arsenite (66, 85). Inversely,
conditions that inhibit P-body formation include treatment of cells with the protein
synthesis inhibitors cycloheximide, emetine and gephyronic acid A (66, 80, 85).
Investigators have shown that cAMP-dependent protein kinase A (PKA) is a key
regulator of P-bodies in Saccharomyces cerevisiae. PKA can inhibit the formation of Pbodies by phosphorylating another essential P-body component and scaffold protein,
PAT1B. P-body assembly occurs in a sequential manner, whereby DEAD box helicase 6
(DDX6) participates in the initial suppression of mRNA translation. In humans, DDX6 and
PAT1B are necessary for P-body formation. DDX6 requires PAT1B binding in order to
assemble a P-body and to recruit deadenylating enzymes, decapping enzymes and
components of the RNA-induced silencing complex (RISC) (86).
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Figure 1.3 Formation of P-bodies
Extracellular or intracellular stress would cause translation of mRNAs to halt or stall,
allowing the mRNAs to exit out of polysomes and enter into a P-body or stress granule.
In the stress granule, mRNAs are stored, however in a P-body, mRNAs are typically
degraded. These two RNA granules have been shown to “dock” to each other. It is
believed that mRNAs are moving between the two structures. This image was redrawn
from a figure in Yun R. Li et.al. 2013 “Stress granules as crucibles of ALS pathogenesis.”
(142)
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1.2.3 P-body function
P-bodies have been functionally associated with mRNA decapping (87, 88),
microRNA-mediated silencing (67, 89, 90), nonsense mediated decay (78, 79), mRNA
translation repression (80, 91), and mRNA storage (92, 93). These associations are
supported by several observations. For instance, mRNA decay intermediates can be
detected in P-body foci and accumulate in P-bodies when mRNA degradation is inhibited
(87). A fluorescently tagged mRNA reporter containing the C. elegans lin-41, the target
of let-7 miRNA, in the 3’ UTR was monitored in bone epithelial (U2-OS) cells.
Investigators found that this mRNA reporter recruits endogenous let-7 miRNA leading to
the co-localization of the mRNA reporter to P-bodies and the degradation of the
reporter (68).
Although degradation of mRNAs is likely to occur in P-bodies, when P-body
formation is inhibited, there are no noticeable effects on rates of mRNA decay (63).
Current models for the function of P-bodies suggest that these granules may exist to
enhance the kinetics of mRNA degradation. Concentrating the pool of mRNA turnover
machinery into cytoplasmic foci would enhance the efficiency of their degradation. For
example, in cases in which mRNA transcripts are in excess over mRNA decay factors, the
presence of P-bodies may increase efficiency. A second possibility is that P-bodies
sequester proteins or mRNAs to inhibit them from carrying out their specific activities.
This would suggest that P-bodies are able to regulate processes occurring beyond mRNA
translation. Evidence also is accumulating that P-bodies and mRNA repression/decay
complexes are exploited by some interesting biological processes like viral replication.
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For example, following a West Nile virus infection, P-bodies are diminished and P-body
components including DDX6, GW182, XRN1, and LSM1 are recruited to viral replication
centers, enhancing replication efficiency (76, 94). P-bodies are also exploited by the
Hepatitis C virus (HCV) to enhance viral replication (95).

1.3

SYK promotes autophagy in breast cancer cells
1.3.1

Autophagy

Autophagy is a conserved catabolic lysosomal degradation process in which the cell
self-digests misfolded proteins, damaged organelles, and protein aggregates that may
be harmful to the cell (96, 97). While autophagy occurs at basal levels under normal
conditions, certain environmental cues like nutrient deprivation, hypoxia, pathogen
infection, or intracellular stress (caused by the accumulation of misfolded proteins,
protein aggregates, ER stress, or damaged organelles) activate signaling pathways that
promote autophagy (96). Autophagy progresses through the formation of a double
membrane vacuole called an autophagosome, which selectively forms around damaged
materials in the cell. The outer membrane of the autophagosome fuses with a late
endosome or lysosome, delivering the cargo (wrapped in the inner membrane of
autophagosome). Both the membrane and its contents are then degraded within the
lysosome. The nucleotides, amino acids, and fatty acids are recycled and reused. Various
functions associated with autophagy include mitochondrial quality control, regulation of
oxidative stress, and clearance of protein aggregates.
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1.3.2 Autophagy Machinery
In Saccharomyces cerevisiae, where autophagy was first studied, 35 autophagyrelated (ATG) genes have been identified (98). Mammalian orthologs of these ATG genes
were subsequently identified and found to have similar functions to those identified in
yeast. The majority of ATG proteins are involved in autophagosome biogenesis, a
process that involves the initiation and elongation of an isolation membrane or
phagophore. The actual origins of the membranes that comprise the phagophore is
unknown. It is believed that they may arise from the endoplasmic reticulum (ER), golgi
apparatus, mitochondria, or the plasma membrane.
Autophagosome initiation is controlled by the ULK1/ATG1 complex. This complex
includes UNC-51-like-kinase 1 (ULK1) or ULK2, ATG13, ATG101, and focal adhesion
kinase family interacting protein of 200 kDa (FIP200). ULK1 is a serine/threonine kinase
that, once activated, phosphorylates itself, ATG12 and ATG101 to promote their
translocation to the developing membrane, the phagophore, and initiate
autophagosome formation (98–100).
The second complex required for initiating the formation of the autophagosome
is the Class III PI3K complex. This complex consists of BECLIN1/ATG6, VSP34 (PI3 kinase),
BARKOR/ATG14, and VSP15. This complex also translocates to the phagophore where
BECLIN1 is phosphorylated and activated by ULK1. (99, 100). Conversely, competing
proteins can also bind to BECLIN1 like anti-apoptotic proteins BCL2 and BCLXL to disrupt
formation of the PI3K complex and inhibit autophagy (101). Once active, VCP34
generates phosphatidylinositol 3-phosphate (PI3P) on the surface of the phagophore.
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Phagophore elongation involves two ubiquitin-like conjugation reactions. ATG12
and ATG5 are covalently coupled by E1 ubiquitin activating enzyme-like protein ATG7
and E2 conjugating enzyme-like protein ATG10. The newly linked ATG12-ATG5
conjugate forms a tetrameric complex with ATG16L1 that is necessary for the elongation
of the double membrane. This complex recruits ATG3, which is covalently bound to
microtubule-associated protein 1 light chain 3 (LC3 A-C/ATG8) resulting in the cleavage
and lipidation of LC3. Specifically, LC3 precursor is cleaved by ATG4 to form the LC3-I
isoform. Once the phagophore is initiated, LC3-1 is conjugated to the lipid
phosphatidylethanolamine (PE), located on the membrane surface, to form LC3-II. The
growing phagophore integrates LC3-II into the membrane (102, 103). The lipidated LC3II contributes to the closure and maturation of the autophagosome and results in the
recruitment of adaptor proteins including the ubiquitin binding protein p62 to facilitate
selective degradation (104).
Finally, the autophagosome migrate along the microtubules to lysosome
enriched areas in the cell. The autophagosome then fuses to the lysosome forming an
autolysosome. The proteins involved in the fusion of the autophagosome and lysosome
include UVRAG, found in the Class III complex, endosomal sorting complexes required
for transport or ESCRT proteins, and VCP protein (99, 100, 105, 106). The contents in
the autolysosomes are degraded so that their building blocks are released and recycled
by the cell (98, 100).
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1.3.3 Regulation of Autophagy
In mammalian cells, autophagy is regulated by several signaling pathways. One
extensively studied is the mTOR pathway. Mechanistic target of rapamycin (mTOR) is a
serine/threonine protein kinase that regulates many cellular processes that include cell
proliferation, protein synthesis, cell motility, and autophagy. Accordingly, mTOR
activation is modulated by growth factors (such as IGF-1 and IGF-2), insulin, amino acids,
glucose, cellular stresses, and, like the name suggests, is inhibited by rapamycin (107).
mTORC1 negatively regulates autophagy by phosphorylating ULK1, inhibiting its catalytic
activity. During nutrient starvation, however, mTORC1 disassociates from the ULK1
complex and no longer phosphorylates ULK1, which is now free to associate with and
phosphorylate ATG13 and ATG101 to induce autophagy (107, 108). The PI3K-AKT
pathway is upstream of mTOR activation and thus negatively regulates autophagy.
Other signaling pathways that regulate mTOR include the p53 pathway and c-JUN Nterminal kinase (JNK1) (96, 107, 108).

1.3.4 Autophagy and cancer
Like SYK, autophagy has an enigmatic role in cancer. There are reports that
describe autophagy as a tumor suppressor, however, in other cases autophagy is
required for tumor progression. The role of autophagy is likely dependent on the stage
and type of tumor (109–111). During earlier stages of tumorigenesis, autophagy inhibits
cell proliferation and migration, but is important in later stages of tumorigenesis for cell
survival and resistance to chemotherapeutic agents (111). A role for autophagy in tumor
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suppression is supported by reports that the essential autophagy gene BECN1 is lost in
40% to 75% of human prostate, breast and ovarian cancers (112–114).
Autophagy deficient mice have been generated and support the conclusion that
autophagy inhibits tumorigenesis. Reports include an increased incidence of multiple
spontaneous malignancies in BIF+/- mice. BIF is a critical component of the BECLIN1
complex that induces autophagosome formation (115). Increased susceptibility to
chemically-induced fibrosarcomas in ATG4C-deficient mice (116), and spontaneous
tumorigenesis in the liver and lungs, lymphomas, and hyperproliferation of mammary
epithelial cells in BCN1+/- mice were also reported (117, 118). Moreover, the expression
of BECN1 in MCF7 cells, which otherwise do not express the protein, inhibits growth in
vitro and tumorigenicity in vivo (119, 120). The mechanisms of how autophagy
suppresses tumorigenesis are being studied extensively. For example, an attenuated
autophagy process results in the accumulation of p62, an autophagy substrate that is
typically degraded through the autophagy process. Numerous studies have found
oncogenic roles for p62 in tumor progression (121, 122). For example, the accumulation
of p62 promotes the loss of E-cadherin, cell proliferation, and migration through
binding and stabilizing the EMT promoter TWIST1 (123). Also, multiple oncogenes like
PI3K, AKT, and BCL2 suppress autophagy.
Autophagy, on the other hand, has also been shown to protect cancer cells and
mediate their resistance to anticancer therapeutics. Many studies have demonstrated
the contribution of autophagy to tumor maintenance and tumor metastasis. For
example, a common physiological stress in the tumor microenvironment called
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ischaemia, which is the disruption of blood supply, causes glucose deprivation and
hypoxia. It is known to occur when a tumor outgrows its blood supply, leaving regions of
the tumor with low levels of oxygen and glucose. Ischaemia upregulates autophagy in
cancer cells to enable survival (124). Autophagosomes were observed to be prominent
in hypoxic tumor regions and the disruption of essential autophagy genes resulted in
tumor death, specifically in the hypoxic regions (124). Autophagy was shown to support
tumor metastasis by promoting the survival of the disseminated cells from their tumor
mass origin. A study found autophagy to be important for epithelial cells to overcome
anoikis (a form of cell death initiated by the extracellular matrix (ECM) detachment of
anchorage-dependent cells)(125). A cancer cell must be anoikis-resistant to circulate
and metastasize at a distant site. Another report revealed a direct link between
autophagy and cell dormancy. A report, using human ovarian cancer cells grown in mice
as xenografts, showed Aplasia Ras homolog member I (ARH I)-induced autophagy
promotes survival of disseminated dormant cancer cells and reoccurrence as
micrometastasis (126). In the same study, this group used chloroquine, an antimalarial
drug and promising antitumor therapeutic, for its inhibitory action on autophagy.
Chloroquine blocked autophagy-mediated resistance of the cells (126).
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1.4

Prospective

Many studies have demonstrated clear associations between the loss of SYK and
breast cancer malignancy. However, the mechanisms governing SYK’s activity as a tumor
suppressor are less clear. A lack of expression is observed in malignant breast tissues
and invasive breast cancer cells; and the re-expression of SYK restricts breast cancer
tumorigenesis by inhibiting EMT, restricting motility, and enhancing cell-cell and cellmatrix adhesions.
EMT can be induced by exposing epithelial cells to the growth factor TGF-b.
Downstream effectors of TGF-b and its cognate receptor are transcription factors, which
on their own, are capable of inducing EMT. These include TWIST1, SNAIL, SLUG, and
ZEB1/ZEB2, proteins classified as signature mesenchymal markers (49, 127). Induction of
EMT also results in the loss of multiple signature epithelial markers such as E-cadherin.
Interestingly, SYK itself is part of the EMT core signature of mRNAs down-regulated with
the induction of EMT induced by TGF-b or by the expression of EMT-inducing
transcription factors in breast cancer cells (49). This is consistent with the presence of
SYK in cells of epithelial morphology, but absence from cells of mesenchymal
phenotype. There is evidence also that SYK can directly influence these phenotypic
transformations in cancer cells. For example, silencing or inhibiting SYK in MCF10A
breast epithelial cells and in K-RAS addicted pancreatic carcinoma cells promotes
phenotypic and genetic changes characteristic of EMT. The mechanism of how SYK
modulates EMT, however, is not clear.
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Our lab collaborated with Dr. Andy Tao, who specializes in mass spectrometry
technologies, to identify potential SYK substrates in breast cancer cells. Among these
substrates were proteins associated with P-bodies (some of the proteins from these
data sets are listed in Table 1.1). We had shown previously that SYK associates with
stress granules, another type of protein-RNA complex, and promotes their clearance by
autophagy. Genetic analyses in yeast indicate that P-bodies also may be targeted for
clearance through this same mechanism.
The treatment of intestinal epithelial cells with TGF-b was reported to increase
the formation of P-bodies as part of its growth inhibitory activity (128). Since TGF-b is a
known driver of EMT, I asked if the cytokine also would stimulate P-body formation in
breast epithelial cells and if this process would be important for EMT. In this study, I
show that the induction of EMT either by treatment with TGF-b-induction or expression
of TWIST correlates with a dramatic increase in the formation of P-bodies. I also show
that SYK physically associates with P-bodies and promotes their clearance through
autophagy. Increased autophagy negatively regulates EMT and promotes MET in cells
after withdrawal of TGF-b through increased P-body clearance, a process enhanced by
SYK. These observations indicate a critical role for P-body formation and clearance in
EMT and MET and provide a mechanism by which SYK can modulate tumorigenesis by
regulating P-body removal through autophagy.
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Table 1.1 SYK substrates associated with P-bodies

Protein

Function

SMG6

Required for the dephosphorylation of UPF1;
telomere maintenance
Binds to eRF1 and eRF3; required for
nonsense-mediated mRNA decay
Bridges UPF1 to the exon junction complex
during nonsense-mediated mRNA decay;
stimulates helicase activity of UPF1
miRNA-mediated gene silencing
Recruited by Argonaut proteins, important for
miRNA-mediated deadenylation and translational
repression
Recruited by Argonaut proteins, important for
miRNA-mediated deadenylation and translational
repression
Co-activator of mRNA decapping
Required for microRNA-induced gene silencing

UPF1
UPF2

LIMD1
TNRC6A/
GW182
TNRC6B

EDC3
DDX6/RCK/
p54
EIF4ENIF1
CNOT2
CNOT7
PRKACB/
PKAc
LARP1
hnRNPK

Mediates the nuclear import of EIF4E; interacts with the
cap-binding protein 4E to inhibit translation
Form complexes with the deadenylases CNOT6 and CNOT7
or CNOT8; involved in mRNA splicing, transport, and
deadenylation
Deadenylase required for second phase of deadenylation
Mediates cAMP-dependent signaling triggered by receptor
binding to GPCRs
RNA binding
RNA binding protein associated with transport
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CHAPTER 2.

2.1

MATERIALS AND METHODS

Plasmids and DNA constructs

Tetracycline (Tet)-inducible lentiviral vectors for the expression of glutathione Stransferase (GST)-tagged SYK (GST-SYK) were constructed by, first, amplifying cDNAs for
SYK from the previous construct, SYK-EGFP (129). cDNAs for SYK were cloned into pGEXKG vector provided by Dr. Xiaoqi Liu (Purdue University) containing GST tags. GST-SYK
was subcloned into lentiviral vector pLVX-Tight-Puro (Clontech) between NotI and MluI
restriction sites. Lentivirus particles were generated by co-transfection of HEK293T cells
with 5 µg of GST-SYK pLVX, 5 μg of pHR’ CMV-R8.20 VPR, and 2.25 μg pHR’ CMV-VSGS
using Lipofectamine 2000 (Invitrogen). Harvested lentivirus particles were added to
Lenti-X HEK293 Tet-On cell line (Clontech) in the presence of 10 μg/ml polybrene. 48
hours post-transfection, cells were selected in the presence of 1 μg/ml puromycin,
expanded, and screened for SYK expression by Western blotting. Cells were treated with
1 μg/ml tetracycline to induce GST-SYK expression.
A vector for the expression of mCherry-tagged-SYK (SYK-mCherry) was constructed by,
first, cloning cDNA coding for SYK into mCherry vector VQ AD5CMV (ViraQuest) using
restriction enzymes, EcoRI and NotI. This construct was then subcloned into
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the lentiviral vector pCDH-CMV-MCS-EF1-Puro (CD510B-1) (System Biosciences).
Lentivirus particles were generated as described above. Harvested lentiviruses were
added to HEK293T and NMuMG cell lines in the presence of 10 μg/ml polybrene. Both
cell lines were selected in the presence of 1 μg/ml puromycin, expanded, and screened
for SYK expression by fluorescence microscopy and Western blotting.
Enhanced green fluorescent protein (EGFP)-tagged SYK (SYK-EGFP) lentiviral
vector was constructed as previously described (130). pT7-EGFP-C1-HsDcp1a (Addgene
plasmid #25030) was a gift from Elisa Izaurralde (71). DDX6 small interfering RNAs
(siGENOME SMARTpool siRNA mixture) were purchased from GE Healthcare
Dharmacon, Inc. The mixture contained 4 DDX6 siRNAs. The target sequences were as
follows: GAAGAACACCAGCACAAUC, AUAAACCAGUCCAUCAUUU,
GAAAGGCGUGGCAAAGGUU, GAGCUACUCGCCAAGAAGA. Nontargeting siRNA was also
purchased from Dharmacon. The target sequence is UAGCGACUAAACACAUCAA. These
constructs were transfected into NMuMG cells using Lipofectamine RNAiMAX
(Invitrogen).

2.2

Cell culture and transfections

HEK293T and mouse mammary epithelial (NMuMG) cell lines were obtained
from the American Type Culture Collection (ATCC). NMuMG-YFP and NMuMG-TWIST
cells were kindly provided by Dr. Michael Wendt (Purdue University). HEK293T cells
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were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/l glucose,
10 % fetal bovine serum (FBS), 50 units/ml penicillin, 50 µg/ml streptomycin.
NMuMG cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5
g/l glucose, 10 % fetal bovine serum (FBS), 50 units/ml penicillin, 50 µg/ml streptomycin
and 20 µg/ml insulin.
Human mammary epithelial (HMLE) cells were generously provided by Dr.
Robert A. Weinberg (The Whitehead Institute, Cambridge, MA). HMLE-TWIST cells were
provided by Dr. Michael Wendt (Purdue University). HMLE cells were cultured in
Mammary Epithelial Growth Medium (MEGM, Lonza) and a 1:1 mixture of [DMEM : F12
medium (Mediatech)], supplemented with 20 µg/ml insulin, 5 ng human epidermal
growth factor, 0.25 μg/ml hydrocortisone and 50 units/ml penicillin.
Transient transfections were conducted using the transfection protocol for
Lipofectamine 2000 (Invitrogen). Cells were seeded into 6 well plates at a density of 5 x
105 cells/well in antibiotic free medium so that they could reach 70%-80% confluency
the following day. On the day of transfection, the media was removed and fresh
antibiotic-free media was added. Transfection mixtures were prepared in two separate
tubes: one with a DNA mixture containing 500 ng or 1 μg gene plasmid per well and the
other Lipofectamine 2000 mixture containing Lipofectamine 2000 at the ratio of 2:1 to
DNA. These mixtures were allowed to incubate at room temperature for 5 min and
combined and incubated for another 15-20 min at room temperature before applying to
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the cells. Fresh media containing antibiotics was added to the cells 6-8 h following
transfection.

2.3

Antibodies and other reagents

The following antibodies were used for immunoblotting and/or immunofluorescence:
DCP1A (Santa Cruz, 56-Y), SYK (Santa Cruz, N19), G3BP (BD Biosciences, 611126),
phosphotyrosine (Millipore, 4G10), LC3-A/B (Cell Signaling Technology, D3U4C), G3BP
(Abcam, ab181150), p62 (Abcam, ab56416), E-cadherin (Santa Cruz, H10), DDX6 (Sigma
Aldrich, P0067), phospho-Smad2 (Cell Signaling Technology, 3101), Smad 2/3 (Cell
Signaling, 3102), phospho-ULK1 (Cell Signaling Technology, 6888), ULK1 (Cell Signaling,
8054 ), GAPDH (Cell Signaling Technology, 97166), GST (Cell Signaling Technology, 2622),
GFP (Santa Cruz, B-2), AlexaFluor 594-conjugated goat anti-rabbit IgG (Invitrogen),
AlexaFluor 594-conjugated goat anti-mouse IgG (Invitrogen), AlexaFluor 488- conjugated
goat anti-mouse IgG (Invitrogen). ProLong Gold anti-fade reagent was purchased from
Invitrogen.

MG132 and sodium arsenite (NaAsO2) were purchased from Sigma-Aldrich.
Autophagy inhibitors, N2,N4-Bis(phenylmethyl)-2,4-quinazolinediamine (DBeQ), N4-(7Chloro-4-quinolinyl)-N1, N1-dimethyl-1,4- pentanediamine diphosphate salt
(Chloroquine), and ULK1 Inhibitor SBI-0206965 were purchased from Sigma-Aldrich,
InvivoGen, and Xcess Biosciences, respectively. Recombinant Human TGF-b1 was
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purchased from R&D Systems. TGF-b superfamily type 1 receptor activing receptor like
kinase ALK5 and relatives ALK4 and ALK7 inhibitor SB431542 was purchased from Tocris
Bioscience.

2.4

Western Blotting

Cells were lysed in ice-cold 1% NP-40 lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
1% NP-40, 10% glycerol) supplemented with 1 mM Na3VO4, 10 mM NaF , 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 1X protease inhibitor cocktail (AbCam,
65621) for 15 min on ice. Lysates were centrifuged 16,000 x g for 10 min to clear cell
debris. The supernatant containing soluble proteins was collected. Protein
concentration was measured using BCA Protein Assay and normalized. Equal amount of
proteins were mixed 1:1 with SDS-PAGE loading buffer (2.5% SDS, 2.5% pyroninY, 2.5
mM EDTA, 25% sucrose, 25 mM Tris/HCl, pH 8.0) and heated in boiling water for 10 min.
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to PVDF membranes. Nonspecific binding of proteins on
the membrane was blocked in 1% NP-40 (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP40, 10% glycerol) containing 5% goat serum. Membranes were sequentially
immunoblotted using aforementioned antibodies (section 2.3). Immunodetection was
achieved using the Lightning ECL blotting system (PerkinElmer). In experiments to
preserved insoluble complexes in the cell lysates, cells were sonicated and not
centrifuged.
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2.5

Co-Immunoprecipitation

HEK293T cells expressing Tet-inducible GST-SYK were transiently transfected
with a vector expressing DCP1A-EGFP or an empty vector. Cells were lysed and
sonicated in 1% NP-40 lysis for 15 min on ice. After centrifuguation at 16,000 X g for 10
min, supernatants were collected. DCP1A-EGFP was immunoprecipitated from the
lysates using GFP-Trap agarose beads (Chromotek) at 4° C for 1 hour. Bound immune
complexes were washed with lysis buffer and subjected to Western blotting using
antibodies against GST and GFP.

2.6

Cellular Fractionation

Cells were fractionated based on detergent solubility. HEK293T expressing GSTSYK were lysed in ice-cold NP-40 lysis buffer for 15 min on ice. The detergent-soluble
fraction was separated from the insoluble fraction by centrifugation at 16,000 x g for 5
min. The supernatant was collected as the detergent soluble fraction. The insoluble
fraction (pellet) was resuspended in lysis buffer containing 1% SDS. Proteins in each
fraction were separated by SDS-PAGE, transferred to membranes and detected by
Western blotting using antibodies against SYK and DCP1A .

2.7

P-body Formation and Clearance

For the induction of P-bodies, cells were treated with 10 ng/ml TGF-b1 (R&D
Systems) for the indicated times (referred to afterwards as TGF-b). In some
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experiments, actinomycin D (5 µg/ml), the TGF-b receptor inhibitor (SB-431542, Tocris
Biosciences), rapamycin (20 ng/ml) or rapamycin plus the ULK1 inhibitor (SBI-0206925,
Xcess Biosciences) were added during P-body formation. For P-body clearance assays,
cells were treated with 10 ng/ml TGF-b for 48 h, washed with phosphate-buffered saline
(PBS), and then allowed to recover in fresh media in the absence of TGF-b for the
indicated times. In some experiments, the SYK inhibitor R406 (5 µM), or one of the
autophagy inhibitors DBeQ (0.625 – 2.5 µM), ULK1 inhibitor SBI-0206965 (5 µM), or
chloroquine (5 µM, 10 µM, 20 µM ) were added during P-body clearance.
To visualize P-bodies, cells were fixed with 10% ice cold methanol for 10 min,
permeabilized with 1% Triton X-100 in PBS, and blocked with PBS containing 10% goat
serum, 0.05% Tween 20, and 1 mg/ml BSA. Cells were immunostained using antibodies
against DCP1A, p62 , LC3A/B , or phosphotyrosine. The bound primary antibodies were
detected using AlexaFluor 488-conjugated goat anti-mouse IgG (green) and/or
AlexaFluor 594-conjugated goat anti-rabbit IgG (red) secondary antibodies (Invitrogen).
Where indicated, 4’,6’-diamidino-2-pheylindole (DAPI) was added for the last 5 min of
incubation (1:1000). Slides were examined using either an Olympus BH2-RFCA
fluorescence microscope equipped with a Sony DXC-950 3CCD color camera, an EVOS FL
imaging system, or a Zeiss LSM 710 confocal microscope.
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2.8

Semi-automated quantification of P-bodies

To quantify and analyze P-body increase and decrease, ImageJ (National
Institutes of Health), a semi-automated software program for image analysis, was used.
The quantification of P-bodies is accomplished by setting an intensity pixel range or
threshold mask distinct for P-bodies. By setting a threshold mask, regions above a
certain intensity in the image will be scored as “on” and the rest of the image will be
scored “off”. This range was set between 20 and 470 units by Otsu Threshold Filter
plugin for ImageJ. This range was considered to have a staining above background and
allows P-bodies to be exclusively analyzed. The details of this method are described by
Nissan and Parker (81). The number of P-bodies were then manually counted in an
image or field, and then divided by the number of nuclei present in the field (Pbodies/nuclei = P-bodies per cell).

2.9

Statistical Analysis

The data in figures are presented as average ± SEM (standard error of mean) from
3 independent replicate experiments. Means were compared by performing Student’s ttest or Analysis of Variance (ANOVA) as indicated in individual figure legends. Significance
was accepted if p< 0.05.
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CHAPTER 3.

3.1

RESULTS

SYK co-localizes with P-bodies

In our previous mass spectrometric analyses, I observed that SYK phosphorylated
several proteins known to be associated with P-bodies. These P-body components
included decapping enzymes, helicases, and members of the miRNA silencing
machinery. Therefore, I speculated that SYK also must co-localize to P-bodies along with
these substrates. P-bodies can be induced in number and size using stresses such as
heat, glucose-deprivation, protease inhibition or treatment with sodium arsenite. One
also can increase P-body size greatly by overexpressing certain P-body components like
DCP1A or DCP2.
To examine a potential interaction between SYK and P-bodies, I induced P-bodies
in HEK293T cells that were stably expressing SYK-mCherry by the overexpression of
EGFP-DCP1A, by treatment with sodium arsenite, or by treatment with the proteasome
inhibitor, MG132. Untransfected to cells were stained with an antibody against DCP1A
to detect the endogenous protein. Untreated or treated cells were examined by
confocal fluorescence microscopy. Each of the different treatment conditions resulted in
the formation of cytoplasmic puncta containing DCP1A consistent with the
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formation of P-bodies. In each case, SYK-mCherry co-localized with these P-bodies
(Figure 3.1).
To validate the localization SYK within P-bodies using a biochemical approach,
we examined the redistribution of the kinase within the cell under P-body forming
conditions. Since proteins present in P-bodies are poorly soluble in detergent (1% NP40), I separated cell lysates into detergent-soluble and -insoluble fractions. HEK293T
cells expressing a GST-SYK fusion protein were transfected to overexpress EGFP-DCP1A
and/or treated with MG132 for 3 h to induce the formation of P-bodies. The induction
of P-body formation led to the appearance of both GST-SYK and EGFP-DCP1A in the
insoluble fraction (Figure 3.2.A). To confirm further an interaction of SYK with P-bodies, I
examined its association with DCP1A by a co-immunoprecipitation assay. From lysates
of HEK293T cells expressing GST-SYK and EGFP-DCP1A, I used GFP-Trap agarose beads to
pull down EGFP-DCP1A and associated proteins. Western blot analyses demonstrated an
association of GST-SYK with EGFP-DCP1A under conditions in which P-bodies were
induced (Figure 3.2.B). These data are consistent with a physical association of SYK with
P-bodies.
To determine if SYK was active in P-bodies, I searched for the presence of
phosphotyrosine in these granules by immunofluorescence microscopy. HEK293T cells
lacking or expressing SYK-mCherry were transfected to express EGFP-DCP1A to induce
the formation of P-bodies. Tyrosine-phosphorylated proteins were then detected in the
fixed cells using antibodies against phosphotyrosine. Abundant tyrosinephosphorylation was observed in P-bodies selectively in cells expressing SYK-mCherry,
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indicating that the kinase is likely to be active when located within these RNP granules
(Figure 3.3).
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Figure 3.1 SYK co-localizes with P-bodies.
HEK293T cells expressing SYK-mCherry (SYK-mC) were treated with DMSO (Control), 100
μM of MG132 for 3h, 500 μM of sodium arsenite (NaAsO2) for 1 h, or EGFP-DCP1A
expression vector to promote P-body formation. Subsequently, the cells not expressing
EGFP-DCP1A were fixed and immunostained with antibodies against DCP1A (green).
Cells were examined by fluorescence microscopy. Bar, 10 µm.

38

Lysate

A.

Soluble

Insoluble

EGFP-DCP1A: - - + +

- - + +

- - + +

- + - +

- + - +

- + - +

MG132:

GST-SYK
EGFP-DCP1A
DCP1A

Lysate Anti-GFP

B.
GST-SYK
EGFP-DCP1A
GST-SYK
EGFP-DCP1A

Figure 3.2 Induction of P-bodies promotes SYK association.
(A) HEK293T cells expressing GST-SYK were treated without (-) or with (+) 100 μM
MG132 and/or transfected to express DCP1A-EGFP. Proteins present in total (lysate),
soluble, and insoluble fractions were collected and Western blotted using antibodies
against SYK (GST-SYK) and DCP1A. (B) HEK293 cells expressing GST-SYK were transiently
transfected with EGFP-DCP1A, which was immunoprecipitated from the lysates using
GFP-Trap agarose beads (Anti-GFP). Proteins were detected using antibodies against
GST (GST-SYK) and EGFP (EGFP-DCP1A).
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Figure 3.3 Tyrosine phosphorylation occurs in P-bodies in a SYK-dependent manner.
HEK293T cells and HEK293T cells expressing SYK-mCherry (SYK-mC) were transiently
transfected with an empty vector (Control) or with a vector for EGFP-DCP1A to induce Pbodies. After transfection, the cells were immunostained using antibodies against
phosphotyrosine (P-Tyr) (blue). Cells were examined using fluorescence confocal
microscopy. Bar, 10 µm.
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3.2

SYK promotes P-body clearance in HEK293T cells

Our lab had shown previously that the association of SYK with stress granules
promoted their clearance from cells (131). To examine a possible role for SYK in P-body
clearance, we induced the formation of P-bodies in HEK293T cells or in HEK293T cells
stably expressing SYK-EGFP by treatment with sodium arsenite for 1 h. Cells were
washed and then transferred into fresh media lacking sodium arsenite for 1, 2 or 4 h.
Cells were fixed and P-bodies visualized using an antibody to DCP1A (Figure 3.4.A). The
corrected total fluorescence intensity for the granules was measured using ImageJ
software (Figure 3.4.B). Significantly fewer P-bodies were present in the cells expressing
SYK-EGFP, indicating that the kinase enhanced P-body clearance.
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Figure 3.4 SYK promotes P-body clearance in HEK293T cells.
(A) HEK293T cells and HEK293T cells expressing SYK-EGFP were treated with 500 μM
sodium arsenite for 1 h. After treatment, cells were washed and placed in fresh media
lacking sodium arsenite for 2 h. The cells were stained using antibodies again DCP1A
(red). Nuclei were stained with DAPI (blue). Bar, 10 µm. (B) Corrected total cell
fluorescence from the P-body clearance assay at indicated times was measured (> 50
cells per treatment) using Image J. Data represent means ± SEM for triplicate
experiments. *p < 0.05; **p < 0.001; ***p < 0.0005
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3.3

TGF-β induces P-bodies in NMuMG cells

Our lab had shown previously that under similar treatment conditions (sodium
arsenite or MG132) SYK associates with stress granules and then promotes their
clearance following release from the stress stimulus. I sought, therefore, a different
stimulus that would be specific to the induction of P-bodies as opposed to stress
granules. It was reported recently that TGF-β induces P-bodies in intestinal epithelial
cells (128). I asked, therefore, if TGF-β also would stimulate P-body formation in breast
epithelial cells. I tested this initially in normal mouse mammary epithelial (NMuMG)
cells, which are well known to be responsive to TGF-β. Indeed, the treatment of these
cells with 10 ng/ml TGF-β for 24 h led to the induction of numerous P-bodies. There was
no significant change in the number of stress granules following treatment with TGF-β
(Figure 3.5).
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Figure 3.5 TGF-β induces P-bodies and not stress granules in NMuMG cells.
(A) NMuMG cells treated with DMSO (Control), 500 μM NaAsO2 for 1 h or 10 ng/ml TGFβ for 24 h were stained with anti-DCP1A (green) and anti-G3BP (red) antibodies to
detect P-bodies and stress granules, respectively. Nuclei were counterstained with DAPI.
Bar, 10 µm. (B) Semi-automated quantification of the average number of P-bodies per
cell ± SEM of triplicate experiments (n > 100 cells per treatment).
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3.4

SYK expression promotes clearance of TGF-β-induced P-bodies

I then compared P-body formation and clearance in NMuMG cells to NMuMG cells
stably expressing SYK-mCherry as a way of increasing the cellular level of SYK. Similar
numbers of P-bodies were induced in NMuMG cells lacking or expressing SYK-mCherry
following treatment with TGF-β. To monitor P-body clearance, I treated each of the cells
with TGF-β for 48 h and then removed the growth factor and measured the level of Pbodies 24 h later. The number of P-bodies was lower in cells expressing SYK-mCherry
(Figure 3.6). Thus, the clearance of P-bodies was again enhanced in cells expressing
higher levels of SYK.
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Figure 3.6 SYK promotes clearance of TGF-β-induced P-bodies.
(A) NMuMG cells and NMuMG cells expressing SYK-mC were treated without (Control)
or with 10 ng/mL TGF-β for 48 h. Where indicated, cells were allowed to recover in the
absence of TGF-β (Clearance) for 24 h. Cells were fixed and stained for DCP1A (green).
Bar, 10 µm. (B) Semi-automated quantification of the average number of P-bodies per
cell ± SEM for triplicate experiments (n > 150 cells per treatment). *p < 0.03 compared
with control cells not expressing SYK-mC.

46
3.5

TGF-β-induction of P-bodies correlates with EMT in NMuMG cells

NMuMG cells are commonly used as a model for EMT, which can be induced
readily in these cells in response to treatment with TGF-β (127, 132, 133). To confirm a
TGF-β-dependent induction of both EMT and P-body formation, I treated NMuMG cells
with the growth factor over the course of 5 days. During this time, cells underwent a
morphological change from an epithelial to a mesenchymal phenotype and exhibited a
decrease in expression of the epithelial marker, E-cadherin, indicating that the cells had
undergone EMT (Figure 3.7). An examination of the TGF-β treated cells by
immunostaining with antibodies against DCP1A revealed a substantial increase in Pbodies as compared to untreated cells. This TGF-β induced P-body formation was not
limited to NMuMG cells as a similar response was observed in both human mammary
epithelial (HMLE) cells (Figure 3.17) and murine 4T1 breast cancer cells (data not
shown).
Next, I transfected NMuMG cells with a vector expressing EGFP-DCP1A.
Overexpression of DCP1A results in large aberrant P-bodies. I treated cells
overexpressing EGFP-DCP1A with TGF-β to induce EMT and stained for epithelial
marker, E-cadherin. Cells containing aberrant P-bodies maintained E-cadherin at the cell
surface in contrast to cells that did contain large P-bodies (Figure 3.8).
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Figure 3.7 TGF-β-induction of P-bodies correlates with EMT.
(A) NMuMG cells treated with 10 ng/ml of TGF-β over the course of 5 days were stained
with anti-DCP1A antibodies to visualize P bodies (green). Nuclei were stained with DAPI
(blue). Bar, 10 µm. (B) Semi-automated quantification of the average number of Pbodies per cell ± SEM for triplicate experiments (n > 100 cells per treatment). (C)
NMuMG cells were treated for indicated times with 10 ng/ml of TGF-β. Cell lysates were
examined by Western blotting using antibodies against E-cadherin or glyceraldehyde 3phosphate dehydrogenase (GAPDH).
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Figure 3.8 Overexpression of DCP1A blocks EMT.
(A) NMuMG cells were transfected with an empty vector or a vector expressing EGFPDCP1A (green). Cells were treated with TGF-β 24 h and stained with antibodies against
E-cadherin (red) anti-DCP1A antibodies to visualize P bodies (green). Bar, 10 µm
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3.6

TGF-β transcriptional activity is required for its induction of P-bodies

TGF-β induces EMT by signaling through TGF-β receptors to activate the SMAD
pathway and induce the expression of transcription factors such as SNAI1 and TWIST1.
The treatment of NMuMG cells with the TGF-βR1 kinase inhibitor SB-431542 blocked
TGF-β signaling (Figure 3.9.C) and, sequentially, P-body formation (Figure 3.9.A). To
determine if TGF-β induced gene transcriptional activity was required, I measured Pbody formation in NMuMG cells treated with TGF-β in the presence or absence of the
transcriptional inhibitor actinomycin D. The presence of actinomycin D blocked the TGFβ-mediated induction of P-bodies (Figure 3.9.A).
An important downstream effector of TGF-β signaling is the transcription factor,
TWIST, whose expression is upregulated in response to the growth factor. The ectopic
expression of TWIST alone induces EMT in breast epithelial cells. Consequently, I
examined NMuMG cells transfected to constitutively overexpress TWIST. As expected,
these cells had a mesenchymal phenotype. A high number of constitutive P-bodies was
observed in these cells in the absence of TGF-β and these were not elevated further by
addition of the growth factor (Figure 3.10.A). Since TWIST expression also leads to an
increased production of TGF-β, I treated the TWIST-expressing NMuMG cells with SB431542 and looked for changes in P-body numbers. However, this treatment failed to
repress P-body formation, indicating that the enhanced formation of P-bodies resulting
from TWIST-induced EMT is downstream of the transcription factor (Figure 3.10.C).
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Figure 3.9 TGF-β-induction of P-bodies correlates with EMT.
(A) In the upper panels, NMuMG cells were not treated (Untreated), treated with 10
ng/ml of TGF-β for 24 h or co-treated with 10 ng/ml of TGF-β and 2 μM of TGF-β
inhibitor, SB-431152 (SB)for 24 h were stained with anti-DCP1A antibodies to visualize P
bodies (green). Nuclei were stained with DAPI (blue). In the lower panels, NMuMG cells
were not treated (Untreated), treated with 10 ng/ml of TGF-β for 24 h or co-treated
with 10 ng/ml of TGF-β and 5 μg/ml of actinomycin D (ActD) for 24 h. Bar, 10 µm. (B)
Average number of P-bodies per cell ± SEM (n > 150 cells per treatment) from panel A
were quantified from triplicate experiments. Data are analyzed by ANOVA, * p< 0.001
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(C) Lysates from NMuMG cells treated for 24 h without (-) or with (+) TGF-b in the
absence (-) or presence of the indicated concentrations of SB-431152 (µM) were
examined by Western blotting using antibodies against phospho-SMAD (pSmad) or
Smad 2/3.
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Figure 3.10 Induction of P-bodies occurs downstream of TWIST expression.
(A) NMuMG cells lacking or expressing TWIST treated with 1 mg/ml of BSA (control) or
10 ng/ml TGF-β for 24 h were stained with anti-DCP1A antibodies to visualize P bodies
(green). Nuclei were stained with DAPI (blue). (B) Average number of P-bodies per cell ±
SEM (n > 150 cells per treatment) was quantified from triplicate experiments. *p < 0.02
compared with control. (C) NMuMG cells expressing TWIST were treated with 1 mg/ml
BSA (control), 10 ng/ml TGF-β for 24 h, or 2 μM of TGF-β inhibitor SB-431152 for 24 h
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were stained with anti-DCP1A antibodies to visualize P bodies (green). Nuclei were
stained with DAPI (blue). Bars, 10 µm.

3.7

Inhibition of autophagy results in the accumulation of P-bodies

Since the SYK-dependent clearance of stress granules is mediated through
enhanced autophagy, I asked if autophagy also was responsible for the clearance of Pbodies. To test this, I induced P-body formation in NMuMG cells by treatment for 24 h
with 10 ng/ml TGF-β. I then removed the stimulus and cultured cells in fresh media for
16 h in the absence or presence of increasing concentrations of the autophagy inhibitor
DBeQ. Cells were fixed and stained with antibodies against DCP1A to detect and count
the number of P-bodies. P-bodies were readily cleared from cells following the removal
of TGF-β, but clearance was blocked by the autophagy inhibitor and P-bodies continued
to accumulate (Figure 3.11.A) This strongly implied that autophagy was essential for
clearing TGF-β-induced P-bodies. To confirm this, I monitored P-body clearance in the
absence or presence of chloroquine, an inhibitor of autophagy that blocks endosome
and lysosome fusion, a late stage process in autophagy. NMuMG cells were treated with
TGF-β for 48 h and then the growth factor was removed for 24 h in the presence or
absence of the drug. The presence of chloroquine during the period of recovery from
TGF-β treatment resulted in the retention and accumulation of P-bodies (Figure 3.11.C).
These results support an important role for autophagy in the clearance of P-bodies.
To examine further an association between autophagy and P-body clearance, I
monitored the formation of autophagosomes by immunostaining for LC3, a protein that
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accumulates in these vesicles during autophagy. Cells treated with TGF-β for 24 h
contained a only a low level of LC3-positive autophagosomes, a level even lower than
that of untreated cells. However, the subsequent removal of TGF-β for 16 h resulted in
the robust accumulation of LC3-containing vesicles consistent with the formation of
autophagosomes (Figure 3.12). This highly elevated level of autophagosomes was
transient as most had disappeared by 24 h after removing TGF-β.
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Figure 3.11 Autophagy inhibition results in the accumulation of P-bodies
(A) NMuMG cells were treated with 1 mg/ml BSA (Control) or 10 ng/ml TGF-β for 24 h
and then allowed to recover for 15 h in the presence of DMSO (Clearance) or autophagy
inhibitor DBeQ at the concentrations indicated. Cells were fixed and stained using
DCP1A antibodies (green). (B) Average number of P-bodies per cell ± SEM (n > 100 cells
per treatment) was quantified from triplicate experiments. Data were analyzed by
ANOVA, *p< 0.001 (C) NMuMG cells were not treated (Control) or treated with TGF-β for
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24 h. TGF-β was removed and cells cultured in fresh media in the absence (Clearance) or
presence of 10 µM Chloroquine for 24 h. Cells were fixed and stained with anti-DCP1A
antibodies to visualize P bodies (green). DAPI (blue) was utilized to visualize nuclei. Bars,
10 µm.
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Figure 3.12 Transient autophagy induction correlates with P-body clearance.
NMuMG cells were treated with 1 mg/ml BSA (Control) or 10 ng/ml TGF-β for 24 h and
then allowed to recover for 16 or 24 h (Clearance). Cells were fixed and stained using
antibodies against DCP1A (green) and LC3 (red). Nuclei were stained with DAPI (blue).
Bar, 10 µm
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3.8

Autophagy promotes the clearance of P-bodies

To further support a role for autophagy in P-body clearance, I also examined
NMuMG cells overexpressing TWIST since these cells constitutively contain a large
number of P-bodies. I treated TWIST-expressing cells for 24 h with rapamycin, an
inhibitor of mTOR and a known inducer of autophagy. I observed a dose-dependent
decrease in P-body content in rapamycin-treated cells, consistent again with a role for
autophagy in P-body clearance (Figure 3.13.A). Rapamycin induces autophagy by
blocking the inhibitory phosphorylation of ULK1 by mTOR. ULK1 is a serine/threonineprotein kinase that interacts with ULK2, BECLIN1, and several other proteins to initiate
autophagy. Therefore, I asked whether the inhibition of ULK1 would counteract the
effects of rapamycin. Addition of the ULK1 inhibitor, SBI-0206965, attenuated the ability
of rapamycin to promote the clearance of P-bodies (Figure 3.13.B). These results are
consistent with an important role for autophagy in the clearance of P-bodies and
suggest that autophagy is compromised in the TWIST overexpressing cells. Consistent
with this suggestion, I found that these cells expressed elevated levels of p62, an
autophagy substrate that accumulates when autophagy is disrupted (Figure 3.14).
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Figure 3.13 Induction of autophagy promotes P-body clearance.
(A) NMuMG cells expressing TWIST were cultured in the absence (Control) or presence
of rapamycin at the indicated concentrations for 24 h and were stained with anti-DCP1A
antibodies to visualize P bodies (green). Nuclei were stained with DAPI (blue). Bar, 10
µm (B) NMuMG cells overexpressing TWIST were cultured in the presence of
rapamycin at the indicated concentrations and in the absence (-) or presence (+) of the
2.5 µg/mL ULK1 inhibitor SBI-0206965. (B) Average number of P-bodies per cell ± SEM (n
> 150 cells per treatment) was quantified from triplicate experiments. Data were
analyzed by one-way ANOVA *p = 0.002.
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Figure 3.14 Autophagy is compromised in TWIST-expressing NMuMG cells.
(A) Lysates from NMuMG and NMuMG-TWIST cells were examined by Western blotting
using antibodies against p62 and GAPDH. (B) NMuMG-TWIST cells were treated
without(-) or with 10 ng/ml TGF-β for 24 h (+). Cells were allowed to recover in fresh
media lacking (-) or containing 20 ng/ml rapamycin (+). Lysates were examined by
Western blotting using antibodies against p62 and GAPDH.
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3.9

Autophagy inhibits P-body formation and EMT

Since TGF-b induces both EMT and P-body formation and rapamycin promotes
the clearance of P-bodies through autophagy, I asked if the drug would overcome the
TGF-β promotion of both P-bodies and EMT. I treated NMuMG cells with TGF-β,
rapamycin, or both for 24 h. As expected TGF-β induced P-body formation. However, Pbody formation was blocked when cells were treated with rapamycin (Figure 3.15).
Moreover, rapamycin blocked TGF-β-induced EMT as indicated by a lack of change in
morphology and retention of normal levels of E-cadherin (Figure 3.16). These results are
consistent with a role for autophagy role in clearing P-bodies and suggest an important
role for P-bodies in EMT.
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Figure 3.15 Autophagy inhibits P-body formation.
(A) NMuMG cells were treated with 1 mg/ml BSA (Control), 10 ng/ml TGF-β, 20 ng/ml of
rapamycin, or a combination of TGF-β and rapamycin (TGF-β+Rap) for 24 h. Cells were
fixed and stained using antibodies against DCP1A (green). Nuclei were stained with
DAPI (blue). Bar, 10 µm. (B) Average number of P-bodies per cell ± SEM (n > 150 cells per
treatment) was quantified from triplicate experiments. Data were analyzed by student ttest *p < 0.003 compared to control cells. ns, not significant.
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Figure 3.16 Autophagy inhibits EMT.
(A) NMuMG cells were treated with 1 mg/ml BSA (Control), 10 ng/ml TGF-β, 20 ng/ml of
rapamycin, or a combination of TGF-β and Rapamycin (TGF-b +Rap) for 24 h. Cells were
imaged by phase contrast microscopy. Bar, 20 µm. (B) NMuMG cell lysates treated
without (-) or with (+) 10 ng/ml TGF-β, 20 ng/ml of Rapamycin, or both for 24 h were
examined by Western blotting using antibodies against E-cadherin or GAPDH.
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3.10 SYK promotes P-body clearance through autophagy
I then investigated the effects of inhibiting SYK on the clearance of P-bodies from
HMLE cells that had been pre-treated with TGF-β. After the growth factor was removed,
cells were allowed to recover in the absence or presence of the SYK inhibitor, R406. Pbodies were visualized by staining fixed cells with antibodies against DCP1A. While Pbodies were effectively cleared from untreated cells, inclusion of the SYK inhibitor
substantially attenuated P-body clearance (Figure 3.17). This observation is consistent
with the positive effect that SYK overexpression had on the removal of P-bodies
observed previously in HEK293T and NMuMG cells. Since P-body clearance is dependent
on autophagy, we asked if SYK might be modulating autophagy by examining cells for
the presence of p62-containing vesicles in cells treated with or without R406. The
presence of the SYK inhibitor led to the robust accumulation of p62-containing vesicles
evident by immunofluorescence microscopy (Figure 3.17) supporting a role for SYK in
enhancing autophagy. Similarly, in NMuMG cells overexpressing SYK-mCherry, we
observed decreased levels of p62 as compared to wild-type cells, again consistent with a
positive role for SYK in promoting autophagy.
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Figure 3.17 SYK Inhibition results in the accumulation of p62.
(A) HMLE cells were treated with TGF-β for 96 h. Cells were allowed to recover for 48 h
in the absence (Control) or presence of 2.5 µM of SYK inhibitor R406 to allow P-bodies
to clear. Cells were fixed and stained using antibodies against DCP1A (green) and p62
(red). Nuclei were stained with DAPI (blue). Bar, 10 µm
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3.11 TGF-β induced EMT downregulates SYK in human mammary epithelial cells
The level of mRNA for SYK decreases as part of the gene expression signature
that characterizes EMT in HMLE cells (49). First, I wanted to demonstrate that HMLE
cells behaved similarly to the NMuMG model. Treatment of HMLE cells with TGF-β
induced P-bodies. However, this required longer treatment times (Figure 3.18.A),
consistent with the longer times required for the HMLE cells to undergo EMT. The stable
expression of TWIST in these cells also resulted in a high, constitutive level of P-bodies
(Figure 3.18.B).
To confirm SYK downregulation at the protein level, I treated HMLE cells with
TGF-β for 120 h and analyzed SYK levels by Western blotting in comparison to untreated
cells. As expected, the level of SYK decreased in response to TGF-β in a manner similar
to the decrease in the level of E-cadherin. SYK protein in the TGF- β -treated cells was
not totally lost at time points as long as 120 h. In contrast, SYK protein was undetectable
in HMLE cells stably overexpressing TWIST (Figure 3.18.C). This is consistent with reports
that SYK is generally missing from highly invasive breast cancer cell lines of
mesenchymal morphology.
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Figure 3.18 TGF-β downregulates SYK and induces P-bodies in HMLE cells.
(A) HMLE cells were treated with 1 mg/ml BSA (Control) or 10 ng/ml TGF-β for the
indicated time in days. Cells were fixed and stained using antibodies against DCP1A
(green). Nuclei were stained with DAPI (blue). (B) HMLE cells (HMLE) and HMLE cells
expressing TWIST (TWIST) were fixed and stained using antibodies against DCP1A
(green). Nuclei were stained with DAPI (blue). Bar, 10 µm (C) Lysates of HMLE cells
treated without (-) or with (+) TGF-β (10 ng/ml), or HMLE cells expressing TWIST were
examined by Western blotting using antibodies against SYK and GAPDH.
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3.12 SYK and autophagy are important for MET in HMLE cells
Next, I monitored the recovery of SYK and E-cadherin expression in HMLE cells
following treatment and withdrawal from TGF-β in the presence or absence of DBeQ to
inhibit autophagy or of R406 to inhibit the low levels of SYK that remain in the TGF-β
treated cells. Interestingly, the re-expression of both E-cadherin and SYK was attenuated
in cells treated with either inhibitor (Figure 3.19). Similarly, the morphological changes
that normally accompany MET were blocked by each inhibitor (Figure 3.20). These
results are consistent with a requirement for the removal of P-bodies through
autophagy for breast cancer cells to revert back to an epithelial phenotype and of an
important role for SYK in promoting autophagy and thus MET.
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Figure 3.19 SYK and autophagy inhibition blocks E-cadherin and SYK re-expression.
HMLE cells were treated without (-) or with (+) 10 ng/ml TGF-β for 120 h. TGF-β was
removed and cells were allowed to recover (Clearance) in the presence (+) or absence (-)
of 2 μM Syk inhibitor(R406) or 1.25 μM DBeQ for 120 h. Cell lysates were examined by
Western blotting using antibodies against E-cadherin, SYK, and GAPDH.
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Figure 3.20 SYK or autophagy inhibition blocks MET.
HMLE cells were treated with 1 mg/ml BSA (Control) or 10 ng/ml TGF-β for 120 h. These
cells were allowed to recover in fresh media in absence or presence of 2 µM of R406 or
2.5 µM od DBeQ. Cells were imaged by phase contrast microscopy. Bar, 10 µm.
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CHAPTER 4.

SUMMARY & DISCUSSION

SYK has been described variously as both a tumor promoter and a tumor
suppressor depending on the tumor type in which it is found and the stage of
differentiation of the cancer cell. SYK is primarily found in hematopoietic tumors and in
carcinomas of an epithelial phenotype where it often serves a pro-survival role, often by
promoting the expression of anti-apoptotic proteins at the level of either the protein or
mRNA. Thus, SYK can promote tumor cell survival and enhance drug resistance.
However, the expression of SYK is frequently lost as tumor cells become poorly
differentiated and assume a mesenchymal phenotype. In fact, reductions in the activity
or level of SYK often promote EMT. The re-expression of SYK in tumor cells of a
mesenchymal morphology attenuates metastasis by enhancing cell-matrix adhesion and
inhibiting motility and invasion. Based on our analyses, we propose that SYK functions to
modulate tumor cell transitions between epithelial and mesenchymal phenotypes
through its ability to physically interact with P-bodies and enhance their clearance from
cells by promoting autophagy (Figure 4.1).

72

Figure 4.1 SYK promotes TGF-b -induced P-body clearance through the enhancement
of autophagy
TGF-β induces epithelial-mesenchymal transition (EMT) in breast cancer cells by
promoting the formation of P-bodies. The EMT process results in the downregulation of
epithelial markers, E-cadherin and SYK, and autophagy deficiency. In order for
mesenchymal cells to revert back to an epithelial phenotype (MET), P-bodies must be
cleared. P-body clearance is promoted by autophagy, which is enhanced by SYK reexpression.
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An association of SYK with P-bodies was suggested by previously published
analyses of SYK-dependent phosphorylation events in both breast cancer cells and B cell
lymphomas. Included among these substrates were CNOT2, DDX6, EDC3,
EIF4ENIF1,HNRNPK, LARP1, LSM14A, and UPF1 ( and datasets included therein), all of
which are proteins also identified as components of P-bodies (64). The finding that SYK
co-localizes with DCP1A in P-bodies supports this contention as does the ability of SYK to
promote P-body clearance from cells once the initializing stress is removed. This
function of SYK is reminiscent of its actions promoting the clearing of stress granules
from cells in which their assembly is induced by treatment with sodium arsenite or
inhibition of proteasome function. Interestingly, the accumulation of large stress
granules, for example in response to chronic stress in microglial cells, can sequester
sufficient SYK to disrupt its other functions within the cell. It is not yet known if the Pbodies that accumulate in response to TGF-β do so to the extent that they also
compromise other activities of SYK in epithelial cells such as the promotion of cell-cell or
cell-matrix interactions.
We find that the treatment of several breast epithelial cell lines with TGF-β
results in a dramatic increase in P-body numbers without affecting the formation of
stress granules. An increase in the number of P-bodies in response to TGF-β was first
reported in intestinal epithelial cells where an approximately 2-fold increase in P-body
number was observed after a 24 h exposure to the cytokine (128). Our results indicate
that this effect of TGF-β is not limited to intestinal epithelial cells as we observe an even
more dramatic increase in P-bodies in breast epithelial cells. In these cells, TGF-β
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induces EMT concomitant with this increase in P-body number. Several observations
suggest that P-body formation is, in fact, an integral and necessary step for EMT: 1) the
knockout of DDX6, a factor critical for P-body formation, blocks TGF-β induced EMT in
NMuMG and 4T1 cells; 2) the overexpression of EGFP-DCP1A to induce the formation of
large P-bodies, which are thought to be nonfunctional, blocks EMT; and 3) the
treatment of NMuMG cells with rapamycin, which promotes autophagy and prevents Pbody accumulation, also inhibits TGF-β induced EMT. Thus, inhibitors of P-body
formation and/or function might reasonably be expected to block EMT.
The removal of TGF- β from treated cells allows for the clearance of P-bodies and
a reversion in morphology from a mesenchymal to an epithelial phenotype. Like EMT,
where P-body formation appears to be a critical factor, the removal from the cell of Pbodies appears to be a prerequisite for MET. As demonstrated by studies in yeast, the
clearance of both stress granules and P-bodies can be mediated through the autophagy
machinery. In NMuMG cells induced to undergo EMT by the stable expression of TWIST,
P-bodies are present at a constitutively high level, but can be cleared by stimulating
autophagy with rapamycin. While mTOR has multiple downstream targets and effects
on cells, the ability of a ULK1 inhibitor to reverse the effects of rapamycin supports a
role for enhanced autophagy in the clearance of these P-bodies. In breast cancer cells
induced to undergo EMT by treatment with TGF-β, the clearance of P-bodies is blocked
by multiple small molecule inhibitors of autophagy, clearly indicating again a role for this
process in P-body removal. A role for autophagy also is indicated by the transient
accumulation of autophagosomes that can be visualized during P-body clearance. The
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inhibition of autophagy and the resulting clearance of P-bodies manifests itself with an
associated blockage of MET, suggesting that P-bodies must be removed to allow cells to
revert back to an epithelial phenotype.
The connection between autophagy and cancer is a complicated one. Autophagy
is tumor suppressive during early stages of tumorigenesis, but tumor promoting at later
stages. For example, haploinsufficiency of components of the autophagy machinery
such as BECN1 promotes tumorigenesis (119, 120) . In addition, the positive modifier of
autophagy PTEN is tumor suppressive, while the negative effector BCL2 is a tumor
promoter (134). While the mechanism by which autophagy promotes tumorigenesis is
not clear, our finding that it suppresses EMT by blocking P-body accumulation provides
an interesting mechanism. During the later stages of tumor progression, autophagy is
thought to be important for tumor cell survival such that autophagy inhibitors like
chloroquine can sensitize cells to chemotherapeutic agents. The importance of
autophagy for tumor progression is generally assumed to be related to the energy needs
of cancer cells in nutrient poor environments. However, our observations support an
additional function: the removal from cells of P-bodies. Since this clearance is important
for MET, increased autophagy may assist cells in transitioning back from a mesenchymal
to an epithelial phenotype, a transition important for the establishment of stable
metastases at secondary sites.
These studies also provide a mechanism to explain how the presence or absence of SYK
in carcinomas might influence both EMT and MET. SYK is present at highest levels in
cancer cells of epithelial morphology and in some cells its inhibition promotes EMT. By
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associating with and promoting autophagy, high levels of SYK would be expected to
restrain the accumulation of P-bodies by enhancing their removal. In response to a
strong inducer of EMT like TGF-β, P-bodies accumulate and levels of SYK are reduced as
SYK mRNA declines along with those coding for other epithelial markers like E-cadherin.
However, the low levels of SYK that remain in TGF-β treated cells are sufficient to
participate in P-body clearance as evidenced by the ability of SYK inhibitors to both
block P-body removal and MET. The mechanism by which SYK promotes autophagy is at
yet unclear. We know from the inhibitor experiments in this study and from earlier work
on stress granule clearance that the catalytic activity of SYK is essential. Since the
accumulation of p62-containing vesicles results from the inhibition of SYK following the
removal of TGF-β from treated cells, it is likely that one or more SYK substrates acting
downstream of autophagosome formation and upstream of autophagosomelysomosome fusion will be critical participants in this mechanism. Clearly, further work
will be necessary to fully understand how SYK modulates the removal of RNP granules
through autophagy.
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CHAPTER 5.

5.1

FUTURE DIRECTIONS

Determine if P-bodies are necessary for breast cancer metastasis

One of the breakthrough discoveries of my work was uncovering a new
physiological context for P-bodies. Indicated by a morphological transition and
downregulation in EMT marker, E-cadherin, I observed a strong correlation
between the induction of P-bodies and the induction of EMT. This evidence
suggests a role for P-bodies in EMT and ultimately cancer metastasis. My future
studies are designed to test this hypothesis in preclinical mouse models.
DEAD box RNA helicase 6 (DDX6), is an RNA binding protein that plays
an integral part in the formation of P-bodies and shown to be associated with
miRNA repression (76, 80, 86). DDX6 is characterized by signature motifs (AspGlu-Ala-Asp) which work in promoting the RNA-dependent ATPase and ATPdependent RNA helicase activities of the protein. DDX6 specifically has the
ability to bind RNA, facilitate the hydrolysis of ATP in an RNA-dependent fashion,
and unwind RNA duplexes. (135). DDX6 was found to be expressed in malignant
human transformed cells deriving from tissues including brain, lung, and colon
that normally contain little to no expression of DDX6 (136–138). These findings
suggest DDX6 as a candidate proto-oncogene. Using siRNA specific to DDX6 in
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NMuMGs, I observed a reduction in P-body formation (Figure 5.1). Not only was
P-body formation attenuated, knockdown cells exhibited a resistance to EMT
(Figure 5.2). Therefore, I decided to use this approach in determining if P-bodies
are necessary for metastasis.
Luciferase-labeled 4T1 mouse mammary tumor cells (4T1.L4) will be used
for investigating tumor metastasis. These cells were kindly provided by Dr.
Michael Wendt. Using the cells, I have already generated DDX6 knockout
luciferase-labeled 4T1 cells (4T1.L4 DDX6 KO). I intend to inject female BALB/c
mice with these cells in the mammary fat pad and examine lung metastasis using
bioluminescence imaging. This work is ongoing and the results from this
experiment will give us some insight on the importance of P-bodies in tumor
malignancy. It also may provide us with a potential drug target for breast cancer.
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TGF-β
Control

Control

siScr

siDDX6

Figure 5.1 siDDX6 blocked P-body formation.
NMuMG cells were transfected with non-target siRNA (siScr) or siRNA targeting DDX6
(siDDX6) and treated with TGF-β for 24h . Cells were fixed and stained using antibodies
against DCP1A (green). Nuclei were stained with DAPI (blue). Bar, 10 µm
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TGF-β
Control

siScr

siDDX6

Figure 5.2 DDX6 knockdown block TGF-b-induced EMT morphology.
NMuMG cells were transfected with non-target siRNA (siScr) or siRNA targeting DDX6
(siDDX6) and treated with TGF-β for 24h. Cells were imaged by phase contrast
microscopy. Bar, 20 µm.
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5.2

Define the mechanism for SYK association with P-bodies

My initial interest in SYK and P-bodies derived from our mass spectrometry
analysis that reveal several P-body components as SYK substrates. I found that SYK colocalizes with P-bodies. I also observed SYK-dependent tyrosine phosphorylation in Pbodies, which indicates that SYK is active when in P-bodies. However, the mechanism of
SYK recruitment to P-bodies remains unknown. Future studies would need to be to
investigate what P-body components are required for SYK recruitment to P-bodies. To
determine this, structural features of SYK required for its localization into P-bodies can
be examined using a variety of SYK mutants. Based on what forms of SYK co-localizes
with P-bodies, I can begin to speculate what proteins are interacting with SYK. These
interactions can be validated via immunoprecipitation and protein-interaction studies.

5.3

Investigate how SYK promotes autophagy

Our lab has previously shown SYK to be important for the clearance of stress
granules and in my studies I show SYK to also be important for the clearance of Pbodies. SYK’s effect on these RNA granules is mediated by enhanced autophagy.
Autophagy is an intracellular degradation process important in clearing misfolded and
aggregated proteins. Autophagy has been associated with the clearance of RNP granules
that include stress granules, P-bodies, and P granules. The clearance of the granules is
thought to be carried out by vasolin-containing protein (VCP).
VCP is a key regulatory in protein quality control and is essential to the
autophagy process. VCP modulates ubiquitin-depend proteolysis of selective substrates
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via autophagosomes (139, 140). Senguin et al. demonstrated that VCP target stress
granules for autophagy. They showed inhibition of VCP impaired the formation and
clearance of stress granules and protein aggregates (141). VCP along with
Nethylmaleimide-sensitive factor and valosin-containg protein (NSFL1C), valosincontaining protein (P97)/P47 complex interacting protein 1 (VCPIP1), ubiquitin fusion
degradation protein 1 homolog (UFD1L), and nuclear protein localization 4 homolog
(NPLOC4), were identified in our mass spectrometry analysis as SYK substrates. These
proteins are together involved in the export of misfolded proteins from the ER to the
cytoplasm. We imagine that SYK phosphorylation of these proteins may promote their
activity through autophagy. To investigate this notion, interactions between SYK and
VCP need to be confirmed via immunoprecipitation. By Western blot, we will be able to
confirm association and tyrosine phosphorylation of the proteins. Next, the SYK
phosphorylation site on VCP will need to be characterized and confirmed by using VCP
mutants. Using these mutants, I will be able to determine what features are required for
SYK phosphorylation of VCP and enhancement of autophagy.

5.4

SYK and autophagy role in MET

Mesenchymal- epithelial transition is the reversion of cells in a
mesenchymal state back to their original epithelial morphology. While EMT
seems to be important for dissemination of cancer cells from the primary tumor;
MET appears to be necessary for cancer cell colonization and macrometastasis
at a new site. In a previous study, SYK mRNA levels were shown to be down
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regulated as a result of EMT. I was able to confirm SYK loss in breast cancer
cells at the protein level when EMT is induced. Although SYK expression is lost
when EMT is induced, once the cells are allowed to recover and MET occurs, I
observe SYK re-expression. I show that the inhibition of SYK activity inhibits
these cells ability to revert back to an epithelial state upon the removal of EMT
inducer, TGF-β. This observation correlates with the lack of autophagy occurring
in these cells. The inhibition of SYK activity mimics the lack of autophagy, since
autophagy also was shown to be necessary for MET to occur. This led to my
hypothesis that SYK and autophagy are necessary for the establishment of tumor
metastases. To investigate this hypothesis, mouse models will need to be used.
Similar to the experiment I described for investigating the role of P-bodies in
breast cancer metastasis, we would use the same model, however the 4T1 cell
lines will be generated to knockout SYK or an essential autophagy component
like ATG7. We would examine these cells ability to establish new tumors in the
lung using bioluminescence imaging. I postulate that the cells lacking SYK or
ATG7 will not be able to colonize new tumor sites in the mice. The results of this
experiment will begin to provide context to the stage dependency of SYK and
autophagy’s dual roles in cancer disease.
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