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Figure 13: Overexpression of ADD1 decreases transfilter migration and Matrigel
invasion of H1299 cells. ADD1 was overexpressed in H1299 cells using lentiviral gene
delivery system. A) B) Control and ADD1 overexpressed H1299 cells were subjected to
Transfilter migration assay and Matrigel invasion assay respectively as described in Materials
and Methods. The bar graph represents the number of cells migrated and invaded between
control and ADD3 depleted 16HBE cells. Data are presented as mean = SE (n =6); p < 0.05.
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Next, we sought to investigate the possible mechanisms responsible for the effect of adducins
depletion and overexpression on cell motility. Several such mechanisms could be envisioned
including effects of adducins on cell proliferation, cell-matrix adhesions and the actin cytoskeleton
in migrating leading edge. In subsequent chapters, we describe experiments that were designed to

address molecular mechanisms that may mediate the effects of adducins on cell motility.

3.5 Depletion of ADD1 and ADD3 and overexpression of ADD1 does not affect lung epithelial
cell proliferation

Cell proliferation is known to affect the motility of different mammalian cells especially during
relatively slow migration processes such as wound healing [43]. On the other hand, ADD1 was
previously implicated in the regulation of epithelial cell proliferation by altering late stages of
mitosis [19, 26]. Therefore we ask whether altered cell proliferation can underlie the observed
effects of adducin depletion and overexpression on lung epithelial cell motility. To examine cell
proliferation, we used immunolabeling of a known proliferative marker, Ki-67 [44]. Ki-67 is a
protein expressed in the nucleus during the G2, S and M phases of the cell cycle and it is
undetectable during the GO and G1 (non-proliferating) phases. Sparse ADD1 and ADD3 depleted
16HBE cells and ADD1 overexpressing H1299 cells were fixed and immunolabeled for Ki-67. As
shown in Figure 14A and Figure 14B, there is no significant difference in the percentage of Ki-67
positive cells between control cells and ADD1 and ADD3 depleted 16HBE cells. As shown in
Figure 15A, there is no significant difference in the percentage of Ki-67 positive cells between
control cells and ADD1 overexpressing H1299 cells. This indicates that the observed effect of
adducin depletion and overexpression on epithelial cell motility is not due to altered cell

proliferation.
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Figure 17: Depletion of ADD3 does not affect cell-matrix adhesion and spreading of
16HBE cells: Adhesion and spreading assay was performed using control and ADD3 depleted
16HBE cells as described in materials and methods. A) B) Depletion of ADD3 does not affect
attachment and spreading properties of 16HBE cells to collagen type | extracellular matrix.
Data are presented as mean + SE (n =6).
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Figure 18: Overexpression of ADD1 enhances cell-matrix adhesion and spreading of
16HBE cells: Adhesion and spreading assay was performed using control and ADD1
overexpressed H1299 cells as described in materials and methods. A) B) Overexpression of
ADDL1 increases attachment and spreading properties of 16HBE cells to collagen type |
extracellular matrix. Data are presented as mean = SE (n =6); p < 0.05.
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3.7 ADD1 overexpression leads to the formation of large adhesion complexes

Given our results that ADD1 overexpression increases ECM adhesion and spreading of H1299
cells (Figure 18A and 18B), we sought to dissect molecular mechanisms underlying these
functional effects of ADD1 overexpression. ECM adhesions are mediated by specialized structures
formed at the base of attached cells that are called ‘focal adhesions’ (FA). FA are composed of
transmembrane receptors, integrins that mediate cell attachment to the ECM as well as the large
cytoplasmic plaque that mediates integrin attachment to the associated actin cytoskeleton [45]. The
cytosolic plaque of FA contains a large number of scaffolding, signaling and actin-binding
proteins, such as paxillin, vinculin, talin, FAK, c-Src, etc. Phosphorylation of these signaling and

scaffolding proteins serves as the reliable indicator of FA assembly.

In order to examine the effects of ADD1 overexpression and depletion on the organization of FA,
we carried out immunolabeling for phosphorylated (p) paxillin. Figure 19A shows that ADD1
overexpression resulted in the assembly of relatively large p-pax-based FA that was confined to
the periphery of spreading H1299 cells. By contrast, control H1299 cells possess smaller FA that
is broadly distributed throughout the cell base. Surprisingly, the immunoblotting analysis revealed
lower expression of total paxillin and p-paxillin, unchanged FAK phosphorylation and increased
Src phosphorylation in ADD1 overexpressing H1299 as compared to control cells (Figure 19B).
The observed effects are unusual since a canonical FA signaling involves a cascade of sequential
phosphorylation events that starts with Src autophosphorylation and involved increased
phosphorylation of FAK and paxillin [46]. The mechanisms underlying the observed effects of

ADDL1 overexpression on the molecular composition of FA remain to be investigated.
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We also examined the effects of ADD1 Depletion on FA morphology and composition in 16HBE
cells. Figure 20A shows that loss of ADD1 did not affect the density and size of FA, it also did not
alter expression and phosphorylation of several key FA proteins (Figure 20B). Overall this data is
consistent with our functional study, which shows no effect of ADD1 knockout on ECM adhesion

of 16 HBE cells (Figure 16A).
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Figure 19: ADD1 overexpression leads to the formation of large focal adhesion complex:
Sparse control and ADD1 overexpressed H1299 cells were immunolabeled for p-paxillin. A)
Immunofluorescence labeling and confocal microscopy show large focal adhesion complexes
in ADD1 overexpressed H1299 cells compared to control H1299 cells. The area of focal
adhesions is calculated using Image J software. Data are presented as mean £ SE (n =3); p <
0.05. B) Immunoblotting shows the decrease in expression of focal adhesion protein paxillin
and p-paxillin in ADD1 overexpressed cells as compared to control H1299 -cells.
Representative images of 3 independent experiments.
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Figure 20: ADD1 depletion does not affect the formation of focal adhesion complex:
Sparse control and ADD1 depleted 16HBE cells were immunolabeled for p-paxillin. A)
Immunofluorescence labeling and confocal microscopy show no effect on the density and size
of FA between control and ADD1 depleted 16HBE cells. Representative images of 2
independent experiments. B) Immunoblotting shows no alteration in expression and
phosphorylation of key FA proteins between control and ADD1 depleted 16HBE cells.

Representative images of 3 independent experiments.
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3.8 ADD1 knockout and overexpression alter the organization of cortical actin cytoskeleton
Adducins are actin-binding proteins that may affect the organization of the actin cytoskeleton by
two different mechanisms such as capping and bundling of actin filaments [17]. Given key roles
of the actin cytoskeleton in regulating cell spreading and migration, we sought to examine how
manipulation of ADD1 expression may affect the organization of actin filaments in lung epithelial
and lung cancer cells. Actin filaments were visualized in fixed ADD1 depleted 16HBE cells and
ADD1 overexpressing H1299 cells by using fluorescently (Alexa Fluor 555) labeled phalloidin.
Control 16HBE cells demonstrated two types of F-actin rich structures at the migrating edge of
small cell colonies (Figure 21A). One is small lamellipodia containing F-actin bundles that run
perpendicularly to the cell edge (arrows). The other structure was prominent cortical F-actin arcs
that run in parallel to the migrating cell edge. Loss of ADDL1 significantly altered such F-actin
organization. Specifically, it resulted in the disappearance of parallel F-actin arcs and increased
the size of protruding lamellipodia (Figure 21A). We also imaged architecture of the actin
cytoskeleton in the middle of migrating 16HBE cell monolayers. In control monolayers, F-actin
was assembled as prominent perijunctional actin belt associated with intercellular contacts (Figure
21B). The labeling intensity of this belt was significantly lower in ADD1-depleted 16HBE cells,
which indicates decreased assembly of the perijunctional actin filaments. ADD1 overexpression
in H1299 cells also resulted in significant changes of the cortical actin cytoskeleton. These changes
were manifested by the appearance of multiple filopodia like protrusions on the cell periphery that
contained tightly-packed F-actin bundles (Figure 22A).

Finally, we attempted to detect physical interactions between ADD1 and actin filaments in 16HBE
cells by using immunoprecipitation analysis. We successfully immunoprecipitated ADD1 using

an ADD1-specific polyclonal antibody (Figure 23A) and were able to detect ADD3 isoform in
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ADD1 pull-down. This result indicates the strong interaction between ADD1 and ADD3 in lung
epithelial cells. Surprisingly, we did not detect either beta cytoplasmic actin or gamma cytoplasmic
actin in ADD1 pull-down. This negative result may have at least two different explanations. One
is that ADD1-actin interactions are weak and transient and are easily disruptable by detergent-
based cell lysis. Another possibility is that the complexes are detergent insoluble and are lost after
detergent-induced solubilization of the cell content. Further studies are required to dissect
mechanisms of adducins interactions with the actin cytoskeleton in epithelial cells.

Overall, our data suggest that both knockout and overexpression of ADD1 result in significant
alterations in the organization of the actin cytoskeleton in migrating lung epithelial cells and lung
cancer cells. The altered organization of the actin cytoskeleton is likely to contribute to ADD1-
dependent effects on cell migration. We will describe possible mechanisms and functional

consequences of these cytoskeletal alterations in the Discussion chapter of this Thesis.
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Figure 21: Depletion of ADD1 alters the organization of cortical actin cytoskeleton of
16HBE cells: Sparse and confluent control and ADD1 depleted 16HBE cells were labeled with
fluorescent Alexa Fluor 555 Phalloidin. A) Fluorescence labeling and confocal microscopy of
sparse cell colonies show the disappearance of parallel F-actin arcs and increased size of
protruding lamellipodia at migrating leading edge of ADD1 depleted 16HBE cells compared
to control 16HBE cells. Representative images of 2 independent experiments. B) Fluorescence
labeling and confocal microscopy of confluent cell monolayers show decreased assembly of
perijunctional actin filaments at cell-cell contact region in ADD1 depleted 16HBE cells as
compared to control cells. Representative images of 3 independent experiments.
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Figure 22: ADD1 overexpression also alters the organization of cortical actin cytoskeleton
of H1299 cells. Sparse control and ADD1 overexpressing H1299 cells were labeled with
fluorescent Alexa Fluor 555 Phalloidin. (A) Fluorescence labeling and confocal microscopy of
sparse cell colonies show multiple filopodia like protrusions on the cell periphery in ADD1
overexpressing H1299 cells compared to control H1299 cells. Representative images of 3
independent experiments.
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Figure 23: ADD1 interacts with ADD3 in vivo: Co-immunoprecipitation of ADD3, B-actin
and y-actin with ADD1 from 16HBE cell extract. Immunoprecipitation of ADD1 with anti-
ADD1 polyclonal antibody from whole cell extract, then immunoprobed with an anti-ADD3,
B-actin and y-actin antibody A) Immunoblotting shows ADDL1 interacts with ADD3, but the
interaction of ADD1 with beta and gamma actin was not detected. Representative images of 3
independent experiments.
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4. DISCUSSION

Adducins are important scaffold proteins that play an essential role in the organization of the
cortical cytoskeleton [47]. This role is based on a dual activity of adducins that serve as F-actin
capping and bundling proteins, as well as linkers between actin filaments and submembranous
spectrin oligomers. Since the remodeling of the cortical cytoskeleton drives cell motility, it is
important to understand what role adducins may play in this process. Surprisingly, this important
question remains underexplored and previous studies yielded descriptive and controversial data
regarding the effects of ADD1 on the migration of different epithelial and cancer cells [30, 31, 32,
33]. The present study is designed to determine the roles of adducins in the regulation of motility
of lung epithelial cells and non-small cell lung cancer (NSCLC) cells and to dissect underlying
molecular mechanisms. Our studies have identified that adducins act as negative regulators of
migration and invasion by mechanisms involving modulation of the actin cytoskeleton and cell-

matrix adhesions.

4.1 Downregulation and mislocalization of adducins in lung cancer cells with mesenchymal
phenotype

An initial interesting finding of our study demonstrates the effects of NSCLC cell phenotype on
adducin expression and localization. A recent study revealed significant phenotypic heterogeneity
of NSCLC cells, which can be grouped into three broad categories: epithelial, mesenchymal and
epithelial-mesenchymal hybrids [48]. The former category includes cells that preserve

characteristics of well-differentiated normal pulmonary epithelium such as high E-cadherin
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expression, assembly of robust intercellular junctions and poor invasiveness. By contrast,
mesenchymal-type NSCLC cells loss cell-cell contact and acquired high invasiveness [48]. We
observed that ADD3 expression was significantly downregulated in NSCLC cells with a highly
invasive mesenchymal phenotype (Figure 6A). While we did not find differences in ADD1
expression between epithelial and mesenchymal NSCLC cells, its localization was different in
the cells with two different phenotypes. In lung epithelial cells, ADD1 was predominantly
localized at the lateral plasma membrane at the areas of cell-cell contacts (Figure 7A and 7B),
which is consistent with its membrane localization in other types of well-differentiated epithelial
cells [18]. By contrast, a significant fraction of ADD1 was accumulated intracellularly in invasive
mesenchymal lung cancer cell lines. Similar effects were observed in the pair of primary and fully-
transformed HBEC lung epithelial cell lines. A non-transformed, epithelial-type HBEC3-KT cells
show lateral membrane localization of ADD1 and relatively-high level of ADD3 protein, whereas
fully-transformed  mesenchymal HBEC3-KTRL53Myc cells were characterized by
mislocalization of ADD1 and downregulation of ADD3 expression (Figure 6B, 7B and 7C). Our
results are consistent with a previous study that demonstrated downregulation and mislocalization
of ADD1 and ADD3 during progression from normal renal epithelium to dedifferentiated renal
carcinoma [49]. While this suggestion remains to be proven, we hypothesize that epithelial to
mesenchymal transition that occurs during NSCLC progression in vivo might be also accompanied
by downregulation of ADD3 expression and mislocalization of ADD1. Since adducins are
cytoskeletal scaffold proteins, their activity is limited to the sites of their localization. Hence not
only downregulation of ADD3 but also mislocalization of ADD1 should result in adducin
dysfunctions in advanced NSCLC with the mesenchymal phenotype. Such adducin dysfunctions

may play causal role in lung cancer dissemination and metastasis.
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4.2 Adducins are the negative regulators of cell motility

The results of this study strongly suggest that adducins act as negative regulators of motility of
normal lung epithelial cells and NSCLC cells. This conclusion is supported by two lines of
evidence. One is a significant increase in migration of individual ADD1 and ADD3 depleted
16HBE cells (Figure 9A and 11A), and the other is the decreased collective cell migration,
individual migration and Matrigel invasion of ADD1-overexpressing H1299 cells (Figure 12B,
13A and 13B). Lack of effects of ADD1 or ADD3 knockout on collective motility of 16HBE cells
is intriguing and it most likely reflects compensatory/equalizing effects of two processes occurring
at the migrating leading edge and inside the cell monolayer as described in a subsequent chapter
of the Discussion. Our findings agree with a published study that shows inhibited invasiveness
of ovarian cancer cells after ADD1 overexpression [31], but contradicts to the reported
acceleration of transfilter migration of ADD1-overexpressing renal epithelial cells [30]. Since
binding properties and localization of adducins is regulated by several key signaling pathways
(ROCK, PKC, Src) it is possible that these cytoskeletal scaffolding proteins may differently

regulate cell motility in a cell type and context-dependent fashion.

4.3 Alteration in cell-matrix adhesion and cortical cytoskeleton are the possible mechanisms
responsible for effect of adducins on cell motility

In the present study, we not only characterized functional consequence of manipulation of
adducins expression on migration and invasion of lung epithelial and NSCLC cells but also
attempted to dissect molecular mechanisms that mediate adducin-dependent cell motility. We
found that these mechanisms do not involve altered cell proliferation (Figure 14A, 14B and 15A),

which suggests that previously reported role of ADD1 in spindle assembly and cell mitosis is not
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a universal function of this protein [26]. However, our data suggests that the effects of adducin
overexpression and knockout on cell migration and invasion involve alterations of cell-matrix
adhesions and the actin cytoskeleton. The overexpression of ADD1 increases the ECM adhesion
and spreading of H1299 cells (Figure 18A and 18B). Cell matrix adhesion is one of the important
determinants of cell migration. The relationship between cell migration and cell adhesion is
biphasic. Cell migration occurs most efficiently when cells are attached to ECM at intermediate
adhesion strength, whereas too weak or too strong adhesion to ECM inhibits cell migration [50,
51]. Therefore, we believe that increased adhesiveness of ADD1-overexpressing H1299 cells
significantly contributes to the decreased migration and invasion of these cells. How does ADD1
overexpression stimulate ECM adhesion of NSCLC cells? Our immunofluorescence imaging
indicates that this effect is mediated by the enlargement of focal adhesions (Figure 19A), although
examining the expression and activation of key FA proteins yield some paradoxical results. For
example, we found dramatic activation of Src in ADD1 overexpressing cells as compared to
control cells (Figure 19B). However, such Src activation did not result in activation
(hyperphosphorylation) of its downstream protein effectors such as FAK and paxillin (Figure
19B). Oppositely, paxillin phosphorylation was even diminished in ADDZ1-overexpressing
NSCLC cells most likely due to decreased total expression of this FA protein. These results
indicate that ADD1 overexpression activates some non-canonical signaling events leading to the
enlarged FA and increased ECM adhesion. Our findings created several unresolved questions. One
question is related to the mechanisms of Src activation in ADD1-overexpressing cells. A recent
study demonstrated that Src directly interacts and phosphorylates p-adducin in neutrophils [52]. It
is tempting to speculate that ADD1 can also interact with Src and that such interaction stimulates

Src activity. Another question is how can activated Src increase the strength of ECM adhesions,
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bypassing FAK activation? Several scenarios could be envisioned. For example, Src can stimulate
FA assembly by phosphorylating other scaffolding proteins such as p130Cas [53]. Another
mechanism may involve indirect effects of Src, which could modulate organization of FA by
regulating the assembly of the FA-associated actin cytoskeleton. Indeed, an actin-binding protein
cortactin, which plays a key role in regulating lamellipodia and invadopodia in migrating cells, is
known to be a bona fide substrate of Src [54]. The notion that increased adhesiveness of ADD1-
overexpressing NSCLC cells can be due to rearrangement of the actin cytoskeleton is supported
by our data showing that high level of ADD1 triggers multiple F-actin rich spikes or filopodia-
like protrusions on the cell surface (Figure 22A). This result is in agreement with a previous study
that reports a specific assembly of cortical F-actin bundles after ADD3 overexpression in zebrafish
cardiomyocytes [55]. Since adducins are able to bundle actin filaments, it is likely that high level
of submembranous ADD1 promotes the assembly of cortical F-actin bundles. When such F-actin
bundling occurs at the cell base, it would stabilize/enlarge FA thereby increasing cell adhesion to

ECM.

However, the described adhesion-dependent mechanism appears to work only at conditions of
adducin overexpression, since the loss of ADD1 and ADD3 did not affect ECM attachment of
16HBE cells (Figure 16A and 17A). Nevertheless, loss of adducins also resulted in significant
rearrangements in the cortical actin cytoskeleton that were manifested by the assembly of large
protruding lamellipodia on the migrating cell edge and disappearance of parallel F-actin arcs at the
edges of cell colonies (Figure 21A). We believe that the enhanced formation of lamellipodia can
explain the increased migration and invasion of adducin-depleted lung epithelial cells. Why does

adducin knockout promote lamellipodia assembly? Adducins are known actin-capping proteins
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[17]. They bind to the faster-growing barbed end of actin filaments and inhibit filament growth.
Hence, loss of adducins should exert a de-capping effect on actin filaments and stimulate actin
polymerization. When these events happen at the migrating cell edge, accelerated F-actin
polymerization leads to lamellipodia formation and accelerated cell motility. Interestingly, the
motility promoting effects of adducins knockout was observed only during transfilter migration of
individual (or small clusters) lung epithelial cells, but not during collective migration of 16HBE
cell monolayers. The difference between these types of cell maotility is that collective migration of
differentiated epithelial cells depends on the assembly of intercellular junctions and the
perijunctional F-actin cytoskeleton that transduces forces and coordinates directional movement
of the entire cell monolayer. Destabilization of cell-cell adhesions is known to decrease collective
cell migration [56, 57]. However, previous studies demonstrated that knockdown of adducins in
epithelial cell monolayers decreases the strengths of cell-cell adhesions [18, 24]. Furthermore, in
the present study, we found that knockout of ADD1 decreases the intensity of F-actin bundles in
the areas of cell-cell contact, thereby indicating destabilization of the perijunctional F-actin
cytoskeleton (Figure 21B). Based on this data we hypothesize that knockout of adducins results in
two major effects in migrating lung epithelial cell monolayers. One effect is accelerated
lamellipodia assembly at the migrating wound edge that should promote cell movement. The other
effect is weakening of cell-cell contacts that decrease mechanical forces responsible for pulling
forward the cells positioned inside the monolayer. This effect should decrease movement of the
monolayer. As a result, these two effects of adducin knockout compensate each other resulting in

the lack of significant effects on collective migration of lung epithelial cells.
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5. CONCLUSION

Our study suggests that adducins are important regulators of cell motility. The gain of functions
and loss of functions experiments indicates that adducins negatively regulates cell migration and
invasion of normal lung epithelial cells and lung cancer cells. The mechanisms through which
adducins regulates cell motility are the combinatorial effect on cell-matrix adhesion and the
cortical actin cytoskeleton. Finally, we conclude that the downregulation and mislocalization of
adducins may be responsible for the transition of less invasive epithelial to the more invasive

mesenchymal phenotype of NSCLC cells resulting into metastasis.
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6. FUTURE DIRECTIONS

In order to investigate the effect of ADD3 overexpression on cell motility, we will create stable
ADD3 overexpressing H1299 cells and use this cells will perform all the mentioned assays in the
thesis. We are also interested to study the effect of adducin depletion and overexpression on
dynamics of the actin cytoskeleton, therefore, we will be performing G-actin incorporation assay
and FRAP assay using LifeAct-GFP actin sensors. We are also interested in in vivo metastasis
study, therefore we will be inoculating control and ADD1 and ADD3 overexpressing H1299 cells

in mice by intracardiac injection and will monitor tumor growth and metastasis.
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